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Summary 

Serum half-life elongation as well as the immobilization of small proteins like cytokines is still one of 

the key challenges for biologics. This accounts also for cytokines, which often have a molecular weight 

between 5 and 40 kDa and are therefore prone to elimination by renal filtration and sinusoidal lining 

cells. To solve this problem biologics are often conjugated to poly(ethylene glycol) (PEG), which is the 

gold standard for the so called PEGylation. PEG is a synthetic, non-biodegradable polymer for 

increasing the hydrodynamic radius of the conjugated protein to modulate their pharmacokinetic 

performance and prolong their therapeutic outcome. Though the benefits of PEGylation are significant, 

they also come with a prize, which is a loss in bioactivity due to steric hindrance and most often the 

usage of heterogeneous bioconjugation chemistries. While PEG is a safe excipient in most cases, an 

increasing number of PEG related side-effects, such as immunological responses like hypersensitivity 

and accelerated blood clearance upon repetitive exposure occur, which highlights the need for PEG 

alternative polymers, that can replace PEG in such cases. 

Another promising method to significantly prolong the residence time of biologics is to immobilize them 

at a desired location. To achieve this, the transglutaminase (TG) Factor XIIIa (FXIIIa), which is an 

important human enzyme during blood coagulation can be used. FXIIIa can recognize specific peptide 

sequences that contain a lysine as substrates and link them covalently to another peptide sequence, that 

contains a glutamine, forming an isopeptide bond. This mechanism can be used to link modified 

proteins, which have a N- or C-terminal incorporated signal peptide by mutation, to the extracellular 

matrix (ECM) of tissues. 

Additionally, both above-described methods can be combined. By artificially introducing a TG 

recognition sequence, it is possible to attach an azide group containing peptide site-specifically to the 

TG, recognition sequence. This allows the creation of a site-selective reactive site at the proteins N- or 

C-terminus, which can then be targeted by cyclooctyne functionalized polymers, just like amber codon 

functionalized proteins. 

This thesis has focused on the two cytokines human Interferon-α2a (IFN-α2a) and human, as well as 

murine Interleukin-4 (IL-4) as model proteins to investigate the above-described challenges. IFN-α2a 

has been chosen as a model protein because it is an approved drug since 1986 in systemic applications 

against some viral infections, as well as several types of cancer. Furthermore, IFN-α2 is also approved 

in three PEGylated forms, which have different molecular weights and use different conjugation 

techniques for polymer attachment. This turns it into an ideal candidate to compare new polymers 

against the gold standard PEG. Interleukin-4 (IL-4) has been chosen as the second model protein due to 

its similar size and biopotency. This allows to compare found trends from IFN-α2a with another 

bioconjugate platform and distinguish between IFN-α2a specific, or general trends. Furthermore, IL-4 
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is a promising candidate for clinical applications as it is a potent anti-inflammatory protein, which 

polarizes macrophages from the pro-inflammatory M1 state into the anti-inflammatory M2 state. 

Chapter 1 – gives an overview of the currently available IFN drugs as well as their clinical usage. 

Additionally, standard bioconjugation techniques that are used by the pharmaceutical industry to 

produce PEGylated IFNs are described, including the consequential influences on the bioconjugate. 

Finally, this chapter gives an overview of the different routes of IFN application and finishes with an 

outlook on the future potential of IFNs and IFN bioconjugates. 

Chapter 2 – investigates 10 kDa linear polyglycerol (LPG) and poly-(2-ethyl-2-oxazoline) (PEtOx) as 

PEG alternative polymers for bioconjugation. For this approach, IFN-α2a has been site-specifically 

functionalized with an azide group by using the amber codon expansion technology to create a potent 

cytokine that can be easily conjugated by copper free click chemistry to cyclooctyne functionalized 

polymers. This results in homogenous bioconjugates. The study highlights the impact of the polymer’s 

different hydrophilicities, regarding their in vitro potencies and thermal stability, which is achieved by 

using in vitro and in silico methods. Finally, the interaction of the polymers with the proteins surface is 

investigated by using a limited proteolysis approach and in silico calculations. 

Chapter 3 – continues the research of chapter 2 but has put a focus on longer LPGs and PEG polymers 

with molecular weights between 20 and 40 kDa, which are required for a therapeutically relevant half-

life. It uses the same azide functionalized IFN-α2a protein as in chapter 2 for conjugation to guarantee 

comparability. The study characterizes the bioconjugates in detail with respect to the bioconjugates 

hydrodynamic size, hydrophilicity, and thermal stability, as well as the sole polymers. Furthermore, the 

study investigates important biologic parameters, including the bioconjugates, in vitro potencies, as well 

as their pharmacokinetic profile in an in vivo mice study. 

Chapter 4 – completes the work of chapter 2 and 3 by investigating longer cyclooctyne functionalized 

PEtOx polymers of up to 25 kDa, using the same IFN-α2a azide mutant to create hydrodynamic radii 

balanced bioconjugates for acute virus infections, which are analyzed with similar experiments as in 

chapter 3. The resulting PEtOx bioconjugates yield lasting exposure in mice and disease-modifying 

effects in IAV-infected ferrets, in contrast to their PEG counterparts, highlighting their potential in future 

medical applications. 

Chapter 5 – investigates similar aspects, which are already discussed in chapter 2 and 3 for IFN-α2a, 

but uses human IL-4 as a model protein. In contrast to chapter 2 and 3 a wildtype protein was used and 

a site-specific modification was achieved by reductive alkylation, utilizing the higher pka value of a 

proteins N-terminus compared to side chain amines for site specific modification. As performed in 

chapter 2 and 3, the bioconjugates are characterized in detail and important biological, as well as 

physico- chemical parameters are investigated. This includes their hydrodynamic size, human serum 

albumin (HSA) binding affinity and in vitro bioactivity. Additionally, LPGs antigenicity to PEG IgG 
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antibodies is investigated for the polymers and bioconjugates by surface plasmon resonance 

spectroscopy and ELISA. 

Chapter 6 – uses an enzymatic approach for the conjugation of polymers. In this study, murine IL-4 

was C-terminally elongated with a TG recognition sequence. This TG recognition sequence was 

recognized by FXIIIa to covalently attach an azide bearing peptide. The azide bearing peptide can then 

be targeted as a reactive group by cyclooctyne modified polymers, like it was already performed in 

chapter 2, 3 and 4. The compared polymers are PEG and PEtOx. The protein and resulting bioconjugates 

were characterized for their physico-chemical and biological properties, similar to the previous chapters. 

Additionally enzymatic functionalization by FXIIIa was optimized.  

Chapter 7 – utilizes FXIIIa for the enzymatic immobilization of modified IFN-α2a on cell surfaces. For 

this purpose, two IFN-α2a mutants were designed that are recognized by FXIIIa and can be immobilized 

on extra cellular matrix (ECM). The mutants were characterized for their in vitro bioactivity, their ability 

to be immobilized by FXIIIa on ECM and their ability to be cleaved at an artificially inserted sensitive 

linker by the matrix metallopeptidase 9 (MMP-9) in solution and after being immobilized on ECM. 

MMP-9 is secreted by immune cells like macrophages and neutrophils upon stimulation, which occurs 

after pathogen infiltration of tissues.  

In summary, the presented work gives a detailed comparison of LPG and PEtOx attributes in comparison 

to PEG as alternatives for bioconjugation. This detailed characterization allows a precise evaluation of 

these two PEG alternative polymers and rates them in the tested areas to be mostly similar in 

performance. Therefore, LPG and PEtOx are two reasonable PEG alternative polymers, which should 

be considered for medical application.  

Additionally, a novel IFN-α2a mutant is described, that can be immobilized on tissue surfaces by FXIIIa 

and can be released by MMP-9. The described mutant shows promising results for the intended pulmonic 

application by nebulization and will be tested in vivo in the close future. 
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Zusammenfassung 

Die Verlängerung der Serum-Halbwertszeit sowie die Immobilisierung kleiner Proteine wie Zytokine 

ist nach wie vor eine der größten Herausforderungen für Biologika. Dies gilt auch für Zytokine, die 

häufig ein Molekulargewicht zwischen 5 und 40 kDa haben und daher leicht durch die Nierenfiltration 

und sinusoidale Endothelzellen eliminiert werden können. Um dieses Problem zu lösen, werden 

Biologika häufig an Poly(ethylenglykol) (PEG) konjugiert, das den Goldstandard für die so genannte 

PEGylierung darstellt. PEG ist ein synthetisches, biologisch nicht abbaubares Polymer, das den 

hydrodynamischen Radius des konjugierten Proteins vergrößert, um die pharmakokinetische Leistung 

zu modulieren und die therapeutische Wirkung zu verlängern. Obwohl die Vorteile der PEGylierung 

beträchtlich sind, haben sie auch ihren Preis, nämlich einen Verlust an Bioaktivität aufgrund sterischer 

Hindernisse und meist die Verwendung heterogener Biokonjugationstechniken. Obwohl PEG in den 

meisten Fällen ein sicherer Hilfsstoff ist, treten immer mehr PEG-bedingte Nebenwirkungen auf, wie z. 

B. immunologische Reaktionen wie Überempfindlichkeit und beschleunigter Abbau bei wiederholter 

Exposition, was den Bedarf an alternativen PEG-Polymeren unterstreicht, die PEG in solchen Fällen 

ersetzen können. 

Eine weitere vielversprechende Methode, um die Verweildauer von Biologika deutlich zu verlängern, 

besteht darin, sie an einem gewünschten Ort zu immobilisieren. Dazu kann die Transglutaminase (TG) 

Faktor XIIIa (FXIIIa) verwendet werden, die ein wichtiges menschliches Enzym bei der Blutgerinnung 

ist. FXIIIa kann bestimmte Peptidsequenzen, die ein Lysin enthalten, als Substrate erkennen und sie 

kovalent an eine andere Peptidsequenz, die ein Glutamin enthält, binden, wobei eine Isopeptidbindung 

entsteht. 

Dieser Mechanismus kann benutzt werden um modifizierte Proteine, welche durch Mutation ein N- oder 

C-terminal eingebautes Signalpeptid besitzen, mit der extrazellularen Gewebematrix (ECM) zu 

verknüpfen. 

Diese Arbeit konzentriert sich auf die beiden Zytokine humanes Interferon-α2a (IFN-α2a) und humanes 

sowie murines Interleukin-4 (IL-4) als Modellproteine, um die oben beschriebenen Herausforderungen 

zu untersuchen. IFN-α2a wurde als Modellprotein ausgewählt, weil es seit 1986 ein zugelassenes 

Medikament für die systemische Anwendung gegen einige Virusinfektionen und verschiedene 

Krebsarten ist. Darüber hinaus ist IFN-α2 auch in drei PEGylierten Formen zugelassen, die 

unterschiedliche Molekulargewichte haben und verschiedene Konjugationstechniken für die 

Polymeranbindung verwenden. Dies macht es zu einem idealen Kandidaten für den Vergleich neuer 

Polymere mit dem Goldstandard PEG. Interleukin-4 (IL-4) wurde als zweites Modellprotein gewählt, 

da es eine ähnliche Größe und Biopotenz aufweist. Dies ermöglicht es, die von IFN-α2a gefundenen 

Trends mit einer anderen Biokonjugat-Plattform zu vergleichen und zwischen IFN-α2a-spezifischen und 

allgemeinen Trends zu unterscheiden. Darüber hinaus ist IL-4 ein vielversprechender Kandidat für 
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klinische Anwendungen, da es ein starkes entzündungshemmendes Protein ist, das Makrophagen vom 

entzündungsfördernden M1-Zustand in den entzündungshemmenden M2-Zustand polarisiert. 

Kapitel 1 – gibt einen Überblick über die derzeit verfügbaren IFN-Medikamente und ihre klinische 

Verwendung. Darüber hinaus werden Standard-Biokonjugationstechniken beschrieben, die von der 

pharmazeutischen Industrie zur Herstellung von PEGylierten IFNs verwendet werden, einschließlich 

der sich daraus ergebenden Einflüsse auf das Biokonjugat. Schließlich gibt dieses Kapitel einen 

Überblick über die verschiedenen Wege der IFN-Anwendung und schließt mit einem Ausblick auf das 

künftige Potenzial von IFNs. 

Kapitel 2 – untersucht 10 kDa lineares Polyglycerin (LPG) und Poly-(2-ethyl-2-oxazolin) (PEtOx) als 

alternative PEG-Polymere für die Biokonjugation.Für diesen Ansatz wurde IFN-α2a mit Hilfe der 

Amber-Codon-Expansionstechnologie ortsspezifisch mit einer Azidgruppe funktionalisiert, um ein 

potentes Zytokin zu entwickeln, das durch kupferfreie Click-Chemie leicht an Cyclooctin-

funktionalisierte Polymere konjugiert werden kann.  Dies führt zu homogenen Biokonjugaten. Die 

Studie beleuchtet die Auswirkungen der unterschiedlichen Hydrophilie der Polymere auf ihre In-vitro-

Potenz und ihre thermische Stabilität, die mit Hilfe von In-vitro- und In-silico-Methoden ermittelt wird. 

Schließlich wird die Wechselwirkung der Polymere mit der Oberfläche der Proteine mit Hilfe eines 

limitierten Proteolyse-Ansatzes und In-silico-Berechnungen untersucht. 

Kapitel 3 – setzt die Forschungsarbeiten aus Kapitel 2 fort, konzentriert sich aber auf längere LPGs und 

PEG-Polymere mit Molekulargewichten zwischen 20 und 40 kDa, die für eine therapeutisch relevante 

Halbwertszeit erforderlich sind. Für die Konjugation wird dasselbe azidfunktionalisierte IFN α2a-

Protein wie in Kapitel 2 verwendet, um die Vergleichbarkeit zu gewährleisten. In der Studie werden die 

Biokonjugate im Hinblick auf ihre hydrodynamische Größe, Hydrophilie und thermische Stabilität 

sowie die alleinigen Polymere detailliert charakterisiert. Darüber hinaus werden in der Studie wichtige 

biologische Parameter, einschließlich der In-vitro-Potenzen der Biokonjugate, sowie ihres 

pharmakokinetischen Profils in einer In-vivo-Studie an Mäusen untersucht. 

Kapitel 4 – vervollständigt die Arbeit von Kapitel 2 und 3 durch die Untersuchung längerer Cyclooctin-

funktionalisierter PEtOx-Polymere von bis zu 25 kDa unter Verwendung derselben IFN-α2a-Azid-

Mutante zur Herstellung von Biokonjugaten mit angepassten hydrodynamischen Radien für akute 

Virusinfektionen, die mit ähnlichen Experimenten wie in Kapitel 3 analysiert werden. Die resultierenden 

Biokonjugate führen zu einer dauerhaften Stimulierung bei Mäusen und zu krankheitsmodifizierenden 

Effekten bei IAV-infizierten Frettchen, im Gegensatz zu den PEG Biokonjugaten, was ihr Potenzial für 

zukünftige medizinische Anwendungen unterstreicht. 

Kapitel 5 – untersucht ähnliche Aspekte, die bereits in Kapitel 2 und 3 für IFN-α2a erörtert wurden, 

verwendet jedoch menschliches IL-4 als Modellprotein. Im Gegensatz zu Kapitel 2 und 3 wurde ein 

Wildtyp-Protein verwendet und eine ortsspezifische Modifikation durch reduktive Alkylierung erreicht, 
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wobei der höhere pka-Wert des N-Terminus eines Proteins im Vergleich zu Seitenkettenaminen für die 

ortsspezifische Modifikation genutzt wurde. Wie in Kapitel 2 und 3 ausgeführt, werden die 

Biokonjugate detailliert charakterisiert und wichtige biologische sowie physikalisch-chemische 

Parameter untersucht. Dazu gehören die hydrodynamische Größe, die Bindungsaffinität an humanes 

Serumalbumin (HSA) und die in vitro Bioaktivität. Zusätzlich wird die Antigenität der LPGs gegenüber 

PEG-IgG-Antikörpern für die Polymere und Biokonjugate mittels Oberflächenplasmonen-

resonanzspektroskopie und  ELISA untersucht. 

Kapitel 6 – verwendet einen enzymatischen Ansatz für die Konjugation von Polymeren. In dieser Studie 

wurde murines IL-4 mit einer TG-Erkennungssequenz C-terminal verlängert. Diese TG-

Erkennungssequenz wurde von FXIIIa erkannt, um ein azidhaltiges Peptid kovalent zu binden. Das 

Azid-tragende Peptid kann dann als reaktive Gruppe durch Cyclooctin-modifizierte Polymere 

angegriffen werden, wie es bereits in Kapitel 2, 3 und 4 durchgeführt wurde. Die verglichenen Polymere 

sind PEG und PEtOx. Das Protein und die resultierenden Biokonjugate wurden auf ihre physikalisch-

chemischen und biologischen Eigenschaften hin charakterisiert, ähnlich wie in den vorherigen Kapiteln. 

Zusätzlich wurde die enzymatische Funktionalisierung durch FXIIIa optimiert.  

Kapitel 7 – nutzt FXIIIa für die enzymatische Immobilisierung von modifiziertem IFN-α2a auf 

Zelloberflächen. Zu diesem Zweck wurden zwei IFN-α2a-Mutanten entwickelt, die von FXIIIa erkannt 

werden und auf extrazellulärer Matrix (ECM) immobilisiert werden können. Die Mutanten wurden 

hinsichtlich ihrer In-vitro-Bioaktivität, ihrer Fähigkeit, von FXIIIa auf der ECM immobilisiert zu 

werden, und ihrer Fähigkeit, an einem künstlich eingefügten empfindlichen Linkem von der Matrix-

Metallopeptidase 9 (MMP-9) in Lösung und nach Immobilisierung auf der ECM gespalten zu werden, 

charakterisiert. MMP-9 wird von Immunzellen wie Makrophagen und Neutrophilen sezerniert, wenn sie 

nach dem Eindringen von Pathogenen in das Gewebe stimuliert werden. 

Zusammenfassend enthält die präsentierte Arbeit einen detaillierten Vergleich zwischen den 

Eigenschaften von LPG und PEtOx im Vergleich zu PEG als Alternativen für die Biokonjugation. Die 

detaillierte Charakterisierung erlaubt eine präzise Evaluation dieser zwei PEG alternativen Polymere 

und stuft diese in den getesteten Bereichen als sehr ähnlich zu PEG ein. Daher sind LPG und PEtOx 

zwei aussichtsreiche PEG alternative Polymere, welche für die medizinische Anwendung in Betracht 

gezogen werden sollten. 

Darüber hinaus wird eine neuartige IFN-α2a-Mutante beschrieben, die durch FXIIIa auf 

Gewebeoberflächen immobilisiert und durch MMP-9 freigesetzt werden kann. Die beschriebene 

Mutante zeigt vielversprechende Ergebnisse für die beabsichtigte pulmonale Anwendung durch 

Vernebelung und soll in naher Zukunft in vivo getestet werden.  
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Abstract  

Interferons (IFN) are immunomodulating, antiviral and antiproliferative cytokines for treatment of 

multiple indications, including cancer, hepatitis, and autoimmune disease. The first IFNs were 

discovered in 1957, first approved in 1986, and are nowadays listed in the WHO model list of essential 

Medicines. Three classes of IFNs are known; IFN-α2a and IFN-β belonging to type-I IFNs, IFN-γ a 

type-II IFN approved for some hereditary diseases and IFN-λs, which form the newest class of type-III 

IFNs. IFN-λs were discovered in the last decade with fascinating yet under discovered pharmaceutical 

potential. This article reviews available IFN drugs, their field and route of application, while also 

outlining available and future strategies for bioconjugation to further optimize pharmaceutical and 

clinical performances of all three available IFN classes.  

Overview of Interferon pharmacology  

Interferons (IFNs) are a group of small proteins (19-33 kDa of the class II cytokine family) 2. Three IFN 

classes are known, referred to as type-I, type-II and type-III, respectively 3, 4. Within these classes, 22 

different IFNs (17 x type-I, 1x type-II and 4x type-III IFNs) are known, acting through three different 

heterodimeric receptors. 

Figure 1: Simple schematic presentation of IFN signalling pathways. Initially pathogens are recognised by PRRs 

that stimulate the release of type-I and type-III IFNs. These translocate to the intercellular space where they bind 

and stimulate the activation of the innate immune system, including the expression of type-II IFN, which stimulates 

immune cells and initiates the activation of the adaptive immune system. A detailed review to type I and type-III 

signalling can be found elsewhere,5 as wells as for type-II IFN 6. Used PDB structures (left to right): 5T5W 7, 3SE3 
8, 6E3K 9. 
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There is one receptor pair for each IFN class (type-I: IFNAR1 and IFNAR2, type-II: IFNγR1 and 

IFNγR2, type-III: IFNλR1 and IL-10Rβ) (Figure 1, Figure 2) and all receptor activation triggers Janus 

kinase/signal transducer and activator of transcription (JAK-STAT) signalling pathways, respectively 

(Figure 1). IFNs have important function and are used therapeutically in (i) viral infection 5, 10, (ii) 

autoimmune disease 11-14, (iii) myeloproliferative neoplasms 15-19 (iv) cancer 10, 20-23 and (v) some 

hereditary diseases that affect immune defence 24 (Table 1). For anti-viral treatment, type-I IFNs are 

applied to activate the innate immune system 5, 10. Type-I and type-III IFNs have similar functions and 

share pathways but with different tissue specificity 4, 25. Whereas type-I IFN receptors are ubiquitously 

present, type-III IFNs are predominantly produced in epithelial cells modulating the crosstalk between 

barrier cells and the innate immune system, but without triggering inflammatory responses 26-31. In 

contrast to type-I and III, type-II IFN consists only of IFN-γ. IFN-γ release stimulates the adaptive 

immune response of antigen presenting cells, including macrophages 32. This results in the commitment 

of naïve T helper cells towards the Th1 state, and not Th2 state, which results in antigen presenting cell 

activation. The production of IFN-γ is therefore a hallmark of the Th1 response 21.  

 

 

 

 

 

Figure 2: (A) Overview of IFN receptor complexes. Type-I IFN ternary complex: IFNAR2 is displayed in red, 

IFN-α2a is displayed in blue, IFNAR1 is displayed in beige (PDB: 3SE3). Type-II IFN hexameric complex: 

IFNγR1 is displayed in orange and light orange, IFN-γ homodimer is displayed in dark and light blue, IFNγR2 is 

displayed in green and light green (PBD: 6E3K). Type-III IFN ternary complex: IFNλR1 is displayed in red. IFN-

λ3 is displayed in blue, IL10βR is displayed in beige (PDB: 5T5W). (B) Schematic display of selected IFN proteins 

with their most important secondary structure motifs from N- to C-terminus. Alpha helices are displayed as ribbons 

in boxes. Important areas for receptor binding are displayed in the same colour as the receptors in (A) 7-9. 

 



Chapter 1 - Bioconjugation strategies and clinical implications of Interferon-

bioconjugates 

 

10 

 

H
B

V
: h

ep
atitis B

 v
iru

s, H
C

V
: h

ep
atitis C

 v
iru

s H
C

L
: h

airy
 cell leu

k
em

ia, C
M

L
: ch

ro
n

ic m
y

elo
id

 leu
k

em
ia, C

T
C

L
: cu

tan
eo

u
s T

-cell ly
m

p
h

o
m

a, P
V

 p
o

ly
cy

th
em

ia v
era (o

n
ly

 

w
ith

o
u

t sy
m

p
to

m
atic sp

len
o

m
eg

aly
), M

S
: m

u
ltip

le sclero
sis, S

G
: sep

tic g
ran

u
lo

m
ato

sis, O
P

: m
alig

n
an

t o
steo

p
etro

sis 
#
1p

ro
d

u
ctio

n
 sto

p
p

ed
 in

 2
0

1
9

, #
2
 o

n
ly

 o
n

e n
atu

ral IF
N

-β
 v

arian
t ex

ists term
ed

 IF
N

-β
-1

a, IF
N

-β
-1

b
 is reco

m
b

in
an

tly
 p

ro
d
u

ced
 in

 E
. co

li, lack
s M

et1
 h

as a C
1

7
S

 m
u

tatio
n

, an
d

 

lack
s g

ly
co

sy
latio

n
 (D

ru
g

b
an

k
: D

B
0

0
0

6
8

)
3
3 

#
3 see fig

u
re 4

 fo
r m

o
re d

etails o
n

 m
o
d

ificatio
n

-ch
em

istry
. #

4
 U

ses a sim
ilar ch

em
istry

 to
 B

e
srem

i®
 

#
5: in

 co
m

b
in

atio
n

 w
ith

 R
ib

av
irin

 
#
6: in

 co
m

b
in

atio
n

 w
ith

 R
ib

av
irin

 an
d

 B
o

cep
rev

ir (also
 ap

p
ro

v
ed

 w
ith

 H
IV

 co
-in

fectio
n
) 

#
7: P

h
ase IIb

 stu
d

y
 fin

ish
ed

 in
 co

m
b

in
atio

n
 w

ith
 en

tecav
ir fo

r H
B

V
 treatm

en
t. In

 p
h

ase III fo
r treatm

en
t o

f ch
ro

n
ic h

ep
atitis D

 (H
D

V
), as m

o
n

o
th

erap
y

 an
d

 in
 p

h
ase II in

 

co
m

b
in

atio
n
 w

ith
 L

o
n

afa
rn

ib
 an

d
 R

ito
n

av
ir. H

D
V

 can
 p

ro
p
ag

ate o
n

ly
 in

 th
e p

resen
ce o

f H
B

V
 in

fec
tio

n
 

 

 T
y

p
e-III 

T
y

p
e-II 

              T
y

p
e-I 

T
y

p
e 

T
a

b
le 1

: classificatio
n

 o
f ap

p
ro

v
ed

 IF
N

 d
ru

g
s, w

ith
 th

eir resp
ectiv

e m
o

d
ificatio

n
s an

d
 m

o
st im

p
o

rtan
t d

iseases o
f ap

p
licatio

n
  

IF
N

-λ
-1

a 

IF
N

-γ-1
b
 

IF
N

-β
-1

b
 

#
2 

  IF
N

-β
-1

a  

    IF
N

-α
-2

b
 

  IF
N

-α
-2

a 

S
u

b
ty

p
e 

  Im
u

k
in

®
, 

A
ctim

m
u

n
e®

 

B
etafero

n
®

, 

E
x

tav
ia®

 

P
leg

rid
y

®
 

A
v

o
n

ex
®

(i.m
.), 

R
eb

if®
(s.c.) 

B
esrem

i®
  

P
eg

In
tro

n
®

 

In
tro

n
 A

®
 

P
eg

asy
s®

 

R
o

fero
n

 A
®

#
1 

A
p

p
ro

v
ed

 D
ru

g
 

E
ig

er B
io

 

P
h

arm
a. 

B
o

eh
rin

g
er, 

V
id

ara 

B
ay

er, 

N
o

v
artis 

B
io

g
en

 

B
io

g
en

, 

M
erck

 

A
O

P
  

M
S

D
 

M
S

D
 

R
o

ch
e 

R
o

ch
e 

m
an

u
factu

rer 

P
h

ase III 

started
 (2

0
2
1

) 

1
9

9
7

  

1
9

9
9
 

1
9

9
3

  

2
0

0
9
 

2
0

1
4
 

1
9

9
6
 

2
0

0
2
 

2
0

1
9
 

2
0

0
1
 

1
9

8
6
 

2
0

0
2
 

1
9

8
6
 

Y
ear o

f 

ap
p

ro
v

al (F
D

A
 

o
r E

M
A

) 

C
H

O
-m

P
E

G
 2

0
 

k
D

a
#
4  

--- 

--- 

C
H

O
-m

P
E

G
 2

0
 

k
D

a
#
4 

--- 

B
ran

ch
ed

 C
H

O
-

m
P

E
G

 2
x

 2
0
 k

D
a

#
3 

S
C

-m
P

E
G

 1
2

 k
D

a  

--- 

B
ran

ch
ed

 N
H

S
-

m
P

E
G

 2
x

 2
0
 k

D
a

#
3 

--- 

T
y

p
e o

f 

m
o

d
ificatio

n
 

x
*

7 

            x
 

x
 

x
 

H
B

V
 

x
 

          x
#
6 

x
 

x
 

x
 

H
C

V
#
5 

              x
 

  x
 

H
C

L
 

              x
 

  x
 

C
M

L
 

                  x
 

C
T

-

C
L

 

          x
 

        P
V

 

    x
 

x
 

x
 

          M
S

 

  x
 

                S
G

 

  x
 

                O
P

 

3
4
-3

7 

3
8 

3
9  

4
0 

1
1
, 1

2 

4
1 

4
2 

1
7
, 4

3
-4

6 

4
7
-4

9 

5
0 

5
1
-5

3 

5
1
, 5

4 

so
u

rce 



Chapter 1 - Bioconjugation strategies and clinical implications of Interferon-

bioconjugates 

11 

 

Drug delivery of Interferons 

Pharmacokinetic and pharmacodynamic properties of therapeutic IFNs are impacted by rapid disposition 

kinetics resulting from short serum half-lives primarily excreted renally (t1/2 between 2-8 hours for 

human IFN-α2a) and the route of administration 55. By changing the route of administration from i.v. to 

i.m. or s.c. injection, the tmax value can be increased from 0.67 to 3.7 h for i.m. and 7.3 h for s.c, resulting 

in higher serum concentrations after 3h, when compared to i.v. injection 56. For this reason, all approved 

IFN drugs (type-I and type-II) are applied by default s.c. to extend the therapeutic outcome as the 

continued release after s.c. injection leads to more stable serum levels (Table 2). To further address 

these challenges, IFNs have been biotechnologically modified and/or conjugated to the hydrophilic 

polymer methoxy-polyethylene glycol (mPEG). mPEG is a synthetic, non-biodegradable polymer for 

increasing the hydrodynamic radius of the conjugated protein to modulate PK performances and prolong 

therapeutic outcome 57, 58.  

After their administration, unmodified IFNs are majorly catabolised via the kidney, where they are 

degraded in tubular cells after reabsorption 59-61. This proportion is reduced for PEGylated IFNs (30 % 

for PEGIntron® (IFN-α2b 12 kDa mPEG), 42 % Plegridy® (IFN-β1a 20 kDa mPEG) ,<5 % for 

Pegasys® ((IFN-α2a 2x 20 kDa mPEG)) and shifts to hepatic elimination via nonspecific proteases 62-

64. In this paragraph we first discuss the evolution of approved IFN drugs and highlight the 

biotechnological and pharmaceutical progress for advanced IFN function and delivery. 

 

 

Table 2: Pharmacokinetic parameters of approved IFN drugs 

 

Approved Drug Serum half life Peak Dose (s.c.) interval  

(per week) 

bioavailability source 

Roferon A® 3.7-8.5 h (i.v.) 3.8 h (i.m.),  

7.3 h (s.c) 

18 mio I.E. (67 μg) 3x 80 % (i.m., s.c.) 54-56 

Pegasys® 60-80 h (i.v.) 

160 h (s.c.)  

72-96 h (s.c.) 180 μg  

 

1x 84 % (s.c.) 52 

Intron A® 7-9 (i.v. / s.c.) 6-8 h (s.c.) 10 mio I.E. (38 μg) 3x 100 % (i.m., s.c.) 50, 63 

PegIntron® 40±13.3 h (s.c) 15-44 h (s.c.) 80 μg 1x --- 47 

Besremi® 144-240 h (s.c.) 72-144 h (s.c.) 350 μg 0.5 80 %* 17 

Avonex®,  

Rebif® 

10h(i.m.)  

50-60h (r.s.c.) 

5-15h (i.m., s.c.) 

8h (r.s.c) 

30 μg,  

44 μg  

1x 

3x 

40 % (s.c.) 

--- 

41, 65 
42 

Plegridy® 78±15 h (s.c.) 24-36h (s.c.) 125 μg 0.5x --- 11 

Betaferon®, 

Extavia® 

5 h (s.c.) 1-8 h (s.c.) 250 μg  3x 50 % (s.c.) 39 

Imukin®, 

Actimmune® 

11h (s.c.) 8 h (s.c.)  

4h (i.m.) 

50 μg/m2**  3x 89 % (s.c.) 38 

*was tested in apes only, **body surface. If body surface is < 0.5 m2, dosing is changed to 1.5 μg/kg. 
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Approved IFNs drugs: From 1st to 3rd generation 

Recombinant wild type human IFN was 

first approved in 1986 for CML, HCL and 

HCV treatment (Figure 3, Table 1). Due to 

its early clinical use, IFN-α was one of the 

first biologicals to be modified with mPEG, 

resulting in the second generation with 

Pegasys® and PegIntron®, amending 

pharmacokinetic properties of IFN (Figure 

3 and Table 1) 77.  

Pegasys® and PegIntron® rely on N-

hydroxysuccinimidyl (NHS) chemistry for 

attachment of two 20 kDa branched mPEGs 

for Pegasys®, or a single 12 kDa mPEG in 

case of PegIntron® (Table 1 and Figure 

4A). NHS reacts selectively with primary 

amines (and histidine residues, depending 

on the used specific NHS) to target lysine 

residues and the N-terminus of the protein. 

This chemistry therefore yields into a 

mixture of monomeric isomers (one mPEG 

is conjugated to one differing residue) and 

partially oligomers (more than one PEG is 

conjugated to the same protein on two 

different residues). After conjugation, the 

mono PEGylated-IFNs are separated from 

unreacted educts and oligo PEGylated IFNs 

by ion exchange chromatography 77. This 

mixture of mono PEGylated IFNs can be 

further purified by excessive ion exchange 

chromatography on a laboratory scale to 

isolate the different isomers, but is not 

performed for Pegasys® in industrial-scale 

production (Figure 4B) 53. PEG bioconjugation resulted in a 25-fold increase (Pegasys®) of renal 

clearance (10-fold increase for PegIntron®) after subcutaneous administration (Table 2), achieving 

better patience compliance with one injection per week 52. 

Figure 3: IFN drugs with important scientific breakthroughs and 

first-time approvals by the FDA or EMA, with additional key 

technologies for future development 11, 17, 38, 41, 52, 66-76.  
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Figure 4: (A) PEGylation strategies of approved IFN-α drugs 46, 48, 49, 53, 77. (B) Most abundant PEGylation sites on 

IFN-α´s residues,48, 53 estimated for Pegasys® from 53. Purified Pegasys® isomers are highlighted in red and green. 

Residues that are highlighted in red have a lower potency than the Pegasys® mixture, green marked residues have 

a higher potency than the Pegasys® mixture, showing that most PEGylation sites are not suitable for PEGylation 
53. Lysine Isomers from PEGIntron® have similar modification sites as Pegasys®, but to a different degree of 

modification 48. Additional important modification sites are highlighted in orange, whereby C1 is conjugated via 

the N-terminus. The main modification site of Besremi® is highlighted in magenta as P0 as a mutationally 

introduced proline residue. (C) Superimposition of IFN-α2a in its ternary complex (PDB:3SE3) and IFN-α2a in 

its free form (1ITF). IFNAR1 is displayed in black, IFNAR2 is displayed in grey, bound IFN-α2a is displayed in 

blue and superimposed with an NMR-structure of IFN-α2a, displayed in cyan, to display the approximate positions 

of residues and secondary structures that are not resolved in the ternary complex crystal structure 3SE3. P0 was 

introduced artificially. Colors from side residues are displayed as given in panel B. 

However, these pharmacokinetic benefits come with a prize. Potency of PEGylated biologicals is often 

diminished due to steric hindrance with receptor surfaces and heterogeneous bioconjugation chemistries 

78. Potency reduction was 93 % for Pegasys® and 72 % for Pegintron®, respectively 48, 77. Balancing the 

loss of potency, a nearly 3-fold higher dosage of Pegasys® is applied compared to Roferon-A, with 

respect to the active protein component (Table 2), though the applied IFN has a longer serum-half life, 
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which results in a similar amount of applied IFN on a weekly scale. The loss in potency may be explained 

by (i) the size of conjugated mPEG itself and (ii) existing amounts of PEGylated IFN with reduced or 

lost receptor affinity (Figure 4B and C).  

To address the heterogeneity of the second generation of IFN drugs, more site-specific aldehyde 

coupling has been reported, called reductive alkylation 46. This type of bioconjugation chemistry is based 

on the N-terminal nucleophilic activity at acidic pH (≈ 4-5), exceeding the nucleophilicity of ε-amine 

groups of lysine within the protein backbone. In the presence of reducing agents, the primary amine of 

the N-terminus reacts spontaneously with aldehydes, resulting in a stable C-N bond (Figure 4A) 73. As 

the N-terminus is favoured for this reaction, a higher product homogeneity as compared to NHS 

chemistry is achieved for IFN, as demonstrated with Besremi® compared to Pegasys® and PEGIntron®. 

Product homogeneity can be further tailored by genetic introduction of an artificial proline at the 

protein`s N-terminus for enhancement of the inductive effect on the primary amine. This underlying 

bioconjugation strategy has been applied to produce Besremi®, a 90 % mono-PEGylated N-terminal 

IFN-α2b conjugate (Figure 4B) 46. Interestingly, no statistical differences in pharmacokinetic properties 

were monitored between the third generation IFN drug Besremi® in comparison to the second 

generation IFN drug Pegasys® (Table 2). The dose that needs to be applied is still comparable to the 

one of Pegasys®, but product homogeneity reduces drug side effects (rash symptoms in 7 % of patients 

of Besremi® compared to 36.8 % in Pegasys® treated patients) and an optimised application profile of 

350 ug every two weeks (Pegasys® 180 ug once a week) accelerated response rates in HBV to 24 instead 

of 48 weeks 43, 48.  

Site-selective bioconjugation strategies 

Site-selective conjugated bioconjugates benefit from modifications at a preselected location and 

therefore result in homogeneous products. Through site selective conjugation strategies heterogeneity 

and loss of potency can be significantly addressed 72, 79-85. A simple technique for site-selective 

conjugation is the introduction of an additional cysteine residue. This additional cysteine residue must 

be placed at a position, where it does neither affect protein folding (e.g. by forming an unwanted 

disulphide bridge) nor its potency. A challenge is keeping the cysteine reduced, which can be achieved 

by adding low concentrations of reducing agents (like dithiothreitol, or TCEP) and by keeping the pH 

above neutral 86, 87. After a successful purification, the additional free cysteine residue can be targeted 

by several chemistries such as Michael addition by reactive maleimide groups as performed for IFN-α2 

87, 88. This attempt resulted in an IFN-α2-PEG 40 kDa bioconjugate which had a Q5C mutation, a 4-fold 

reduction in potency and a 40-fold increased serum half-life after subcutaneous administration in rats 87. 

Another approach tested on IFN-α2 was performed by exchanging a short AA sequence (3-4 AA) of the 

protein with a small histidine tag (HGH) at different sites, enabling the use of bis-sulfone as a linker to 

conjugate mPEG 89. For effective conjugation bis-sulfone needs to react with two nucleophilic residues 

in proximity, which are either His, Cys or Lys. The preferred residue and therefore conjugation site can 
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be influenced by pH, favouring His at slightly acidic pH (5-6). Though the selective incorporation at 

different engineered sites was demonstrated, reaction conditions needed to be highly optimized, 

regarding educt concentration and protein to bis-sulfone-polymer ratio to yield mainly mono-PEGylated 

bioconjugates, which were successfully purified afterwards. Apart from technical optimisation, the 

bioactivity of the produced bioconjugates resulted in comparable bioactivities to mutation studies 

previously performed on identical sites 87.  

A more versatile technique for the site-selective modification of proteins is the codon expansion 

technology. Codon expansion technology grew rapidly in diversity and application for biologicals, 

ranging from newly functionalized antibodies, over engineered enzymes to potent vaccines 72, 79-85. 

Generally, the codon expansion technique allows for the incorporation of an unnatural amino acid (uAA) 

with a selective reactive group to a preselected position during recombinant protein synthesis, by 

recognition of an amber stop codon and a tRNA/amino acyl tRNA synthetase pair 79-81, 90. The unnatural 

incorporation can be performed in E. coli as well as in yeast and mammalian cell systems, depending 

on the used tRNA/amino acyl tRNA synthetase pair 91. The site-selective reactive group is coupled to a 

polymer or another reactive carrier, yielding homogeneous conjugates as it has been well demonstrated 

in literature with various biologicals 92-97. This approach has also been shown to lead to more potent 

PEGylated IFNs with increased in vitro potency compared to available IFNs 98. We recently reported 

that site specific IFN-α2a bioconjugates originated from PEG and PEG alternative polymers performed 

equally with respect to biological performances. Polymer interactions with IFN-α2a were further studied 

via a limited proteolysis (LIP) assay, suggesting weak interactions of each type of polymer with the 

protein′s surface. The codon expansion technology goes generally in hand with an overall lower protein 

expression, higher production costs due to synthesis of the needed uAA, and optimization for large scale 

production. Moreover, clinical trials are necessary to evaluate the safety of uAAs incorporated in 

biologicals for use in patients. Currently, several clinical phase I trials are ongoing with a focus on site-

specific engineered antibody drug conjugates, that bear an unnatural amino acid, which release 

conjugated payloads (mostly cytotoxic) upon target binding 99, 100. 

IFN fusion proteins  

Fusion of a long circulating protein is one alternative strategy to modulate pharmacokinetic properties 

of short-half-life biologicals. In this regard Albinterferon® was recombinantly expressed as a fusion 

protein consisting of IFN-α2b and human serum albumin (HSA) fused to the N-terminus 101. Although 

several drugs have been approved as fusion protein, this approach is general limited to the N-or C-

terminus due to the recombinant expression technology. The pharmacokinetic profile of Albinterferon® 

was comparable to the one of Pegasys® with comparable low potencies 102, 103. Compared to Pegasys®, 

no significant benefits were achieved. Ultimately, Albinterferon® development was stopped. In contrast 

to albumin fusion, aldehyde coupling as strategy for N-terminal modification (Besremi®) was more 
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promising as the mPEG polymer proved to be more flexible than the N-terminally fused globular 

albumin.  

Other traditionally used fusion proteins are antibody fragments, which have also been performed for 

type-I IFN 104, 105. Another interesting IFN fusion protein under development is SL335-IFN-β-1a. SL335 

is a human Fab antibody (23 kDa) recognizing HSA 106. SL335 is N-terminally fused through a short 8 

amino acid long peptide linker to IFN-β-1a. Recombinant expression of this fusion protein is facilitated 

as IFN-β is prone to aggregation 107. These aggregates are likely to promote neutralizing antibody 

formation against IFN-β, which makes a proper formulation even more important 107. Its 

pharmacokinetic and pharmacodynamic properties were found to be at least twice as good as IFN-β 

(Rebif®) as assessed in rats and cynomolgus monkeys 105, 108. Additionally, other IFN fusion proteins 

with the same purpose were tested 104.  

Apart from IFN fusion proteins, that focus on a serum-half life extension, several other studies were 

done with IFN fusion proteins in animal models to increase the specificity and potency against certain 

cancers. These include the fusion of epitope specific antibodies (Ab) to specifically target certain cancer 

cells, or the vascularization of cancers 109-111. In one study murine IFN-α and IFN-β were fused to a CD-

20 specific Ab fragment 110. The proteins were tested for treatment in mice challenged with murine B 

cell lymphoma 110. Both fusion proteins had a superior antiproliferative performance versus their natural 

counterparts and CD-20-IFN-β was superior to CD-20-IFN-α. The survival rate was also better in B-cell 

lymphoma cells, which are more sensitive to type-I IFNs 109, 110. In contrast to disseminated tumors like 

B-cell lymphomas, an Ab-IFN-α specific therapy against a solid teratocarcinoma had no beneficial 

effect, that could be correlated to the fused Ab fragment 109. The fusion protein was directed against the 

extra domain B of fibronectin, a splice variant of fibronectin, which is expressed in various solid tumors, 

but rarely in adults, during epithelial to mesenchymal transition and neovascularization 109, 112. Similar 

studies were earlier performed with an Ab-IFN-γ fusion protein, targeting the same fibronectin domain, 

with varying doses against different tumors. The outcome depended strongly on the tumor type and was 

most often enhanced when combined with other Ab-cytokine fusion proteins and chemotherapeutic 

agents 111.  

Artificially designed IFNs 

Artificial IFN-α mutants were produced with higher activities than type-I IFNs by an artificial design 

technology combining DNA-shuffling and High Throughput Screening (HTS) 113. By this approach, the 

IFN-α2 drug Novaferon was developed with 29 mutations, to increase its antiproliferative potency, but 

without targeting pharmacokinetic properties 8, 113. The 29 mutations occurring in Novaferon are majorly 

a combination of natural occurring mutations from two other type-I IFNs, that have higher binding 

affinities than the natural ligand IFN-α2 114, 115. Designed IFNs with an improved affinity profile may be 

a promising future therapy to combat IFN led resistances 116, 117.  
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Pulmonary and nasal administration of IFN 

Pulmonary application of type-I and type-III IFNs against viral diseases is of specific interest as the 

respiratory tract is one of the primary gateways for pathogens to enter human circulation 118. Several 

studies and reviews have already been published 29, 119-121. Some viral pathogens, including 

coronaviruses, have learned to delay the initial IFN type-I/III response, which results in unhampered 

virus replication, an inflammatory response and lung immunopathology with diminished survival 122-124. 

Therefore, delivery of type-I/III IFNs should target the very early stages of infection to combat viral 

replication. This is further supported by recent findings, where a significant number of patients with 

severe symptoms that were infected with SARS-CoV2 had neutralizing immunoglobulin G (IgG) auto-

antibodies against type-I IFNs (majorly against all IFN-α and/or IFN-ω, but only few against IFN-β), or 

a genetic disorder in one type-I IFN regulator 116, 117. Therefore, administration of type-I/III IFNs may 

contribute to decrease the number of severe infections and support patient recovery, as demonstrated for 

IFN-β1a 119. It must also be noted that recent findings have pointed out that type-I IFN response can 

boost inflammatory responses. The timing of type-I IFN is crucial, as a delayed, but strong type-I IFN 

response leads often to hyper inflammation, causing severe symptoms, but an early type-I/III IFN 

response controls viral replication 121, 122, 125-128. Nebulized type-I/III IFNs may therefore be used as a 

therapy to fight respiratory virus infections. It is likely that type-I and type-III IFNs are suited for this 

type of therapy, though the application of type-III IFNs is likely to be less risky due to their local effect 

and earlier time of onset during viral infection 29, 127. Furthermore, no hyper inflammation using type-III 

IFNs has been yet reported. This trend towards type-III IFNs is supported by a recently published study 

by Davidson et al. showing, that mild Covid is characterized by high levels of type-III IFN, but not type-

I IFN in the upper airways 129. These efficiently induce an antiviral response, that leads to a more rapid 

elimination of the virus, limiting its viral spread to the lower airways. 

This route of administration can be further tailored when IFNs are artificially modified with PEG. In 

this case medium long PEGs (10-20 kDa) may be optimal to increase the therapeutic effect of type-I/III 

IFNs as reported from animal studies 29, 130. In one study 29 murine PEGylated IFN-λ2 (likely 20 kDa as 

donated from the same company that runs clinical trials on 20 kDa PEGylated IFN-λ1a, though not 

explicitly stated) was administered intranasally 1-2 days post lethal Influenza A virus infection, resulting 

in a significantly higher survival and less symptoms compared to saline treatment. In another study, 

human IFN-α2, PEGIntron® and Pegasys® were administered via intratracheal instillation to compare 

their pharmacokinetics to i.v. administration 130. The plasma levels after i.t. instillation were overall 

significantly lower for PEGIntron® and Pegasys® over 48 h, in contrast to IFN-α2 where similar plasma 

levels were measured after 2 hours. It was concluded that the tested 12 kDa PEG chain is the best tradeoff 

between an enhanced retention (the drug stays longer in the lung and can longer stimulate cells) and a 

decrease in biological activity, which decreases with increasing PEG chain length. In this study the 

bioavailability of unmodified IFN-α2 was 15 % (5.5 % for PEGIntron® and <0,4 % for Pegasys®), but 
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may be significantly increased (up to 10-fold), when administered as an aerosol as shown for other 

proteins 131-133.  

Depots for controlled IFN delivery  

Based on pharmacokinetic properties of IFN drugs, drug delivery platforms were developed to release 

IFNs in a constant manner. For example, elastin like polypeptides (ELPs) were used as fusion proteins 

to IFN. ELPs are polypeptides that undergo a reversible phase separation above a characteristic 

transition temperature 134, 135. This transition temperature can be fine-tuned by alternating the polypeptide 

length and amino acid sequence. As they are polypeptides, they can only be fused to the N or C-terminus 

of a protein. Due to ELPs ability to aggregate above a certain temperature (like 37°C), they can quickly 

form solid depots and micelles, when injected that dissolve slowly over time. This leads to improved 

pharmacokinetic profiles, by stabilising plasma levels and can result in a constant drug release over 

several weeks, as well as increased proteolytic stability 136-138. 

Safety of IFN application 

As type-I and type-II IFNs act systemically, there are several adverse events that go in hand with IFN 

therapy. Reported adverse effects for type-I IFNs are related to flu like symptoms (fever, vomiting, 

fatigue, weight loss). These have been accompanied by more severe reactions, ranging from 

psychological disorders (severe depression, suicidal thoughts) to anaemia, neutrophil reduction, 

hypertension and organ disorders (liver insufficiency, gastrointestinal bleeding, etc.) 52, 54. type-II IFNs 

provoke similar adverse reactions 38. Other reported effects are on upregulated liver enzyme 

concentrations and on gastrointestinal disorders (vomiting, diarrhoea, pain) 38. To date there are only 

clinical phase two studies available for type-III IFN. In these studies, type-III IFN was tested for hepatitis 

B, C and D treatment (Table 1). Based on these results, therapeutic intervention of type-III IFN seem to 

be less critical on the hematopoietic system as compared to type-I IFNs but has otherwise similar side 

effects 34-37.  

Safety issues need to be considered when patients have an impaired renal function as this results in 

elevated IFN plasma concentrations after single and multiple applications up to 2-fold higher serum 

concentrations and serum half-life times for unmodified IFN-α2 and PEGIntron® 60, 139-141.  This effect 

reduces for IFNs with longer mPEG chain modifications as their proportional elimination is shifted 

towards the liver the longer the PEG chain is. Additionally, this effect is reduced when the application 

interval is rarer (PEGIntron® is applied 1x weekly, Plegridy® is applied 1x every other week) (Table 

2). Furthermore, haemodialysis needs to be considered too, as it reduces IFN plasma levels 60, 140-142. 

Hemodialysis results for PEGIntron® in a dose reduction of 25 % for patients with moderate renal 

insufficiencies (50 % in patients with severe renal insufficiencies), but no recommended dose reduction 

for Plegridy® 60, 142. 
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Other safety issues were discovered during recent COVID-19 research, where 10.2 % of patients with 

severe COVID-19 had neutralising immunoglobulin G (IgG) auto-antibodies against type-I IFNs 

(majorly against all IFN-α and/or IFN-ω, but only few against IFN-β) 116. Noteworthy is, that these 

patients were majorly male (94 %).  

Conclusion and Outlook  

IFNs are powerful therapeutics due to their antiviral and antiproliferative effects in many different 

diseases. Despite over 30 years of research, type-I interferons (IFN)s are still improved by 

bioconjugation strategies to reduce frequent administrations. Furthermore, their anti-viral potential 

recently became relevant for local treatment of COVID19 by exploiting novel routes of administration 

(pulmonary, nasal delivery). However, each novel site of administration needs a new safety assessment. 

Type-II IFN (IFN-γ) are particularly difficult to modify at the N-terminal site as it binds the receptor as 

a homodimer and the N-terminus is located between both IFNγRs. Garcia et al. already described that 

two IFN-γ molecules can be expressed as a fusion protein, featuring a protease sensitive linker that can 

be cleaved after dimerization. This approach may be combined with site-selective functionalization to 

yield homogeneously functionalized IFN-γ 9. Using modified IFN-γ in cancer therapy might be 

reasonable, but is highly cancer dependent as IFN-γ can have pro- and anti-tumorigenic effects 21. On 

the one hand IFN-γ is critical for immune cells migrating to the tumor and can also inhibit angiogenesis, 

but on the other hand tumors with IFN-γ dysregulations can lead to immune evasion 143-145. To avoid the 

side-effects of IFN-γ therapy, a localized administration is advisable due to the nature of IFN-γ´s local 

secretion and diffusion to the surrounding tissues. There are several ongoing clinical trials with IFN-γ 

as an adjuvant in cancer therapy 21, 146. Additionally, a higher dose seems to be critical for a positive 

response to inhibit tumor progression, as low dosages enhance tumor survival, as well as ongoing 

dosage, due to the nature of IFN self-regulating negative feedback loops 22. A functionalized IFN-γ can 

help to stabilize high local concentrations, by a covalent attachment to carrier systems, like PEG, 

hydrogels, Ab-fragments, or else, which have yet been partially successful in cancer models 111, 147, 148.  

Likely more potential lies in the development of type-III IFNs as a therapeutic. To date there is no 

FDA/EMA approved type-III IFN drug on the market, though one PEGylated type-III IFN is in clinical 

trials for treatment of hepatitis. The selectively expressed IFNλR1 is a challenging target regarding the 

use of type-III IFNs as a potent type-I IFN alternative. The IFNλR1 cell selective expression in epithelial 

tissues is on the one hand its biggest advantage, as it minimizes side effects, but also its biggest weakness 

as the reduced receptor frequency correlates with a reduced downstream activation of its antiviral and 

anti- proliferative potency. As the potency of type-III IFNs is already limited by IFNλR1 frequency it is 

reasonable to suppose that a clinical application will be focused on a localized type-III IFN therapy, 

such as pulmonary administration, although a recent clinical trial has also shown its effectiveness in 

HBV therapy 36. Type-III IFNs may be used to upregulate the antiviral potencies of epithelial tissues 

(lung and gastrointestinal tract), as type-III IFNs usability is inferior for ongoing systemic infections 
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compared to type-I IFNs but induces no detrimental inflammatory effects 120, 128, 149, 150. This would also 

most likely reflect their natural role in the immune system to prime epithelial tissues for pathogens, 

without activating the rest of the immune system. Regarding their possible modifications, it seems likely 

that N- and C-terminal modifications can be easily achieved as the termini are likely distant enough to 

the receptors, which facilitates their mutational possibilities. 

Conclusively IFNs are still a promising class of cytokines to target diseases even if they are already 

established since more than 30 years. Additionally, the vast amount of research that has been performed 

with IFNs turns them into perfect model proteins. Their key role in the innate and adaptive immune 

response turns them into viable first line treatment options against viral diseases, when more specific 

therapies are not available. Advanced engineering of yet to come IFNs is desirable to minimize the 

shortcomings of the currently used 3rd generation of approved mPEGylated IFNs. These are currently 

limited to N-terminal conjugation and subcutaneous injection. Especially the potential of type-III IFNs, 

as well as the use of type-II IFN in cancer research has yet to be discovered and will likely result in new 

IFN drugs to complement the range of application of these versatile and essential class of cytokines.  
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Abstract 

Conjugation of biologics with polymers modulates their pharmacokinetics, with polyethylene glycol 

(PEG) as the gold standard. We compared alternative polymers and two types of cyclooctyne linkers 

(BCN/DBCO) for bioconjugation of interferon-α2a (IFN-α2a) using 10 kDa polymers including linear 

mPEG, poly(2-ethyl-2-oxazoline) (PEtOx) and linear polyglycerol (LPG). IFN-α2a was azide 

functionalized via amber codon expansion and bioorthogonally conjugated to all cyclooctyne linked 

polymers. Polymer conjugation did not impact IFN-α2a’s secondary structure and only marginally 

reduced IFN-α2a’s bioactivity. In comparison to PEtOx, the LPG polymer attached via the less rigid 

cyclooctyne linker BCN was found to stabilize IFN-α2a against thermal stress. These findings were 

further detailed by molecular modeling studies which showed a modulation of protein flexibility upon 

PEtOx conjugation and a reduced amount of protein native contacts as compared to PEG and LPG 

originated bioconjugates. Polymer interactions with IFN-α2a were further assessed via a limited 

proteolysis (LIP) assay, which resulted in comparable proteolytic cleavage patterns suggesting weak 

interactions with the protein`s surface. In conclusion, both PEtOx and LPG bioconjugates resulted in 

similar biological outcome and may become promising PEG alternatives for bioconjugation.  

Introduction 

Biologics are conjugated for modulating stability or pharmacokinetic properties.151 The most frequently 

used conjugation is with polyethylene glycol (PEG), known as PEGylation, which was first introduced 

in 1977.152, 153 PEG is a non-toxic, highly flexible, and hydrophilic polymer. However, PEGylation might 

reduce the bioactivity of biologics and transport characteristics, as of reduced receptor affinity and loss 

of intracellular sequestration, respectively.154-156 In spite of the use of PEG to reduce frequency of 

administration of biologicals, recent studies have linked complement activation to PEG due to anti-PEG 

neutralizing antibodies.157-161 Therefore, PEG alternative polymers are being thoroughly studied in the 

biomedical field.   

A promising PEG alternative polymer class are LPGs (linear polyglycerols), which are biocompatible, 

water-soluble and flexible polyols, based on a PEG-like polyether backbone.162, 163  LPG has been 

successfully synthesized with molecular weights up to 100 kDa (hyperbranched PG up to 540 kDa) with 

potential for biomedical and antifouling application.58, 163-165 Linear and branched polyglycerols have 

been recently conjugated via aldehyde coupling to the N-terminus of the protein inhibitor anakinra and 

bioconjugates showed similar pharmacokinetic performances as the PEGylated counterpart.166  

Poly(2-ethyl-2-oxazolines) (PEtOx) are another PEG alternative polymer class and have been 

intensively studied for biomedical purposes due to their thermoresponsivity and biocompatibility,167, 168 

ranging from the delivery of hydrophobic drugs, proteins, and nucleic acids169-174 to antifouling 

surfaces.58, 175-183  Moreover, different protein bioconjugates have been successfully produced with 

polyoxazoline (POx) as a PEG alternative polymer.177, 184, 185 POx based rotigotine conjugates recently 

demonstrated potential for treatment of Parkinson`s disease in a clinical study.186 
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PEGylated Interferon-α2a (IFN-α2a) was one of the first bioconjugates entering the market, 

demonstrating potent immune-modulating, antiviral and antiproliferative properties for use in hepatitis 

or cancer therapy.184, 187-191  

Strategies for site-specific bioconjugation yield homogenous PEGylation products with precise spatial 

control of the modification site within the protein sequence. Thereby, heterogenous product qualities are 

avoided as resulting from more widely used syntheses including carboxyl-reactive or sulfhydryl-reactive 

crosslinking, respectively.192 One successful strategy for site-specific decoration of biologics is the 

integration of functionalized unnatural amino acids (uAA) into the primary structure at predefined 

positions using genetic code expansion during protein translation. Genetic code expansion was effective 

in a wide range of expression systems, including Escherichia. coli, 92, 97, 184 yeast, 91, 193 and mammalian 

cells. 79, 194  

In this study, we recombinantly expressed a human IFN-α2a mutein with an azide-bearing unnatural 

amino acid by amber codon expansion, enabling bioorthogonal bioconjugation to PEG and PEG 

alternative polymers using strain-promoted alkyne-azide cycloaddition (SPAAC). All bioconjugates 

were analysed for biological activity, secondary structure, and performances against thermal stress. 

Finally, computational and experimental approaches were combined to elucidate how PEG and PEG 

alternative polymers interact with the protein`s surface.    
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Experimental section 

Materials:  

A detailed description of materials and the synthesis of all presented polymers is given in the supporting 

information. 

Boc-protected L-lysine was from P3 BioSystems LLC (Shelbyville, KY, US). 2-Bromoethanol, 

triphosgene, sodium azide, HCl in diethyl ether, 1,4-dithiothreitol (DTT), carbenicillin, chlorampenicol, 

isopropyl-β-D-1-thiogalactopyranoside (IPTG), penicillin-streptomycin, phenylmethylsulfonyl fluoride 

(PMSF), guanidine hydrochloride, primer, NDSB-201, L(+)-arabinose, lysozyme, DNAse I, triton X-

100, acetonitrile HPLC grade, ethyl acetate, chloroform and trifluoracetic acid were purchased from 

Sigma Aldrich (Schnelldorf, Germany). PageRuler™ Prestained Protein Ladder, Coomassie Brilliant 

Blue G250, NuPAGE LDS sample buffer (4X), slide-a-lyzer, Dulbeco’s Modified Eagle’s Medium 

(DMEM), Gibco-FBS-HI (Origin Brasil) BCA assay, synthesized IFN-α2a genes, E.coli 

BL21(DE3)Star bacteria, MagicMedia™ E. coli Expression Medium, Pierce C18 Tips, SYPRO™ 

Orange Protein Gel Stain,  tris-(2-carboxyethyl)-phosphine (TCEP), iodacetamide (IAA) and formic 

acid MS grade were ordered from Thermo Fisher Scientific Germany (Darmstadt, Germany). BioPro 

IEX SmartSep S20 1 mL and 5 mL were ordered from YMC Europe (Dinslaken, Germany). XK16/600 

Superdex 75 pg column was ordered from Cytiva Life Sciences (Freiburg, Germany). Zorbax 300SB-

CN column was ordered from Agilent (Waldbronn, Germany). Vivaspin centrifugal concentrators were 

ordered from Sartorius AG (Göttingen, Germany). Spectra/Por 1 Dialysis Membrane Standard RC 

tubing was ordered from Repligen (Ravensburg, Germany). ROTIPHORESE® NF-Acrylamide/Bis-

Solution 30 (29:1) was ordered from carl roth gmbh (Karlsruhe, Germany). HEK-Blue™ IFN-α/β Cells, 

blasticidin and zeocin were ordered from Invivogen (Toulouse, France). Proteinase K was ordered from 

Promega (Walldorf, Germany). Strata™-X 33 µm Polymeric Reversed Phase syringe columns were 

ordered from Phenomenex (Aschaffenburg, Germany). Pre columns and columns for LC-MS/MS 

analysis were ordered from PepSep (Marslev, Denmark). ReproSil-Pur 120 C18-AQ, 1.9 µm was 

ordered from Dr. Maisch (Ammerbuch-Entringen, Germany). Bovine serum albumin standard for 

MALDI-MS calibration were purchased from Bruker (Bremen, Germany) DBCO-PEG4-5/6-

Carboxyrhodamine 110 was purchased from Jena bioscience (Jena, Germany). Sep-Pak C18 1 cc Vac 

Cartridge from Waters were ordered from VWR (Darmstadt, Germany). 

 

Expression of IFN-α2a, IFNK31N3 and IFNK134N3 

All used IFN-α2a genes were cloned into pET21a(+) vectors with an ampicillin resistance between the 

NdeI and BamHI restriction sites. The correct insertion was verified by Sanger DNA sequencing 

(Eurofins genomics). Each vector was transformed into competent E. coli BL21(DE3)Star bacteria. If 

an amber codon was present in the coding sequence the pEVOL-pylRS vector, which was kindly donated 

by Prof. Dr. Edward A. Lemke (Johannes Gutenberg University of Mainz/Ruprecht-Karls-University of 

Heidelberg, Germany), was cotransformed, containing a chloramphenicol resistance.195, 196 For protein 
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expression an E. coli BL21(DE3)Star glycerol stock was plated on an agar plate containing the needed 

antibiotics and incubated overnight at 37 °C. On the next day, one colony was picked and inoculated at 

37 °C overnight in LB medium containing the needed antibiotics. At the following day, a desired amount 

of culture was transferred into TB-medium yielding a starting OD600 of 0.08 and was grown to an OD600 

of 0.7. At this point IFN-α2a WT was induced with 1 mM IPTG and left for 8 h at 37 °C, 120 rpm 

(2-inch rotation radius). Mutants were collected at an OD600 of 0.7 and centrifuged at 3000 × g, 20 °C 

for 20 min. The supernatant was discarded and the bacteria pellet was resuspended in 1:10 magic media, 

containing 20 mM of the used unnatural amino acid, 0.4 % (w/v) L(+)-arabinose and 0.2 mM IPTG (pH 

was corrected before use with NaOH to 7.4 due to the acidic uAA), yielding a 10-fold condensed culture. 

The culture was put back into the incubator at 37 °C, 120 rpm for 16 h. Afterwards the culture was 

harvested, cooled down on ice and centrifuged at 5000 × g, 4 °C for 20 min. The supernatant was 

discarded, and the pelleted bacteria were resuspended to an OD600 of 100 in buffer A (50 mM Tris–HCl 

pH 8.0, 200 mM NaCl). 

Cell lysis, inclusion body isolation and refolding of IFN-a2a WT and its azide functionalized 

mutants IFNK31N3 and IFNK134N3 

Cell lysis was done using a high-pressure homogenizer (Emulsiflex C5, Avestin Europe GmbH, 

Mannheim, Germany). The resuspended bacteria were lysed in 3 cycles at 15 000 to 20 000 psi. Directly 

after the first lysis 1 mM PMSF, 25 µg/mL lysozyme and 10 µg/mL DNAse I was added, and the lysate 

was left on ice for 1 h. Afterwards the remaining 2 lysis cycles were performed. The lysed cells were 

centrifuged in an ultracentrifuge at 100 000 × g, 30 min at 4 °C and the pellet was resuspended in buffer 

A + 1% Triton X-100. The solution was centrifuged again and the Triton X-100 step was repeated once. 

Afterwards the pellet was resuspended with buffer A and centrifuged again. The resulting pellet was 

resuspended in 5 mL per 1 g wet pellet in buffer A + 7 M guanidinium hydrochloride and was vortexed 

intensely to solubilise the pellet. Afterwards, the solution was ultra-centrifuged for 45 min, 4 °C at 

100 000 × g and the pellet discarded. The protein concentration of the supernatant was determined by 

BCA Assay. Afterwards, the supernatant containing the dissolved IFN-α2a was added dropwise to the 

ice-cold refolding buffer (Buffer A + 1 M 3-(1-Pyridinio)-1-propanesulfonate (also known as NDSB-

201) + 2 mM β-mercaptoethanol) up to a final protein concentration of 150 µg/mL and was stirred for 

5 more minutes and incubated overnight at 4 °C under constant stirring at 100 rpm. At the next day the 

refolding buffer was centrifuged at 5000 × g 4 °C for 5 min.197 

 

Purification of IFN-α2a by ion exchange chromatography 

The supernatant containing the refolded IFN-α2a was dialysed three times for 3 hours in dialysis buffer 

(20 mM Tris-HCl pH 8.0) against a 30-fold volume of the refolding buffer at 4 °C. The solution was 

centrifuged again at 5000 × g 4 °C for 5 min and sterile filtered afterwards. The dialysed sample was 

used for anion exchange chromatography on an FPLC system (Äkta Pure, Cytiva, Freiburg, Germany) 

using 2x BioPro IEX SmartSep 5 mL columns. (A: 20 mM Tris-HCl pH 8.0, B: 20 mM Tris-HCl pH 
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8.0, 2 M NaCl). A single step elution was performed using 15% B over 5 column volumes. All IFN-α2a 

containing fractions were pooled and dialysed against a 100-fold excess of 25 mM NaOAc pH 4.5 

overnight. The solution was sterile filtered and used for cation exchange chromatography using a BioPro 

IEX SmartSep S20 1 mL column in a linear gradient from 0-50% in 25 column volumes (A: 25 mM 

NaOAc pH 4.5, B: 25 mM NaOAc pH 4.5 + 2 M NaCl). IFN-α2a containing fractions were pooled, 

concentrated to a final volume of 1 mL, 5 mg/mL and used for size exclusion chromatography using a 

XK16/600 Superdex 75 pg column. An isocratic elution was run (25 mM NaH2PO4 pH 7.4 + 150 mM 

NaCl) over 1.5 column volumes. Clean IFN-α2a samples were pooled concentrated to 1 mg/mL, snap 

frozen in liquid nitrogen and stored at -80 °C.  

 

In-gel digest of proteins and protein fragment extraction with MS/MS analysis 

In-gel digest of proteins followed by MS/MS analysis was performed as described before.198 

 

Strain promoted alkyne-azide Huisgen cyclo-addition (SPAAC) 

IFNK31N3, or IFNK134N3 and a 20-fold molar excess of BCN or DBCO functionalized polymer were 

mixed. The click reaction was performed at 4 °C for at least 48 h in PBS at pH 7.4. Afterwards the 

sample was dialysed overnight at 4 °C against a 100-fold excess of buffer (25 mM NaOAc pH 4.5) and 

purified from unreacted educts using cation exchange chromatography as described above. 

SDS-PAGE 

SDS PAGE was performed using standard Tris-glycine buffer systems. Tris-HCl 37.5 mM + 1 g/L SDS 

were used as final concentrations for stacking (pH 6.8) and separating gel (pH 8.8).  Acrylamide 

concentrations ranged from 10-15%. 25 mM Tris + 192 mM glycine + 1 g/L SDS was used as a running 

buffer. The run was started at 80 V until samples reached the separating gel, afterwards voltage was 

increased to 120 V. 

 

Native-PAGE 

Native PAGE was performed on a 7.5-12% gradient gel (Tris-HCl 37.5 mM pH 7.5). 25 mM Tris-HCl 

pH 7.5 + 192 mM glycine was used as a running buffer. PAGE took place at 4 °C for 4 h, 160 V under 

constant additional chamber cooling using ice. 
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Circular dichroism spectroscopy 

IFN samples were dialysed against 20 mM sodium phosphate buffer pH of 7.4, with the identical buffer 

serving as a blank. CD spectra were recorded at 37 °C on a spectropolarimeter (J715 spectropolarimeter, 

Jasco Labor- and Datentechnik GmbH, Groß-Umstadt, Germany). Protein solutions had final 

concentrations of 0.18 - 0.2 mg/mL in a 1 mm path length cell with the following parameters: 100 mdeg 

sensivity, 0.1 nm step resolution, 50 nm min-1 scan speed from 250 - 190 nm, 2 s time constant. Three 

accumulations per scan were averaged.  

 

RP-HPLC analysis 

RP-HPLC analysis was performed on an HPLC-System, equipped with a VWD detector (Agilent 1260 

Infinity II Agilent Technologies Deutschland GmbH, Waldbronn, Germany). The wavelength was set 

to 214 nm and column oven temperature to 30 °C. 5 µg of protein were applied to a ZORBAX 300SB-

CN column (4.6 x 150 mm, particle size = 5 µm) with an autoinjector. Proteins were eluted by a linear 

gradient of 5-70% eluent B over 35 min, flow = 1 mL/min with eluent A = Water + 0.1% TFA and 

eluent B = ACN + 0.1% TFA.  

MALDI-TOF MS 

The samples were desalted using Pierce C18 –tips following the manufacturer’s instructions. Matrix-

assisted laser desorption ionization (MALDI) mass spectra were acquired in the linear positive mode 

(UltrafleXtreme mass spectrometer equipped with a 355 nm smartbeam-II™ laser, Bruker Daltonics, 

Bremen, Germany). Mass spectra were calibrated with bovine serum albumin. 

 

 

HEK Blue IFNα/β cell culture assay 

The cell culture assay was performed in HEK-Blue™ IFN-α/β Cells according to the manufacturer’s 

instructions. 

 

Differential scanning fluorimetry 

DSF was performed on a Real Time PCR machine (Agilent Stratagene Mx3005P, Agilent Technologies, 

Waldbronn, Germany) equipped with a SYPRO Orange filter with an excitation wavelength of 492 nm 

and an emission wavelength of 610 nm. The filter set gain multiplier was set to x4 for SYPRO Orange. 

A temperature step gradient was run with 1 °C increments and 1 min steps from 25-95 °C. The protein 

concentration was set to 8 µM in 25 µL buffer (100 mM Na2HPO4 pH 7.4, 150 mM NaCl). The buffer 

also contained SYPRO Orange with a final 5x concentration of SYPRO Orange. SYPRO Orange was 

diluted from a 5000x stock in DMSO. Normalisation was performed as described before, but no 

smoothing was performed.199 Half maximal denaturation (HMD) method was used to determine the 

melting points as it did represent the measured data better than the first derivative method (FD method). 
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Limited Proteolysis Assay (LIP) 

For Each experiment 30 µg of IFN-α2a WT, or IFNK31N3 coupled to BCN polymers of PEG, LPG and 

PEtOx) were diluted to 570 µL with digestion Buffer (25 mM Tris, 150 mM KCl, 10 mM CaCl2) and 

warmed to 37 °C. The assay was started by adding 30 µL of a 10 ng/µL (total 300 ng) Proteinase K 

solution (diluted with digestion buffer from stock solution), this equals a 1:100 ratio of protease/protein. 

Digestion was performed at 37 °C under constant shaking at 750 rpm. After digestion times of 1, 3, 5, 

10 and 30 minutes each time 120 µL of the sample were removed and digestion was stopped by addition 

of the sample to a 2 mL tube containing 94 mg of solid guanidine hydrochloride (final concentration ~ 

8.2 M) and 10 µL of PMSF (200 mM in DMSO), leading to a final concentration of ~16,5 mM PMSF. 

Each sample was briefly vortexed and frozen in liquid nitrogen. 

For analysis, samples were heated to 95 °C for 8-10 minutes, briefly centrifuged and then reduced and 

alkylated. In brief, while still warm, TCEP was added to a final concentration of ~ 33,3 mM (10 µL of 

0,5 M stock), after 15-20 minutes and cooling to RT, 60 µL of 0.2 M iodacetamide in water were added, 

alkylation was allowed to proceed for 20 min in the dark. Immediately afterwards polymers were 

extracted by ethyl acetate, or chloroform. For this, 800 µL of organic solvent were added to the tube, 

and then the organic phase was acidified with 25% TFA (1/25 of the total volume). The samples were 

vortexed and then shaken for 5 minutes, followed by centrifugation at 16 000 × g for 10 minutes. The 

supernatant was removed carefully with a pipet. This procedure was repeated three times, but 

acidification was only performed twice. The remaining volume was vacuum centrifuged at 37 °C for 30 

minutes to remove remaining solvent. Immediately afterwards, the samples were loaded on 1 mL Strata 

X33 syringe columns (when extracted with ethyl acetate), or 1 mL C18 syringe columns (when extracted 

with chloroform). These columns were washed and eluted using only gravitational flow. Washing: 5-7 

mL of 0.4% formic acid (FA) in water; elution: 2x 0.8 mL 0.4% formic acid in 80% acetonitrile/water). 

Samples were then freeze dried overnight and then resuspended in 30 µL of 0.2% FA, 2% acetonitrile 

in water for immediate LC-MS analysis.  

 

Analysis of LIP (LC-MS / Data Analysis) 

NanoLC-MS/MS analyses were performed on a LTQ-Orbitrap Velos Pro (Thermo Fisher Scientific, 

Darmstadt, Germany) equipped with a PicoView Ion Source (New Objective, Littleton, USA) and 

coupled to an EASY-nLC 1000 (Thermo Fisher Scientific, Darmstadt, Germany). Peptides were loaded 

on a precolumn (trap column, 2 cm x 150 µM ID) packed with 3 µm C18 ReproSil and then eluted to 

capillary columns (30 cm x 150 µm ID) self-packed with ReproSil-Pur 120 C18-AQ, 1.9 µm and 

separated with a 30-minute linear gradient from 3-30% acetonitrile and 0.1% formic acid and a flow rate 

of 500 nL/min.  

MS scans were acquired in the Orbitrap analyzer with a resolution of 30,000 at m/z 400, MS/MS scans 

were acquired in the Orbitrap analyzer with a resolution of 7500 at m/z 400 using HCD fragmentation 

with 30% normalized collision energy. A TOP5 data-dependent MS/MS method was used; dynamic 



Chapter 2 - Molecular insights into site-specific interferon-α2a bioconjugates 

originated from PEG, LPG and PEtOx 

29 

 

exclusion was applied with a repeat count of 1 and an exclusion duration of 7 seconds; singly charged 

precursors were excluded from selection. Minimum signal threshold for precursor selection was set to 

50,000. Predictive automatic gain control (AGC) was used with AGC target a value of 1x106 for MS 

scans and 5x104 for MS/MS scans. Lock mass option was applied for internal calibration in all runs 

using background ions from protonated decamethylcyclopentasiloxane (m/z 371.10124). Data analysis 

was performed using PMi-Byos (Protein Metrics inc., Cupertino United states). All datafiles were 

searched at the same time, with the following settings: 

Precursor Tolerance of 6 ppm, fragment mass tolerance of 20 ppm, unspecific digestion, carboxymethyl 

@ C as fixed modification, Gln to pyro-Glu @ peptide N-terminus Q, Glu to pyro-Glu @ peptide N-

terminus E, both as common and last oxidation @ M,W; Deamidation @ N,Q; ammonia loss @ N; 

Dioxidation @ W all as rare modifications in addition a wildcard search for masses between 100-120 

@ K was allowed. With total common and rare max to 1 each. Data was searched against custom 

database containing the WT sequence, decoys were added. Results were filtered and only peptide 

matches with a scoring of >100 were considered.    

 

Molecular modeling 

Atom types and force field parameters were assigned on the basis of the AMBER14ffSB200 and 

GAFF2201 force fields using antechamber and parmchk2 from AmberTools18.202 RESP partial charges 

for the systems were derived using Gaussian 09 Rev. C.01203 (Hartree-Fock level of theory, 6-31G* 

basis set). During charge derivation, monomers were capped with residues of the same type, the N-

termini of the K31-BCN and the K31-DBCO amino acid backbones with acetyl groups and their 

C-termini with N-methylamide groups. Initial straight polymer conformations were generated using 

tleap.202 Subsequently, K31 conjugates of the IFN-α2a WT NMR structure (PDB: 1ITF)204 were built 

using MOE205 (Molecular Operating Environment 2019.01). Protonation states were not altered, as 

applying Epik within Maestro 2018-1206, 207 at pH 7.4 did not lead to changes thereof. 

Ten different starting structures were generated for each 10 kDa BCN and DBCO polymer conjugate by 

first modelling IFNα-2a with stretched out linkers and polymers, which were then initially energy 

minimized within MOE. Polymers were oriented into different directions and then subjected to short 

initial simulations in MOE, using the Nosé-Poincaré-Andersen approach208, 209 with the Generalized 

Born implicit solvent model210 and the Amber14:EHT force field200, 211 while holding the positions of 

all other residues fixed. This led to compact starting structures with different regions of the protein being 

covered by the respective polymer. These were then solvated with TIP3P water212 in octahedral 

simulation boxes with a distance of the solutes of at least 15 Å to the box borders. After an initial energy 

minimization of 10,000 steps systems were heated up from 100 to 300 K over 500 ps. Initial harmonic 

constraints on the bioconjugates were applied and gradually released over an additional 1.6 ns. NVT 

ensembles were ensured via Langevin dynamics before collecting statistics on the energy potential in a 

20 ns long NPT equilibration via application of the Nosé-Hoover Langevin piston method (2 ns 
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conventional MD and 18 ns Gaussian accelerated MD (GaMD)),213, 214 as required for the GaMD 

approach. For each structure, a 150 ns GaMD production run was then performed with a dual-boost 

scheme (dihedral and total potential boost), setting the user-specified upper limits σ0D and σ0P for the 

standard deviation of the boost potential ∆V to 6.0 kcal/mol. Thus, for each 10 kDa polymer conjugate 

a total of 1.5 μs of simulation data was collected. For an equal simulation length of conventional MD of 

the IFN-α2a  WT, the first ten structures of the NMR conformational ensemble of PDB file 1ITF were 

each solvated with TIP3P water212 in a rectangular box with a minimum distance of the protein to the 

border of 10 Å. Analogous energy minimization and NVT equilibration with harmonic constraints were 

applied as described above. A subsequent 1 ns NPT equilibration was then performed before conducting 

a 150 ns long production run for each of the ten structures. All simulations were performed with NAMD 

2.13.215 Periodic boundary conditions were applied along with the particle mesh Ewald method216 with 

a cutoff of 1.2 nm. 

Analyses were conducted with cpptraj217 and images were produced using PyMOL 2.2.3.218 Backbone 

heavy atom RMSF values (atoms Cα, N, C and O) were calculated as squared atomic positional 

fluctuations (multiplied by 8π2/3) in relation to the average structure of the respective simulation replica. 

Native contacts analysis was performed for all protein atoms (except for the K31 conjugation site and 

the flexible termini C1 – L9 and N156 – E165) in relation to the respective NMR structure by calculating 

the average fraction of frames in which these contacts occurred (using the native contacts command of 

cpptraj with a distance cutoff of 4.5 Å). Polymer densities were calculated using the grid command. 

Constrained network analysis was performed by writing out PDB files without solvent for every 0.1 

nanoseconds of our GaMDs and IFN-α2a WT simulations. These ensembles were then used to perform 

a thermal unfolding simulation within CNA 2.0.219-225 The unfolding was observed over an energy cutoff 

range from -10 to 0 kcal/mol with 0.05 kcal/mol steps (E = -10 0 0.05). For hydrophobic constraints, the 

standard distance cutoff of 0.25 Å (+ the corresponding Van der Waals radii, c = 0.25) between any 

carbon-carbon, carbon-sulfur or sulfur-sulfur atom (H = 1) was used and the strength was not altered at 

higher temperatures (TUS = 1). Melting temperatures were assessed with CNA using a spline fit, based 

on the cluster configuration entropy type 2 (CCE2). Linker atoms were treated as part of the amino acid 

K31, whereas monomers of the polymer were treated as ligand heteroatoms, meaning that only non-

covalent interactions of the polymer with the protein were considered. 
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Results and Discussion  

Synthesis and functionalization of polymers 

LPG was synthesized by monomer-activated anionic ring-opening polymerization based on a previously 

reported protocol as shown before with modification (Scheme 1A, S1-3).226, 227 In brief, the hydroxyl 

group of glycidol was protected with an acetal group prior to polymerization, which thereafter was 

deprotected in slightly acidic media to yield the linear backbone with respective free hydroxyl groups.226 

The desired molar mass with narrow dispersity was confirmed by SEC characterization (Table 1).  

 

Table 1: Molar masses (kDa) and polydispersity values of the used polymers as analyzed by MALDI-TOF MS, 

SEC, and NMR. 

 Molar mass [a] Mn  PDI [b] 

BCN-PEG  10.7 10[b] 1.04 

DBCO-PEG  10.9 10[b] 1.04 

BCN-LPG  11.4 11.6[b] 1.23 

DBCO-LPG  11.4 10.5[b] 1.32 

BCN-PEtOx  8.4 8.1[c] 1.1 

DBCO-PEtOx  8.1 8.1[c] 1.08 
[a] by MALDI-TOF MS, calculated from bioconjugates, [b] by SEC in water, [c] by NMR. 

To enable strain-promoted azide-alkyne cycloaddition (SPAAC), the bromide group was substituted by 

an azide group followed by reduction to a primary amine (Figure S1). In the next step the amine was 

modified with a cyclooctyne (BCN-NHS or DBCO-NHS) via carbamate formation, as shown before 

with modification.228 Successful functionalization of the chain-ends was confirmed by 1H-NMR 

spectroscopy (Figure S2 and S3).  
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Scheme 1: (A) Synthesis and chain-end modification of LPG via anionic ring opening polymerization. Structure 

of commercial mPEG-NH2 is displayed, its modification to cyclooctyne groups was done under the same 

conditions as shown for LPG-NH2. (B) Synthesis of PEtOx via cationic ring-opening polymerization and its chain-

end modification strategies. (C) SPAAC reaction of NAEK with BCN or DBCO functionalized polymer and used 

reaction conditions for the site-specific modification of IFN-α2a. The resulting IFN-α2a bioconjugates are 

displayed. 

 

To compare the linker chemistry of our IFN-α2a bioconjugates, commercial mPEG-NH2 was modified 

with BCN and DBCO applying the same conditions as for LPG-NH2 (Scheme 1A, Figure S4 and S5). 

PEtOx was synthesized by cationic ring-opening polymerization (CROP) of 2-ethyl-2-oxazoline. The 

reactive cyclooctyne moieties were introduced by two different synthetic strategies (Scheme 1B and 

Figure S6-10). Here, DBCO was introduced by direct addition of the respective DBCO-acid in presence 

of triethylamine.229 Alternatively, the living oxazolinium ω-chain-end was further functionalized with 
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phthalimide and subsequently deprotected by hydrazinolysis yielding the ω-amino PEtOx.183 The 

insertion of the cyclooctyne moiety was performed as for the LPGs utilizing the BCN-NHS ester.230 The 

successful modifications were demonstrated by 1H-NMR spectroscopy. The molar masses as well as 

dispersity values were determined by SEC (Figure S9, S10 and Table 1).  

 

Expression and characterization of azide functionalized IFN-α2a  

We engineered two mutants of IFN-α2a by amber codon (UAG) suppression using a pyrrolysyl-tRNA 

synthethase/tRNAPyl CUA pair originating from Methanosarcina barkeri and as demonstrated 

before.92-97, 184, 231-233 Positions #31 or #134 were chosen for mutation as these lysine residues are surface-

accessible for bioconjugation as demonstrated in the IFN-α2a tertiary structure (Figure 1A and S11).  

 
Figure 1: (A) NMR structure of IFN-α2a WT displaying the tertiary structure close to the chosen mutation sites 

K31 and K134 highlighted in orange. IFNAR1 binding domain is highlighted in red, IFNAR2 binding domain in 

petrol. (PDB: 1ITF).204 (B) Exemplary MS/MS spectrum of IFNK31N3 displaying the correct incorporation of 

NAEK (KN3) at amino acid position #31 in a successive Y-Ion series. KN3-H2O = 241.1133 (C) 10–15% SDS-

PAGE of IFN-α2a WT (1) IFNK31N3 (2) IFNK31N3-BCN-PEtOx 8.4 kDa (3) IFNK31N3-BCN-PEG 10.7 kDa 

(4) IFNK31N3-BCN-LPG 11.4 kDa (5) IFNK31N3-DBCO-PEtOx 8.1 kDa (6) IFNK31N3-DBCO-PEG 10.9 kDa 

(7) IFNK31N3-DBCO-LPG 11.4 kDa (8). 

 

Moreover, IFN-α2a-PEG isomers present in the marketed product Pegasys® that are modified at #31 or 

#134 revealed to have the highest bioactivity compared to all other IFN-α2a PEG isomers that are present 

in Pegasys®. These two sites were previously suggested as ideal mutation sites.234 Therefore, we 

engineered two mutants, each of which replacing either K31 or K134 by the unnatural amino acid (uAA) 

NAEK ((N6-((2-azidoethoxy)carbonyl)-L-lysine) (Scheme 1C). Integration of NAEK was by IPTG 

induced expression in Escherichia coli BL21(DE3)Star, using a condensed culture technique to 

maximize the overall protein yield of IFN-α2a K31N3 to 20 – 30 mg purified protein per liter condensed 

culture (Figure S12A).235 The incorporation of the uAA at the intended positions #31 or #134 was 

confirmed by trypsin in-gel digest followed by ESI MS/MS (Figure 1B and S13). 

Functionality of the incorporated azide was demonstrated by a fluorescent, alkyne-functionalized dye, 

followed by SDS-PAGE (Figure S12B).  

IFN-α2a binds to the interferon α/β receptor, being composed of IFNAR1 and IFNAR2. Our HEK-293 

cell line reports IFN-α/β stimulation by an inducible secreted embryonic alkaline phosphatase gene 

(SEAP) reporter gene being under control of the ISRE (interferon sensitive response element) ISG54-
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promotor.236 Introduction of the azide functionality into IFN-α2a at position #31 or #134 resulted in a 

2-fold reduced bioactivity compared to IFN-α2a WT (Figure S14). We finally selected the mutant 

IFN-α2a with NAEK at position #31 due to its higher protein expression yield. 

 

Bioconjugation of polymers to azide functionalized IFN-α2a and characterization  

Bioconjugation of PEG, PEtOx and LPG was performed at 4 °C in PBS buffer at pH 7.4 for 48 h 

(Scheme 1C), starting off previous protocols.237 All bioconjugates were analyzed by SDS-PAGE 

(Figure 1C). Here, the type of polymer impacted the retention of the bands, which is why further 

characterization was done by native PAGE. All types of IFN-α2a bioconjugates resulted in comparable 

outcome (Figure S12C). The differences between SDS-PAGE and native PAGE results reflect the 

interaction particularly of the PEG and LPG polymers with SDS, as reported before for PEG.238 All 

bioconjugates were determined by MALDI-TOF MS (Figure S15) confirming the correct and expected 

molecular masses (Table 1). 

IFN-α2a bioconjugates were further studied by RP-HPLC analysis (Figure S16). Both types of LPG 

conjugated IFN-α2a (BCN and DBCO) showed a reduction in retention time (r.t.) by 1.1 min compared 

to unconjugated IFNK31N3. In contrast, PEG conjugation to IFN-α2a marginally reduced the r.t., 

whereas PEtOx conjugated IFN-α2a showed the highest r.t. shift (30 min BCN-PEtOx and 30.1 min 

DBCO-PEtOx), as expected for PEtOx being the most hydrophobic polymer in this study. 

Secondary structure of IFN-α2a WT, IFNK31N3 and bioconjugates was investigated by 

CD-spectroscopy (Figure 2A), with a strong α-helical signal as expected for IFN-α2a.239 Comparable 

spectrograms were recorded for all groups, indicating that neither the genetically introduced unnatural 

amino acid nor its conjugation to any of the polymers impacted secondary structure.

 

Figure 2: (A) CD spectra of IFN-α2a, IFNK31N3 and IFN-α2a bioconjugates. α-helical minima are at 209 and 

220 nm. α-helical maxima are at 192 nm. (B) Secreting alkaline phosphatase assay of HEKBlue 293 IFN-α/β cells 

after 20 h of stimulation with IFN-α2a WT, IFNK31N3 and IFN-α2a bioconjugates (mean ± standard deviation, n 

= 3). (WT = blue, N3 = light blue, BCN-LPG = light green, DBCO-LPG = dark green, BCN-PEG = orange, DBCO-

PEG = red, BCN-PEtOx = dark grey, DBCO-PEtOx = light grey). 
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To evaluate the influence of the type of conjugated polymer and linker chemistry (BCN/DBCO) on 

biological performances, all IFNK31N3 bioconjugates were compared to the unconjugated mutant and 

IFN-α2a WT counterpart in the SEAP reporter assay. IFN-α2a bioconjugates showed a 3-fold reduction 

in biological activity compared to IFNK31N3, with no significant differences among each of the different 

polymers or linkers (Figure 2B and Table 2). 

 

Table 2: Bioactivity and melting points of tested IFN-α2a and bioconjugates, given as EC50 values in 95% 

confidence intervals. 

 

Next, we analyzed the thermal stability of all IFN-α2a bioconjugates to determine the impact of PEG, 

PEtOx and LPG and cyclooctyne linker type on thermally induced unfolding (Figure 3 and Table 2). 

As PEtOx is a thermoresponsive polymer and might therefore interfere with the differential scanning 

fluorimetry assay, we first determined the critical solution temperature as analyzed by turbidity analysis. 

A 3-fold higher concentration relative to the differential scanning fluorimetry assay was tested, but no 

significant turbidity increase was detected between the chosen temperature range from 5 °C to 85 °C 

(Figure S17). Both, DBCO-PEtOx and BCN-PEtOx had a significant destabilising effect resulting in -

2.7 °C in Tm, followed by DBCO-PEG with -1.8 °C and BCN-PEG with -1.4 °C as compared to 

IFNK31N3. In contrast, BCN-LPG and DBCO-LPG differed significantly in their thermal stability. 

BCN-LPG retained the thermal stability, yielding a Tm difference of -0.1 °C in contrast to DBCO-LPG, 

with a Tm difference of -1.8 °C, when compared to IFNK31N3. Therefore, PEtOx conjugation promoted 

unfolding at lower temperatures compared to thermal unfolding of unconjugated IFNK31N3. This 

polymer order (bioconjugates of PEtOx, PEG, and LPG) correlated with the order of increasing polymer 

hydrophilicity (Figure 3A). 

 EC50 [pM] Tm [°C] 

WT 1.5-2.0 64.7-65.3 

N3 3.5-5.0 62.3-63.0 

BCN-PEG 10.7-12.5 60.9-61.7 

DBCO-PEG  16.7-21.6 60.5-61.2 

BCN-LPG  12.3-14.6 62.0-63.1 

DBCO-LPG  12.6-15.7 60.6-61.2 

BCN-PEtOx  13.1-18.6 59.8-60.2 

DBCO-PEtOx  12.9-17.3 59.6-60.3 
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Figure 3: Differential scanning fluorimetry of bioconjugates (A) Measured melting points of bioconjugates 

(n = 5). 95% CIs are stated with error bars. The colour code is also displayed in Scheme 1 (WT = blue, N3 = light 

blue, BCN-LPG = light green, DBCO-LPG = dark green, BCN-PEG = orange, DBCO-PEG = red, BCN-PEtOx = 

dark grey, DBCO-PEtOx = light grey) significant p-values < 0.05 compared to IFNK31N3 and between 

bioconjugates are indicated. (B) Normalised, averaged fluorescence of the differential scanning fluorimetry assay 

with IFN-α2a WT, IFNK31N3 and its BCN bioconjugates (n = 5). The lowest value of each measurement was set 

to 0 as well as all values below this temperature. The highest value of each measurement was set to 1 as well as 

all values above this temperature. The normalized values were averaged, and adjacent points connected. Standard 

deviations are indicated with error bars. 

 

Molecular modeling of IFN bioconjugates 

To further detail thermal stability and interaction profiles of the polymers and both cyclooctyne linkers 

on a molecular level, we conducted classical molecular dynamics simulations (cMDs) of the IFN-α2a 

WT and Gaussian accelerated MDs (GaMDs)213, 214 of IFNK31N3 10 kDa BCN/DBCO bioconjugates. 

Similar to a previously published study,240 we modeled ten different starting structures of each variant 

in which the polymers covered different areas of the protein surface, followed by constrained network 

analyses (CNA) in which body-and-bar networks were generated from these structural ensembles.219-225, 

241 Constraints based on covalent and non-covalent interactions were evaluated to assess protein rigidity 

and, by successively releasing the ones resulting from hydrogen bonds and salt-bridges, unfolding 

temperatures were predicted. The output agreed with experimental findings (Figure 4A).  
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Figure 4: (A) Correlation between CNA-based and experimentally determined melting temperatures. The color 

code is displayed in Scheme 1 (WT = blue, BCN-LPG = light green, DBCO-LPG = dark green, BCN-PEG = 

orange, DBCO-PEG = red, BCN-PEtOx = dark grey, DBCO-PEtOx = light grey). (B) Correlation between the 

amount of native contacts and melting temperatures. (C) Correlation between the RMSF ratios (mean values in the 

top right of D) and melting temperatures (D) Residue-wise plotting of backbone RMSF ratios between the 

bioconjugates and the WT (mean value for all replicas) for residues G10 to T155 (excluding flexible termini). The 

largest differences are seen for residues of the flexible loops between the helices and some residues of helices 2 

and 3 (L30 - T52, Q62 - T79 and L95 - E113, shown as red spheres in E and indicated with black brackets in the 

graph; the mean values for these residues are shown at the top right). (E) Tertiary structure of IFN-α2a WT 

(PDB:1ITF) highlighting the regions with the highest RMSF differences, which are displayed in D, as red spheres. 

Regions of interest regarding local rigidity indices (see Figure 5) are colored in yellow. Errors for all calculations 

represent standard errors of the mean.  

 

The BCN-LPG bioconjugate was predicted to have the highest unfolding temperature, the DBCO-PEtOx 

conjugate the lowest, suggesting that a protein rigidity modulation upon conjugation might impact 

thermal stability, as previously reported for protein PEGylation.242-244 Additionally to the network 

analysis, the number of native contacts was also the highest for the BCN-LPG and lowest for the DBCO-

PEtOx bioconjugate (Figure 4B). This analysis showed a good correlation with regard to the thermal 

stability of the conjugates, thereby also detecting DBCO-LPG to be the only DBCO variant with a 

significantly reduced melting temperature compared to its BCN counterpart. A reduced protein rigidity 

compared to IFN-α2a WT is further supported by measurements of root-mean-square fluctuations 

(RMSF) of the protein backbone (Figure 4C, D and E). Increased RMSF values for residues of the non-

structured loops between the helices and some residues of helices 2 and 3 of the bioconjugates were in 
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agreement with the lower melting temperatures. This increase in flexibility is, once again, smallest for 

the BCN-LPG conjugate and highest for the DBCO-PEtOx variant. 

Looking more in-depth into the percolation indices of type 2 from our constrained network analyses, we 

found that certain areas of helices 2, 4 and 5 (V55 – N65, R125 – T155) were more flexible for the 

destabilized PEtOx conjugates (Figure 5A). 

 

Figure 5: Energy cutoffs for percolation indices (type 2) per residue (WT = blue, BCN-LPG = light green, DBCO-

LPG = dark green, BCN-PEG = orange, DBCO-PEG = red, BCN-PEtOx = dark grey, DBCO-PEtOx = light grey). 

Underneath, polymer densities from our simulations (analogously to Figures S20 and S21) are shown, with 

residues V55 – N65 and R125 – T155 depicted in yellow ((B) = BCN-LPG, (C) = BCN-PEG, (D) = BCN-PEtOx, 

(E) = DBCO-LPG, (F) = DBCO-PEG, (G) = DBCO-PEtOx). 
 

  



Chapter 2 - Molecular insights into site-specific interferon-α2a bioconjugates 

originated from PEG, LPG and PEtOx 

39 

 

This local rigidity index describes the energy cutoff during the thermal unfolding simulation of the 

applied CNA program, at which point a residue is removed from the largest rigid cluster and becomes 

flexible. Hence, less negative cutoff values correspond to residues becoming flexible early on due to 

hydrogen bonds and salt bridges (resembling constraints in the body and bar network) breaking up at 

lower temperatures. This may result from fewer protein-polymer interactions, as corresponding polymer 

densities around these areas are lower for both analyzed PEtOx conjugates (Figure 5B-G). 

Taken together, all three prediction methods (CNA, native contacts and RMSF ratios) were in line with 

the experimentally determined thermal stability ranking of the conjugates (LPG > PEG > PEtOx) for 

both linker types, BCN and DBCO, respectively. With regard to the CNA based calculation, the 

observed overestimation of predicted PEG und LPG bioconjugate melting temperatures might reflect an 

overvaluation of the hydrogen bond acceptor capability of the polymer ether oxygen atoms, which are 

only present in PEG and LPG, but not PEtOx. Generally, melting temperatures obtained by this method 

should only be compared relatively between similar systems.221 

The protein-polymer interaction profiles (Figures S18 and S19) from our simulations differed for the 

type of polymer and type of linker. With regard to BCN variants, PEG preferentially wrapped around 

positively charged lysines and arginines, as similarly observed before. 240 In contrast, LPG was often 

situated near serines and methionines, whereas the hydrophobic PEtOx more readily interacted with 

aromatic residues (F, Y, H). Polymer conformations sterically interfering with the IFNAR1 and IFNAR2 

binding sites were found for all variants, which may explain the decreased bioactivity across all tested 

bioconjugates (Figure S20 and S21). Identified density hotspots and the amount of covered protein 

surface area for BCN-PEG were similar to results for a less bulkier aldehyde linker at the respective 

position (Figure S22). 

The described protein-polymer interactions may only be very weak and transient though. This is 

reflected by the overall small melting temperature differences obtained from differential scanning 

fluorimetry (around 2.7 °C) and results from our limited proteolysis assay (vide infra). 

Therefore, we hypothesize that these polymer-bioconjugates attain a dumbbell configuration, meaning 

the polymer more likely forms a random coiled structure adjacent to the globular IFN-α2a rather than 

being continuously adhered to it (shroud model).245 

 

Limited proteolysis of IFN bioconjugates 

To further evaluate the positioning of the polymers and their interplay with the IFN-α2a protein surface 

we conducted a limited proteolysis (LIP) experiment starting off previously published protocols.246, 247 

We therefore digested the IFN-α2a WT and all BCN-polymer conjugates with the protease Proteinase 

K and collected aliquots at different time points of digest. The used protocol of the LIP assay allowed 

for qualitative analysis of proteolytic events as of different extraction conditions of the polymers and 

varying ion suppression for different IFN-α2a BCN polymers. 
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An increasing number of cleavage sites was observed over time for the IFN-α2a WT and its PEGylated 

bioconjugate (Figures 6 and S23). At the final time point, the cleavage sites were evenly spread across 

the whole protein sequence of IFN-α2a WT (Figure S23C). The cleavage sites were similar for the WT 

and the PEGylated protein, indicating no specific protection of IFN-α2a by PEG against the protease 

Proteinase K. The slightly delayed appearance of cleavage events from BCN-PEG 10 kDa compared to 

the WT is probably reflecting lower signal coverage caused by sample processing necessary for removal 

of polymer conjugates before the measurement. The resulting cleavage patterns over time were similar 

for LPG and PEtOx, respectively (Figure 6, Figure S23). 

Regarding the outcome of the LIP analysis, we hypothesize that the probabilities of presence of the 

polymers around the protein are quite similar for all types and rather widespread, thus indicating only 

weak interactions and transient coverage of the protein surface. However, the current data lack 

quantitative information of the proteolytic events on the protein surface, which is subject to ongoing 

studies in our lab. 

The performed LIP analysis was conducted on a minute time scale, thereby complementing the 

information from our 1.5 μs long in silico analysis of each bioconjugate (vide supra). Without resorting 

to less detailed coarse-grained models, the latter can only capture protein-near conformations of the 

polymers on relatively short time scales
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Figure 6: Limited proteolysis of IFN-α2a WT and its BCN bioconjugates with Proteinase K. The tertiary structure of IFN-α2a WT is displayed (PDB: 1ITF). 

Measured cleavages that occur to the taken time points between two amino acids are indicated, whereby the amino acids P1 and P1´ are marked for each 

occurred cleavage. (A) IFN-α2a WT (blue) IFNK31N3-BCN-PEG (orange) and IFNK31N3-BCN-LPG (green) extracted with EtOAc. (B) IFN-α2a WT (blue) 

and IFNK31N3-BCN-PEtOx (purple) extracted with chloroform. 
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Conclusions 

In this work, we demonstrated the synthesis of cyclooctyne functionalized linear mPEG, LPG and PEtOx 

polymers that were site-specifically conjugated to an azide functionalized IFN-α2a via SPAAC, 

deploying both BCN- and DBCO-linkers. All bioconjugates were compared to PEG regarding physico-

chemical and biological properties. Thermal stability of IFN-α2a bioconjugates was highest for BCN-

LPG and lowest for DBCO-PEtOx. Molecular modelling studies suggested destabilizing effects on IFN-

α2a protein rigidity upon conjugation for the PEtOx polymer. Polymer choice also impacted interactions 

with IFN-α2a, although these may be overall very weak and only transient. 

In conclusion, our presented experimental and computational data on IFN-α2a suggested that LPG and 

PEtOx are promising PEG alternative polymers for bioconjugation. Further studies using the IFN-α2a 

conjugates with polymer molecular weights up to 40 kDa are currently under pharmacokinetic 

investigation. 
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Supporting Information 

Supporting information 1: Detailed description of material and methods for synthesis and 

characterization of investigated polymer structures. Synthesis of N6-((2-azidoethoxy)carbonyl)-L-lysine. 

Supporting results and discussion include: Site selection of mutation sites, expression of IFN-α2a and 

mutants, incorporation of NAEK into IFNK134N3, comparison of IFNK31N3 and IFNK134N3 mutants 

and their DBCO-PEG 10 kDa bioconjugates, MALDI-TOF analysis, RP-HPLC analysis, turbidity 

measurements of the clickable PEtOx polymers, density and interaction analysis of simulations, limited 

proteolysis peptide sequence coverage. 

Supporting information 2: raw MS data of LIP measurements 
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Supporting Information to Chapter 2 

Experimental 

Materials for polymer synthesis 

Methyl tosylate (97%), potassium phthalimide (99%), triethylamine (anhydrous, ≥ 99%), (1R,8S,9s)-

bicyclo[6.1.0]non-4-yn-9-ylmethyl N-succinimidyl carbonate (BCN-NHS), dibenzocyclooctyne-acid 

(95%), dichloromethane (anhydrous, ≥ 99.8%) and hydrazine monohydrate (64-65% N2H4, 98%), 

dibenzocyclooctyne-acid (95%), dichloromethane (anhydrous, ≥ 99.8%) and hydrazine monohydrate 

(64-65% N2H4, 98%)  was purchased from Sigma Aldrich (Schnelldorf Germany). 2-ethyl-2-oxazoline 

was obtained from TCI (98%). 

Anhydrous solvents (dimethylformamide and toluene), benzoylated cellulose dialysis tubes (2000 Da, 

32 mm width), (1R,8S,9S)-bicyclo[6.1.0]non-4-yn-9-ylmethyl N-succinimidyl carbonate (BCN) and 

dibenzocyclooctyne-N-hydroxysuccinimidyl ester (DBCO-NHS), were purchased from Merck 

(Darmstadt, Germany).  

Tetra-N-octyl ammonium bromide (98%) was purchased from Fisher Scientific (Schwerte, Germany) 

and used as received.  

Bariumoxide (BaO) (90%) was purchased from Fisher Scientific (Schwerte, Germany) Acros Organics 

brand. 

10 kDa α-methoxy-ω-amino-poly(ethylene glycol) (PEG-NH2) (Rapp POLYMERE, Tübingen, 

Germany) was used as received.  

All other chemicals were bought from Merck (Darmstadt, Germany) unless stated otherwise and used 

without further purification.  

 

The following chemicals were processed before usage: 

2-Ethyl-2-oxazoline (EtOx) (TCI, 98%) was pre-dried over BaO (90%) and distilled under inert 

conditions. Methyl tosylate (97%) (MeTos) was dried over CaH2, distilled under reduced pressure and 

stored under argon atmosphere. Acetonitrile was dried in a solvent purification system  

(SPS, Pure solv EN, InnovativeTechnology, Oldham, United Kingdom).  

Instrumentation for characterization of LPG 

1H-NMR spectra were recorded on a Bruker AMX 500, or a Bruker Avance III 700 (Bruker Corporation, 

Billerica, USA) or Jeol ECP 500 (JEOL GmbH, Freising, Germany). Chemical shifts (δ) are reported in 

ppm via the deuterated solvent peak as the standard. IR measurements were done on a Nicolet AVATAR 
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320 FT_IR 5 SXC (Thermo Fisher Scientific, Darmstadt, Germany) with a detector range of 4000 to 

650 cm-1. Spectra Manager software (Jasco Labor- and Datentechnik GmbH, Groß-Umstadt, Germany) 

was applied to process the obtained infrared spectra. 

SEC measurements in water were performed with an Agilent 1100 equipped with an automatic injector, 

isopump, and Agilent 1100 differential refractometer (Agilent Technologies, Santa Clara, CA, USA). 

The PSS Suprema (pre-column, 1x with pore size of 30 Å, 2x with pore size of 1000 Å (all of them with 

a particle size of 10 µm) column, was calibrated against pullulan standards prior to measurements. The 

SEC measurements in THF were done with an Agilent SECurity (1200 Serie) (Agilent Technologies, 

Waldbronn, Germany), equipped with automatic injector, isopump and UV and RI detector. The 

separation was done via a PL gel from Agilent (1x pre-column, 3x Mixed-C with a particle size of 5 

µm) which was calibrated against polystyrene standards. 

Instrumentation for characterization of PEtOx 

All PEtOx polymers were measured on a SEC system (Agilent Technologies, Waldbronn, Germany) 

equipped with a PSS degasser, a G1310A pump, a G1329A autosampler and a techlab oven (40 °C) was 

used. The signals were detected using a G7162A RI detector. As an eluent, 0.21 wt% LiCl in 

N,N-dimethylacetamide (DMAc) was applied. A column set consisting of a PSS GRAM 30 Å and 

1,000 Å (10 µm particle size) placed in series was utilized for separation. The flow rate was set constant 

as 1 mL min-1 and the molar masses were estimated using PS standards (ca. 400 – 1,000,000 g mol-1) 

from PSS. All nuclear magnetic resonance (NMR) spectra of the PEtOx based polymers were measured 

on a 300 MHz spectrometer (Bruker Corporation, Billerica, USA) equipped with an Avance I console, 

a dual 1H and 13C sample head and a 120 × BACS automatic sample changer. All shifts are given in ppm 

using the residual non-deuterated solvent signal as a reference. 

Polymer Synthesis and characterization 

 

Synthesis of ethoxyethyl glycidyl ether (EEGE) 

The acetal protection of glycidol was done slightly modified to a reported protocol.226  In summary in 

an ice bath, glycidol (70 mL, 1.052 mol, 1eq) was mixed under stirring with divinyl ether (403.3 mL, 

4.21 mol, 4 eq) and  p-TsOH•H2O ( 2 g, 0.0105 mol, 0.01 eq) was slowly added to the mixture. After 

4 hours the reaction was quenched and washed with saturated NaHCO3 solution. The organic phase was 

dried over sodium sulfate and concentrated under reduced pressure. The crude product was dried over 

CaH2 and distilled under vacuum over a preheated molecular sieve and stored under argon in freezer 

until further use. Due to storage under dry and inert conditions, weighing of the final product was not 

possible and complete conversion of starting material is assumed.  

1H-NMR (500 MHz, CDCl3): δ [ppm] = 4.69 (td, J = 5.5, 0.8 Hz, 1H), 3.86 – 3.22 (m, 4H), 3.14 – 2.97 

(m, 1H), 2.73 (dd, 1H), 2.61 – 2.46 (m, 1H), 1.25 (m, 3H), 1.13 (t, 3H). 
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Synthesis of linear poly(ethoxyethyl glycidyl ether) (PEEGE) 

The polymerization was done according to a reported protocol.227 In a flame dried Schlenk flask, 

Oct4NBr (267 mg, 0.479 mmol, 0.0073 eq) was dried under high vacuum and dissolved in 60 mL dry 

toluene. Afterwards EEGE (10 mL, 65.6 mmol, 1eq) was added under argon atmosphere to the solution. 

The mixture was cooled in an ice bath to 0 °C and i-Bu3Al (2.2 mL, 2.4 mmol, 36.4 eq) was added all 

at once under argon atmosphere and strong stirring. The reaction proceeded overnight and was 

subsequently quenched by addition of 1 mL ethanol. The crude product was dissolved in cold Et2O to 

precipitate the excess i-Bu3Al. The product was dialyzed in acetone (MWCO: 2 kDa) for further 

purification. After drying, the product was obtained as 8.38 g colorless viscous oil (87%).  

1H-NMR (500 MHz, CDCl3): δ [ppm] = 4.71 (m, 1H), 3.86 – 3.35 (m, 7H, monomer unit), 1.30-1.26 

(m, 3H, acetal), 1.28 – 1.11 (m, 3H, acetal). 

Synthesis of linear polyglycerol (LPG) 

5.1 g PEEGE was dissolved in 52 mL ethanol. Thereafter, 4.21 mL HCl 37% (3% v/v) was added to the 

solution. The mixture was stirred overnight and purified via dialysis in water (MWCO: 2 kDa). The 

product was obtained as 2.1 g colorless viscous oil (82.5%). 

For BCN modification: SEC (Water, 0.1 M NaNO3, RI-detection, pullulan-calibration): Mn = 

11.587g mol-1; Đ = 1.22 

For DBCO modification: SEC (Water, 0.1 M NaNO3, RI-detection, pullulan-calibration): Mn = 10.518 

g mol-1; Đ = 1.32 

Synthesis of α-azido-linear polyglycerol (LPG-N3) 

LPG (909 mg, 0.009 mmol, 1 eq) was dissolved in 5 mL dry DMF and heated to 80 °C. Then NaN3 

(29.8 mg, 0.4 mmol, 5 eq) was added to the mixture. The reaction was allowed to run under reflux for 

72 hours. Afterwards DMF was removed and the product was purified by dialysis against water. The 

successful modification was proven by IR spectroscopy as appearance of a band at ca. 2100 cm -1 (93%). 

 IR (dry film): ν˜ = 3362 (w, -OH), 2330 (m, -CH), 2102 (w, N3), 1618.9 (s, C=O) cm-1 

Synthesis of α-amino-linear polyglycerol (LPG-NH2) 

LPG-N3 (861 mg, 0.007 mmol, 1 eq) was dissolved in 17 mL H2O and TCEP (27.8 mg, 0.111 mmol, 1.5 

eq.) was added. The progress of reaction was controlled with IR-spectroscopy until disappearance of the 

N3 peak. After completion of reaction, the polymer was dialyzed in water (MWCO: 2 kDa) (100%). 
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Figure S1: Overlay of the IR spectra of LPG (grey), LPG-N3 (red) and LPG-NH2 (blue). 

Synthesis of α-cyclooctyne- linear polyglycerol (LPG-BCN) 

LPG-NH2 (394.1 mg, 0.033 mmol, 1 eq) was dissolved in 12 mL dry DMF. Afterwards Et3N (14.1 µL, 

0.01 mmol, 3 eq) and BCN (14.74 mg, 0.05 mmol, 1.5 eq) were added to the solution. The reaction was 

stirred overnight at RT. DMF was removed and the crude product was dialyzed against water (MWCO: 

1 kDa) for purification. Because the product is prone to crosslinking in the dry state, full conversion of 

the product is assumed.  

1H-NMR (700 MHz, D2O): δ [ppm] = 4.11 – 3.33 (m, backbone), 2.51 – 2.05 (m, 4H, BCN), 1.41 – 1.12 

(br, 4H, BCN), 1.07 – 0.81 (br, 3H, m BCN). 

 

Figure S2: Characterization of LPG-BCN with 1H-NMR spectroscopy (700 MHz, D2O) 
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Synthesis of α-dibenzocyclooctyne- linear polyglycerol (LPG-DBCO) 

LPG-NH2 (331.3 mg, 0.033 mmol, 1 eq) was dissolved in 10 mL dry DMF and Et3N (13.8 µL, 0.099 

mmol, 3 eq) and DBCO (20 mg, 0.049 mmol, 1.5 eq) were added to the solution. The mixture was stirred 

overnight. DMF was removed and the crude product was dialyzed against water: acetone (1:1) for one 

day and then water for one day (MWCO: 2 kDa). As the product is prone to crosslinking in dry state, 

full conversion of the product is assumed. 1H NMR (700 MHz, D2O): δ [ppm] = 7.83 – 7.24 (m, 8H), 

4.20 – 3.13 (LPG-backbone), 2.43 – 2 – 10 (m, 2H), 1.53 – 1.01 (m, 1H), 0.91 – 0.66 (m, 1H). 

 

Figure S3: Characterization of DBCO-BCN with 1H-NMR spectroscopy (700 MHz, D2O). 

Synthesis of α-methoxy-ω-cyclooctyne- poly(ethylene glycol) (PEG-BCN) 

mPEG-NH2 (506 mg, 0.05 mmol, 1 eq.) was dissolved in 14 mL dry DMF. Et3N (22 µL, 0.151 

mmol, 3 eq.) and BCN (22.1 mg, 0.007 mmol, 1.5 eq.) were added to the solution and stirred overnight. 

Then the DMF was evaporated and product was dialyzed against water (MWCO: 1 kDa). Product was 

obtained as 416 mg white solid (86%).  

1H-NMR (700 MHz, D2O): δ [ppm] = 4.22 (d, 1H, OCOCH2), 4.03 (d, 1H, OCOCH2), 3.87 – 3.60 (PEG-

backbone), 3.44 – 3.32 (m, 2H, OCONH-CH2), 2.51 – 2.15 (m, 4H, BCN), 1.73 – 1.54 (br, 4H, BCN), 

1.07 – 0.72 (br, 3H, BCN). 

 

Figure S4: Characterization of PEG-BCN with 1H-NMR spectroscopy (700 MHz, D2O). 
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Synthesis of α-methoxy-ω-dibenzocyclooctyne poly(ethylene glycol) (PEG-DBCO) 

PEG-NH2 (343.1 mg, 0.034 mmol, 1 eq) was dissolved in 10 mL dry DMF and Et3N (14.5 µL,1.043 

mmol, 3 eq) and DBCO (21 mg, 0.052 mmol, 1.5 eq) were added to the solution. DMF was removed 

and the crude product was dialyzed in water: acetone (1:1) for one day and only water for one day 

changing the dialysate twice per day (MWCO: 1 kDa). 313 mg obtained product were solved in 5 mL 

water as a stock solution (91.2%).  

1H-NMR (600 MHz, D2O): δ [ppm] = 7.69 – 7.29 (m, 8H), 5.10 (dd, 2H), 3.89-3.55 (PEG-backbone), 

3.48 – 3.32 (m, 2H, OCONH-CH2), 2.64 – 2.44 (m, 2H), 2.30-2.20 (m, 1H), 217-2.11 (m, 1H) ppm. 

 

Figure S5: Characterization of PEG-DBCO with 1H-NMR spectroscopy (700 MHz, D2O). 

Synthesis of ω-dibenzocyclooctyne poly(2-ethyl-2-oxazoline) (PEtOx-DBCO) 

A pre-heated Schlenk flask was cooled to room temperature by a continuous argon stream. Methyl 

tosylate (30.5 µL, 0.2 mmol, 1 eq.), 2-ethyl-2-oxazoline (2036 µL, 20 mmol, 100 eq.) and 3 mL dry 

acetonitrile were added. The flask was connected to a findenser under argon atmosphere. The mixture 

was heated to reflux and was allowed to stir for 5 h. After cooling to room temperature, a solution of 

DBCO acid (73.5 mg, 0.22 mmol, 1.1 eq.) in 2 mL dry acetonitrile and triethylamine (60 µL, 2.15 eq.) 

were added under argon atmosphere via syringe. The reaction was stirred at room temperature for 19 h. 

Subsequent to removal of an aliquot for the determination of the monomer conversion by means of 1H-

NMR and the molar mass distribution by means of SEC, the mixture was diluted with dichloromethane, 

washed with a sat. aq. NaHCO3 solution twice and once with a sat. aq. NaCl solution. The organic layer 

was dried over Na2SO4, filtered and the volatiles were removed under reduced pressure at a water bath 

temperature of 30 °C. The residue was re-dissolved in a small amount of dichloromethane and 

precipitated from –22 °C diethyl ether. The process was repeated once in order to remove residual 

monomer. The solid was collected, dried in vacuo and stored at –22 °C. Yield: 1.05 g (48%). Conversion: 

77%. DPNMR = 77. DFNMR = 64%. Mn, NMR = 7,800 g mol-1. 1H-NMR (300 MHz, CDCl3): δ [ppm] 

= 0.79 – 1.52 (br, 231H, CH3 sidechain), 2.16 – 2.62 (br, 154H, CH2 sidechain), 2.92 – 3.10 (br, 3H, 

α-CH3), 3.10 – 3.89 (br, 308H, CH2 backbone), 4.03 – 4.28 (br, 2H, CH2-O-(CO)), 5.09 – 5.24 (d, 1H, 
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CH2-N cyclooctyne), 7.63 – 7.74 (d, 1H, CH-aromat). SEC (DMAc, 0.21 wt% LiCl, RI-detection, PS-

calibration): Mn, SEC = 12,500 g mol-1; Đ = 1.18.  

 

Figure S6: Left: Full 1H-NMR spectrum (300 MHz, CDCl3). Middle: Zoom into the 1H-NMR spectrum into a 

region displaying the -end group signals. Right: SEC elugram (DMAc, 0.21 wt% LiCl, RI-detection).  
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Synthesis of PEtOx-phthalimide 

A pre-heated two-neck flask was connected to a findenser with T-piece. The setup was evacuated, heated 

and flushed with argon thrice. Then, methyl tosylate (305 µL, 2.02 mmol, 1 eq.), 2-ethyl-2-oxazoline 

(20 mL, 19.64 mmol, 99 eq.) and 30 mL acetonitrile were added. The mixture was refluxed for 5 h. The 

reaction was terminated by addition of solid potassium phthalimide (1 g, 5.4 mmol, 2.7 eq.). The oil 

bath temperature was adjusted to 70 °C and the reaction was allowed to stir for 15 h under a gentle argon 

stream. After removal of an aliquot for 1H-NMR and SEC analysis, the mixture was filtered, diluted 

with chloroform and washed with a sat. aq. NaHCO3 solution twice and once with a sat. aq. NaCl 

solution. The organic layer was dried over Na2SO4, filtered and the volatiles were removed under 

reduced pressure. The residue was dissolved in dichloromethane and precipitated from –22 °C diethyl 

ether and dried in vacuo (40 °C), yielding PEtOx-phthalimide as a colorless solid. Yield: 13.46 g (67%). 

Conversion: 80%. DPNMR = 80. DFNMR = 90%. Mn, NMR = 8,100 g mol-1. 1H-NMR (300 MHz, CD2Cl2): 

δ [ppm] = 0.86 – 1.55 (br, 240H, CH3 sidechain), 1.94 – 2.78 (br, 160H, CH2 sidechain), 2.92 – 3.06 (br, 

3H, α-CH3), 3.06 – 4.04 (br, 320H, CH2 backbone), 7.61 – 7.98 (br, 4H, CHphthalimide). SEC (DMAc, 0.21 

wt% LiCl, RI-detection, PS-calibration): Mn, SEC = 13,400 g mol-1; Đ = 1.08. 

Figure S7: Characterization of the phthalimide decorated PEtOx and assignment of characteristic 1H-NMR signals 

to its schematic representation. Left: Full 1H-NMR spectrum (300 MHz, CD2Cl2). Middle: Zoom into the 1H-NMR 

spectrum into a region displaying the ω-end group signals. Right: SEC elugram (DMAc, 0.21 wt% LiCl, RI-

detection). 

Synthesis of PEtOx-NH2 

PEtOx-phthalimide (13.06 g, 1.6 mmol, 1 eq.) was dissolved in 48 mL ethanol. Hydrazine monohydrate 

(1 mL, 20.6 mmol, 12.8 eq.) was added and the mixture was stirred at reflux temperature for 20 h, 

leaving a pink solution with minor amounts of colorless precipitate. After cooling to room temperature, 

the suspension was acidified to pH = 2 by addition of diluted aq. HCl. Subsequent to filtration, the pH 

value was re-adjusted to pH = 9 by addition of diluted aq. NaOH. The mixture was extracted with 

chloroform thrice. It should be noted that the phase separation upon the first extraction was 

accomplished overnight due to slow de-mixing of the solvents. The combined organic phases were dried 
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over Na2SO4, filtered and the volatiles were removed under reduced pressure. The residue was re-

dissolved in chloroform, precipitated from –22 °C diethyl ether and dried in vacuo (40 °C). 

Yield: 12.02 g (93%). DFNMR = quant. Mn, NMR = 8,000 g mol-1. 1H-NMR (CD2Cl2): δ [ppm] = 0.80 – 

1.38 (br, 240H, CH3 sidechain), 2.13 – 2.58 (br, 160H, CH2 sidechain), 2.68 – 2.87 (br, 2H, CH2-NH2), 

2.87 – 3.12 (br, 3H, α -CH3), 3.12 – 3.92 (br, 320H, CH2 backbone). SEC (DMAc, 0.21 wt% LiCl, RI-

detection, PS-calibration): Mn, SEC = 13,200 g mol-1, Đ = 1.08. 

Figure S8: Characterization of the amine decorated PEtOx and assignment of characteristic 1H-NMR signals to 

its schematic representation. Left: Full 1H-NMR spectrum (300 MHz, CD2Cl2). Middle: Zoom into the 1H-NMR 

spectrum into a region displaying the ω-end group signals. Right: SEC elugram (DMAc, 0.21 wt% LiCl, RI-

detection).  

Synthesis of PEtOx-BCN 

The synthesis was performed as recently described.248 A pre-heated vial was cooled to room temperature 

by a continuous argon stream. It was charged with PEtOx-NH2 (255 mg, 0.032 mmol, 1 eq.) and 1.5 mL 

dry dichloromethane. Then, triethylamine (10 µL, 0.072 mmol, 2.3 eq.) was added via a syringe. BCN-

NHS (10.5 mg, 0.036 mmol, 1.1 eq.) was dissolved in 0.5 mL dry dichloromethane and added to the 

polymer solution. The mixture was stirred at room temperature for 17 h. Subsequent to dilution with 

dichloromethane, it was washed with sat. aq. NaHCO3 solution twice and once with sat. aq. NaCl 

solution. The organic layer was dried over Na2SO4, filtered and concentrated under reduced pressure. 

The residue was re-dissolved in small amounts of dichloromethane, precipitated from –22 °C diethyl 

ether and dried in vacuo. Yield: 175 mg (67%). Mn, NMR = 8,100 g mol-1. 1H-NMR (CD2Cl2): δ [ppm] = 

0.83 – 1.39 (br, 240H, CH3 sidechain), 2.03 – 2.70 (br, 160H, CH2 sidechain), 2.91 – 3.08 (br, 3H, α -

CH3), 3.12 – 3.90 (br, 320H, CH2 backbone), 4.02 – 4.29 (br, 2H, CH2-carbamate). SEC (DMAc, 0.21 

wt% LiCl, RI-detection, PS-calibration): Mn, SEC = 13,900 g mol-1, Đ = 1.10.  
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Figure S9: Characterization of the BCN decorated PEtOx and assignment of characteristic 1H-NMR signals to its 

schematic representation. Left: Full 1H-NMR spectrum (300 MHz, CD2Cl2). Middle: Zoom into the 1H-NMR 

spectrum into a region displaying the ω-end group signals. Right: SEC elugram (DMAc, 0.21 wt% LiCl, RI-

detection). 

 

 

Figure S10: Characterization of the PEtOx-BCN as well as all intermediate polymer species. Left: Overlay of the 

full 1H-NMR spectra (300 MHz, CD2Cl2). Middle: Zoom into regions displaying signals derived from the 

respective ω-end groups. Right: Overlay of the SEC elugrams (DMAc, 0.21 wt% LiCl, RI-detection). 

 

Synthesis of N6-((2-azidoethoxy)carbonyl)-L-lysine (NAEK): 

NAEK was prepared as HCl-salt following procedures described by Spieler et al.233  
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Results and discussion 

 

Site selection of mutation sites 

For site selection of mutation sites the NMR structure 1ITF and the crystal structure 3SE3 were used 

(Figure 1A and Figure S11). K31 and K134 are freely accessible at the protein surface and are not 

involved into any molecular interactions that are important for the binding of IFN-α2a WT to IFNAR1 

or 2, or for the proteins tertiary structure (Figure S11A). Our simulations of the wild type affirm this, 

showing the side chains of these residues mostly oriented away from the binding regions, thus being 

potentially suited for polymer attachment and not crucial for the binding event of IFNAR1 and IFNAR2. 

K31 is mainly interacting with the side chain of the neighboring D32, K134 remains solvent-exposed 

and is only briefly addressing the backbone carbonyl group of E132. Both D32 and E132 are not situated 

in the direction of the binding sites. Figure S11 shows the dynamics of these side chains for one of our 

wild type replicas. The mean distance for the K31 side chain nitrogen to the nearest IFNAR2 heavy 

atom (β-C-atom of P49 from crystal structure 3SE3) is 11.48 Å (taking into account every nanosecond), 

whereas the nitrogen of K134 shows a mean distance of 16.69 Å to the nearest heavy atom of IFNAR1 

(γ-O-atom of S64). 
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Figure S11: (A) Snapshots of one of our IFN-α2a WT simulations after alignment of the backbone to the crystal 

structure 3SE3 (shown in gray). The side chains of K31 and K134 are shown for every nanosecond. In (B) and 

(C), the distances described in the text are illustrated going from the receptor atom of interest to the lysine side 

chain nitrogen of a single snapshot. The receptors IFNAR1 and IFNAR2 from crystal structure 3SE3 are illustrated 

in red and petrol. 
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Expression of IFN-α2a and mutants 

IFN-α2a was expressed as described above. As shown in figure S12 IFN-α2a accumulates in inclusion 

bodies in the pellet, but can be refolded in sufficient amounts. Mutants were expressed with an efficiency 

of up to 70% compared to the WT (data not shown). Exemplary steps during protein purification are 

displayed.  

Figure S12: (A) 10-15% SDS PAGE of IFN-α2a WT purification. U=uninduced, I=induced with IPTG, M=MW 

marker in kDa, SS = sonication supernatant, SP=sonication pellet, A1=After first IEX purification, WT= purified 

WT protein, N3 = purified IFNK31N3 mutant, PEG10=purified IFNK31N3-DBCO-PEG protein polymer conjugate 

(B) Strain promoted azide-alkyne Huisgen cycloaddition (SpAAC) of IFNK31N3 with DBCO-PEG4-5/6-

Carboxyrhodamine 110 and IFN-α2a WT as a negative control. Right: Coomassie stained 15% polyacrylamide 

SDS-Gel. Left: Image of the right side, before Coomassie staining took place, exposed to UV light. (C) 7.5-12% 

native PAGE of IFNK31N3 (1), IFNK31N3-DBCO-PEtOx 8.1 kDa (2), IFNK31N3-DBCO-PEG 10.9 kDa (3), 

IFNK31N3-DBCO-LPG 11.4 kDa (4). 

 

IFNK134N3 analysis 

IFNK134N3 was analyzed by MS/MS fragmentation like IFNK31N3 after trypsin in gel digestion to 

validate the correct incorporation of NAEK at position 134. This was proven in a successive b-ion series 

(Figure S13).  

 

Figure S13. Exemplary MS/MS spectra of IFNK134N3 displaying the correct incorporation of NAEK at amino 

acid position 134 in a successive b-ion series. Molecular mass of KKN3-2*H20 = 369.2074. 

 

 

Comparison of IFNK31N3 and IFNK134N3 mutants and their conjugates 
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IFNK31N3 and IFNK134N3 were compared for their bioactivity and coupling efficiency (Figure S14). 

As mentioned, the bioactivity of IFNK134N3 and IFNK31N3 are similar. Regarding coupling efficiency 

IFNK31N3 had an efficiency of around 75% and IFNK134N3 of around 40%. 

Figure S14. (A) Secreting alkaline phosphatase assay of HEKBlue 293 IFNα/β cells after 20 h of stimulation with 

IFN-α2a WT, IFNK31N3, IFNK134N3 and its DBCO-PEG 10 kDa conjugates (mean ± standard deviation, n = 3). 

95%CI values [ng/mL] are stated in brackets. (B) IEX purification of IFNK31N3 and IFNK134N3 after PEGylation 

with DBCO-PEG 10 kDa for 48 h, 4 °C at pH 7.4. Areas, containing coupled IFNK31N3, which was used for the 

SEAP assay were marked as well as uncoupled IFNK31N3. 

 

MALDI-TOF Analysis 

MALDI-TOF MS was performed for all proteins and bioconjugates. For all used conjugates the [M+H+] 

peak was clearly identified, as well as the [M+2H+] peak for most (Figure S15). The measured 

molecular weights of conjugated polymers are in good agreement with the results acquired by SEC and 

NMR (Table 1). 

A B 
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Figure S15. MALDI-TOF mass spectra of (A) IFN-α2a-WT (expected mass: 19372.30 Da), (B) IFNK31N3 

(expected mass: 19485.37), (C) IFNK31N3-BCN-PEG 10.7 kDa, (D) IFNK31N3-DBCO-PEG 10.9 kDa, (E) 

IFNK31N3-BCN-LPG 11.4 kDa, (F) IFNK31N3-DBCO-LPG 11.4 kDa, (G) IFNK31N3-BCN-PEtOx 8.4 kDa, (H) 

IFNK31N3-DBCO-PEtOx 8.1 kDa. 

  



Supporting Information to Chapter 2 

 

60 

 

RP-HPLC analysis 

IFN-α2a WT, its mutant and bioconjugates were analyzed by RP-HPLC using a CN column that is 

specifically designed for the separation of biomacromolecules and is highly sensitive to different 

hydrophilicities. As shown in figure S16, the mutant has a slightly higher retention time than the 

IFN-α2a WT. Depending on the conjugated polymer the retention time is drastically affected. As 

mentioned, the influence of retention time correlates with the polymer’s hydrophilicity. This behavior 

was also observed on a standard C18 matrix (data not shown) even if the retention time shifts were 

strongly reduced. IFNK31N3-BCN-PEtOx showed a pattern of four closely appearing peaks. As no four 

distinct species could be identified neither by SDS-PAGE nor by MALDI-TOF this was attributed to 

the high-resolution separating properties of the used CN column and a somewhat more distinctive 

distribution of the polymer conjugated polymer. 

 

Figure S16. RP-HPLC analysis of purified IFN-α2a WT, IFNK31N3 and its mutant protein polymer conjugates. 
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Turbidity measurements of the clickable PEtOx polymers 

The polymers were dissolved in deionized water (PEtOx-DBCO: c = 0.185 mg mL-1 (24 µmol mL-1), 

PEtOx-BCN: c = 0.064 mg mL-1 (8 µmol mL-1)). The vials were subjected to three consecutive 

heating/cooling cycles from 5 to 85 °C in a Crystal16 device, to investigate the LCST behaviour of the 

polymers at the concentration range applied in the differential scanning fluorimetry assay. The polymers 

did not show temperature induced turbidity (Figure S17), thus no LCST behaviour among these 

measurements. Therefore, an influence on the assay can be certainly excluded. 

 

Figure S17. Turbidity measurements of the clickable PEtOx polymers. Left: PEtOx-DBCO. Right: PEtOx-BCN. 
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Figure S18: Percentage of simulation time in which polymer atoms are situated within 5 Å of any residue, shown 

for BCN conjugates (BCN-PEG = orange, BCN-LPG = green, BCN-PEtOx = dark gray). In the top left of each 

plot, the protein surface is shown from two different angles and colored according to these values (white = 0%, 

red = 100%, conjugation site = black). 
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Figure S19: Percentage of simulation time in which polymer atoms are situated within 5 Å of any residue, shown 

for DBCO conjugates (DBCO-PEG = red, DBCO-LPG = dark green, DBCO-PEtOx = light gray). In the top left 

of each plot, the protein surface is shown from two different angles and colored according to these values (white 

= 0%, red = 100%, conjugation site = black). 
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Figure S20: Polymer density hotspots for the 10 kDa BCN-PEG (orange), BCN-LPG (green), and BCN-PEtOx 

(black) conjugates. Densities for polymer heavy atoms (excluding BCN) are shown as (A) transparent and (B) 

opaque coloured surfaces from two different view angles. They represent all grid points with a density greater than 

30% of the maximum grid value observed. The first snapshot of the first replica of each polymer, onto which all 

successive frames and replicas were aligned before grid calculation, is shown as light-grey cartoon, with residues 

of the IFNAR1 binding region coloured red and residues of the IFNAR2 binding site coloured petrol. Backbone 

heavy atoms of the conjugation site K31 are illustrated as black spheres. 
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Figure S21: Polymer density hotspots for the DBCO-PEG (red), 10 kDa DBCO-LPG (dark green), and DBCO-

PEtOx (grey) conjugates. Densities for polymer heavy atoms (excluding DBCO) are shown as (A) transparent and 

(B) opaque coloured surfaces from two different view angles. They represent all grid points with a density greater 

than 30% of the maximum grid value observed. The first snapshot of the first replica of each polymer, onto which 

all successive frames and replicas were aligned before grid calculation, is shown as light-grey cartoon, with 

residues of the IFNAR1 binding region coloured red and residues of the IFNAR2 binding site coloured petrol. 

Backbone heavy atoms of the conjugation site K31 are illustrated as black spheres. 
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Comparability of the rigidity of BCN and aldehyde linkers with respect to polymer protein 

surface interaction.  

While BCN and DBCO linkers resemble inherently more rigid structures compared to a simple peptide 

bond, our simulations suggest that they do not prevent the polymer from addressing the protein surface. 

For a direct comparison, we exchanged the attachment site in one of our IFNK31N3-BCN-PEG starting 

conformations with an acylated PEG at #K31 and conducted an analogous simulation (Figure S22). A 

great overlap of density hotspots between these two cases can be found, indicating that exchanging a 

simple peptide bond with a bulkier cyclooctyne linker does not prevent interactions of the polymer with 

the protein. The mean protein surface areas buried by PEG in these 150 ns replicas are nearly identical: 

21.98 +/- 0.05% for the K31-BCN-PEG conjugate, compared to 20.84 +/- 0.10% for the acylated variant. 

While the acylated lysine is sometimes stretched out towards the solvent (in contrast to the BCN linker 

which remains directly on top of the protein surface most of the time), the amino acids addressed by the 

first PEG monomers are largely the same. PEG initially wraps around residues K121 and R149, in the 

case of K31-BCN-PEG also around R125. PEG wrapping around positively charged lysine groups has 

been reported previously.240 

 

Figure S22: Polymer density hotspots (analogous calculation as for Figure S20, but shown as meshes) for the 

simulations of the K31-BCN-PEG (blue) and the acyl-linked K31 (red) variant. The first snapshot of the former is 

shown as gray cartoon, backbone heavy atoms of the conjugation site K31 are illustrated as black spheres. 
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Figure S23: Amino acid coverage detected by LC-MS analysis after limited proteolysis of the WT and polymer conjugates after ethyl acetate (A), or chloroform (B) extraction. 

Coloured letters show amino acids covered by identified peptides after the labelled time points (1, 3, 5, 10 and 30 minutes). Colours correspond with the attached polymers 

(blue: IFN-α2a WT; orange: PEG; green: LPG, purple: PEtOx). Amino acids 28-31 are labelled red, as, due to the polymer attachment on amino acid 31, this peptide was 

undetectable in all samples, except IFN-α2a WT. (C) Predicted cleavage sites of Proteinase K (marked in red) based on the expasy peptide cutter tool1 and detected cleavage 

sites found in IFN-α2a WT after 30 min (marked in blue), extracted with EtOAc. Coloured amino acid residues are cleaved C-terminally. Predicted amount of cleaved residues 

= 51.5%. Found amount of cleaved residues = 56.4%. 30.9% of residues were correctly predicted and detected. 
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Abstract 

Conjugation of poly(ethylene glycol) (PEG) to biologics is a successful strategy to favorably impact the 

pharmacokinetics and efficacy of the resulting bioconjugate. We compare bioconjugates synthesized by 

strain-promoted azide-alkyne cycloaddition (SPAAC) using PEG and linear polyglycerol (LPG) of 

about 20 kDa or 40 kDa, respectively, with an azido functionalized human Interferon-α2a (IFN-α2a) 

mutant. Site-specific PEGylation and LPGylation resulted in IFN-α2a bioconjugates with improved in 

vitro potency compared to commercial Pegasys. LPGylated bioconjugates had faster disposition kinetics 

despite comparable hydrodynamic radii to their PEGylated analogues. Overall exposure of the 

PEGylated IFN-α2a with a 40 kDa polymer exceeded Pegasys, which, in return, was similar to the 40 

kDa LPGylated conjugates. The study points to an expanded polymer design space through which the 

selected polymer class may result in a different distribution of the studied bioconjugates. 

Highlights 

▪ IFN-α2a bioconjugates with linear polyglycerols (LPG) and linear PEGs were designed.   

▪ Pharmacokinetics of the 40 kDa PEG-IFN-α2a matched the marketed product, Pegasys.  

▪ LPG-IFN-α2a had faster disposition kinetics at comparable radii when compared to PEG-IFN-

α2a. 

▪ The study points to an expanded polymer design space for bioconjugate synthesis. 

 

Introduction 

PEGylation, the attachment of poly(ethylene glycol) (PEG) to a biologic, may improve various 

pharmaceutical aspects of the resulting bioconjugates, including stability, solubility, and 

pharmacokinetics 69, 70, 116.  PEGylation increases a drug’s hydrodynamic volume and may, at proper 

overall size, reduce drug disposition by decreasing glomerular filtration 57, 58. Another aspect of PEG, 

known as “stealth-effect”, shields PEGylated biologics from phagocytic cells, thereby reducing 

elimination 69, 70. Both factors contribute to longer half-lives and have been reported for PEGylated 

Interferon-α2a (IFN-α2a), which is the starting point of our study 249, 250. IFN-α2a, a cytokine with potent, 

antiviral, immune-modulating, and antiproliferative properties, is used for hepatitis and cancer therapy 

since 1980s 251. We selected IFN-α2a for its wealth of available information 8, 10, 13, 44, 48, 49, 62, 77, 87, 115, 130, 

141, 189, 249-252. Today IFN-α2a is marketed as a PEGylated biologic 252: One IFN-α2a carrying a 40 kDa 

branched PEG (Pegasys) 77, 253, one IFN-α2b carrying a 12 kDa linear PEG (PegIntron) 254, or one IFN-

α2a carrying a branched 40 kDa PEG which is N-terminally linked (Besremi) 255. 

To date, there are more than 20 FDA-approved PEGylated proteins and drugs on the market 256. The 

first PEGylated bioconjugates, which were approved around 20 years ago, are challenged by at least two 

aspects, firstly, the missing control of the modification site at the biologic and secondly, immunological 
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challenges regarding PEG 155, 234, 257-259, but also the immunogenicity of the protein itself. However, 

unspecific multi- PEGylation may actually be advantageous in specific cases, for example immunogenic 

enzymes of non-human origin (e.g. cyanobacterial (Palynziq)259, bovine (Adagen)260, etc.)), and similar 

enzymes 259-262; their functionality is not substantially impacted by non-specific PEGylation 263. Such 

design aspects are already discussed elsewhere 264, 265. However, these non-targeted PEGylation 

approaches are inappropriate for receptor interacting proteins like cytokines. 

Improved conjugation techniques have overcome the challenges of unspecific conjugation. Site-specific 

strategies pointing in this direction include the targeting of amino acids (cysteines87, 88, tyrosines266, 

arginines 267, histidines89), the N-terminus 166, 268, 269 and C-terminus 269, 270, site directed enzymatic 

conjugation by e.g. sortase A 269, 271 and transglutaminases 270, 272-275, or by glycoPEGylation 276, 277. These 

methods have been reviewed before 252, 265, 278-281 and are already integrated in FDA approved PEGylated 

drugs (Besremi (N-terminal 20 kDa PEGylated IFN-α2b), Neulasta (N-terminal 20 kDa PEGylated G-

CSF), Lonquex (20 kDa glycoPEGylated G-CSF), Refixia (glycoPEGylated factor IX), etc.). 

Alternatively, as performed in this study, genetical introduction of unnatural amino acids guarantees 

polymer decoration at that preselected site 92, 93, 95, 97, 98, 166, 184, 198, 233, 268, 282-288.  

As to the second, immunological challenges of PEGylated biologics, recent reports point to possible 

side-effects including hypersensitivity,289, 290 and immunological responses, 154, 155, 259 which are at least 

in part driving accelerated plasma clearance after repetitive dosing 259, 291. Hence, expanding the polymer 

space beyond PEGylation is of interest and linear polyglycerol (LPG) has been discussed in this context 

before 98, 166, 268, 288.  

Therefore, we recently synthesized bioconjugates through strain-promoted azide-alkyne cycloaddition 

(SPAAC), starting off a genetically engineered, azido-IFN-α2a mutant and functionalized PEG, and 

LPG polymers of about 10 kDa, respectively 98. All products were generally comparable across the two 

polymer chemistries reported here, including their preferential interaction sites with the protein surface. 

We are now expanding to bioconjugates with higher polymer molecular weights of about 20 and 40 kDa 

as required for a therapeutically relevant half-life and compare the outcome to the commercial 

PEGylated IFN-α2a bioconjugate, Pegasys 77, 253. 
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Materials and methods 

Materials. Boc-protected L-lysine was from P3 BioSystems LLC (Shelbyville, KY). 2-bromoethanol, 

triphosgene, sodium azide, HCl in diethyl ether (c = 2 mol ∙ L-1), 1,4-dithiothreitol (DTT), carbenicillin, 

chlorampenical, isopropyl-β-D-thiogalactopyranosid (IPTG), penicillin-

streptomycin, phenylmethylsulfonyl fluoride (PMSF), guanidine hydrochloride, primer, NDSB-201, L-

(+)-arabinose, lysozyme, DNAse I, triton X-100, acetonitrile HPLC grade, ethylacetate, trifluoracetic 

acid, human plasma, phosphate buffered saline (PBS), potassium phthalimide (99%), hydrazine 

monohydrate (64-65% N2H4, 98%), (1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-ylmethyl N-succinimidyl 

carbonate (BCN-NHS), dichloromethane (anhydrous, ≥ 99.8%), and triethylamine (anhydrous, ≥ 99%) 

were purchased from Sigma Aldrich (Schnelldorf, Germany). PageRuler™ Prestained Protein Ladder, 

PageRuler™ Unstained Broad Range Protein Ladder, Coomassie Brilliant Blue G250, slide-a-Lyzer, 

Dulbecco’s Modified Eagle’s Medium (DMEM), Gibco-FBS-HI (Origin Brasil), BCA assay, 

synthesized IFN-α2a genes, E. coli BL21(DE3) Star bacteria, MagicMedia™ E. coli Expression 

Medium, Pierce C18 Tips, SYPRO™ Orange Protein Gel Stain, IFN-α Human Instant ELISA™ Kit 

(BMS216INST) were received from Thermo Fisher Scientific Germany (Darmstadt, Germany). BioPro 

IEX SmartSep S20 1 mL and 5 mL were obtained from YMC Europe (Dinslaken, Germany). XK16/600 

Superdex 75 pg column was received from Cytiva Life Sciences (Freiburg, Germany). Zorbax 300SB-

CN column was ordered from Agilent (Waldbronn, Germany). Vivaspin centrifugal concentrators were 

obtained from Sartorius AG (Göttingen, Germany). Spectra/Por 1 Dialysis Membrane Standard RC 

tubing was ordered from Repligen (Ravensburg, Germany). ROTIPHORESE® NF-Acrylamide/Bis-

Solution 30 (29:1) was obtained from Carl Roth GmbH (Karlsruhe, Germany). HEK-Blue™ IFN-α/β 

Cells, blasticidin and zeocin were ordered from Invivogen (Toulouse, France). Bovine serum albumin 

standard for MALDI-MS calibration was purchased from Bruker (Bremen, Germany).  

Synthesis of polymers. Polymer synthesis of LPG and PEG was performed as described previously 98. 

In brief, LPG was synthesized by monomer-activated anionic ring-opening polymerization. Prior to 

polymerization, the glycidols’ hydroxyl groups were protected by acetal groups, which were removed 

in acidic media afterward, yielding the linear deprotected backbone. For functionalization, the terminal 

bromide group was reduced to an amine and functionalized using BCN-NHS, yielding the terminally 

functionalized LPG. PEG was bought as PEG-amine and directly functionalized with BCN-NHS.  

Analytical ultracentrifugation. A stock solution of each polymer was prepared and diluted with water 

to obtain concentrations of approximately 0.25 mg mL-1 and 0.75 mg mL-1, respectively. The aqueous 

solutions of the protein IFNK31N3 and the bioconjugates were diluted with 10 mM phosphate-buffered 

saline (PBS, pH = 7.4) to obtain a sample concentration of approximately 0.75 mg mL-1. Sedimentation 

velocity experiments were performed with an Optima Analytical Ultracentrifuge (Beckman Coulter 

Instruments, Brea, CA) by utilizing double-sector Epon centerpieces with a 12 mm solution optical path 

length. The cells were placed in an An-50 Ti eight-hole rotor. The cells were filled with 420 µL sample 

solution in diluent and with 440 µL water (polymers) or water / PBS buffer (10 mM) mixture (IFNK31N3 
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and bioconjugates) as the reference. All samples were measured by using the interference optical 

detection module (refractive index (RI)) for observation of sedimentation boundaries in respect to time. 

For the protein and bioconjugates, additionally the absorbance detection module at λ = 280 nm was used. 

All measurements were performed at 20 °C and at a rotor speed of 42 000 rpm for up to 48 hours, 

depending on the sample. A three-minute (polymers) or five-minute (IFNK31N3 and bioconjugates) 

time interval between each scan was used. Analysis of a suitable selection of scans was used for data 

evaluation with Sedfit 292. Viscosity and density measurements of the solvents were performed at the 

accurate compositions utilized for the experiments with a DMA4100 densimeter (Anton Paar, Graz, 

Austria) at 20 °C. For viscosity measurements of the exact same solvents, an Automated 

Microviscometer (AMVn, Anton Paar, Graz, Austria) at 20 °C was used (Table S1). The instrument 

was operated with a capillary / ball combination. Sedimentation velocity analytical ultracentrifugation 

(AUC) data were evaluated by numerical solution of the Lamm equation via Sedfit making use of the 

c(s) model, returning differential distributions of sedimentation coefficients, s, and weight average 

translational frictional ratios, f/fsph 
292, 293. Here, f is the translational friction coefficient of the investigated 

macromolecules and fsph the translational friction coefficient of a spherical particle with the same 

anhydrous volume and mass 294. Numerical estimates of signal (weight) average values of s and the f/fsph 

values from sedimentation-diffusion analysis are summarized in Table S2. The used partial specific 

volumes, υ, for the c(s) model, allowing numerical solution of the Lamm equation, were taken from the 

literature (υ = 0.83 cm3 g-1 for PEGs)178, 294. For the LPG polymers, a partial specific volume of υ = 0.73 

cm3 g-1 was taken based on unpublished previous experimental results. For the IFNK31N3, we utilized 

a typical value for proteins (υ = 0.73 cm3 g-1) as reported in the literature 295, 296, and also in line with 

previous studies of a related protein 297.  υ for the PEG conjugate was calculated by use of υ of PEGs 

and the protein weighed by mass fractions of components in the conjugate (as known from separate 

AUC investigations of PEG polymer and protein), resulting in υ = 0.76 cm3 g-1. υ for the LPGs and 

protein had similar values and, therefore, were also taken for the conjugate (υ = 0.73 cm3 g-1). The 

intrinsic sedimentation coefficients, [s], were calculated by [s] = sη0/(1- υρ0) with the solvent viscosity, 

η0, and solvent density, ρ0. Molecular weights by AUC (Table S2) were calculated from the lowest 

investigated polymer concentration being closest to solution ideality by utilizing the modified Svedberg 

equation: 𝑀𝑠,𝑓 = 9𝜋√2𝑁𝐴([𝑠](𝑓/𝑓𝑠𝑝ℎ))3/2 √𝜐 with NA being the Avogadro constant 178, 294. 

Size exclusion chromatography of polymers. Size exclusion chromatography (SEC) of polymers was 

performed as described previously 98. In brief, SEC of LPG polymers was performed in pure water with 

an Agilent 1100 SEC system (Agilent Technologies, Santa Clara, CA, USA), equipped with an 

automatic injector, isocratic pump and an Agilent 1100 diffractometer. As a column, a PSS Suprema 

column (pre-column, 1x with pore size of 30 Å, 2x with pore size of 1000 Å, all of them with a particle 

size of 10 µm) was used with a flow rate of 1 mL/min. Calibration was performed with pullulan 

standards prior to measurements. Molecular weight of the PEG used for conjugation was taken as 

provided by the manufacturer. 
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Expression and purification of IFN-α2a and mutant. Expression of IFN-α2a and IFNK31N3 was 

performed as described before 98. In brief, expression was in E. Coli (BL21) DE3 bacteria with IPTG 

induction. For the mutant, expression of the pyrrolysyl-tRNA synthethase/tRNAPyl CUA pair was done 

by co-induction with L(+)-arabinose of a pEVOL-pylRS vector containing a chloramphenicol resistance 

cassette, which was kindly donated by Prof. Dr. Edward A. Lemke from the Johannes Gutenberg 

University of Mainz/EMBL Heidelberg 195, 196. After expression, inclusion bodies were isolated and 

refolded. The refolded protein was purified by anion and cation exchange chromatography, followed by 

SEC. 

Strain promoted azide-alkyne Huisgen cyclo-addition. Strain promoted azide-alkyne Huisgen cyclo-

addition (SPAAC) was performed as described previously 98. In brief, the protein was mixed with a 20-

fold excess of activated polymer in 25 mM phosphate buffer pH 7.4 + 150 mM NaCl at a concentration 

of approximately 500 µg/mL and incubated for 48 h under gentle stirring at 4 °C in a borosilicate glass 

vessel. For the 40 kDa polymers, the SPAAC reaction was allowed for a timescale of 72 h. To account 

for differences in polymer activation, the amount of used polymer was adapted based on the activation 

of the used polymer (Table S1).  

Sodium dodecyl sulphate polyacrylamide gel electrophoresis. Sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) was performed as described previously using standard 

Tris-glycine buffer systems. For samples with a molecular weight up to 40 kDa (up to 20 kDa 

bioconjugates) 10 to 15% SDS-Gels were used. For samples with a molecular weight above 40 kDa 5 

to 15 % SDS-Gels were used. 

Reversed phase high pressure liquid chromatography analysis. Reversed phase high pressure liquid 

chromatography (RP-HPLC) analysis was performed as described previously 98. In brief, an Agilent 

Zorbax 300SB-CN (4.6 x 150 mm, 5 µm particle) column was used for analysis, using a linear gradient 

of 5 to 70% eluent B (%, v/v) within 35 min at a constant flow of 1 mL/min. Eluent A = Water + 0.1% 

TFA and eluent B = ACN + 0.1% TFA, λ = 214 nm. 

Dynamic light scattering. Dynamic light scattering (DLS) was performed as described previously with 

adaptions 268. DLS was performed on a Malvern Zetasizer ZS (Malvern Panalytical, Herrenberg, 

Germany). Measurements were performed at 25 °C in 100 mM phosphate buffer pH 7.2 + 150 mM NaCl 

(c[Protein] = 0.4 mg/mL) after sterile filtration. Three measurements were performed of each sample, 

whereby three acquisitions were averaged per measurement. Results are reported as intensity value as 

shown in the Zetasizer software (version 7.13). 

HEK Blue IFNα/β cell culture assay. The cell culture assay was performed in HEK-Blue™ IFN-α/β 

cells according to the manufacturer’s instructions. In brief, 50 000 cells were seeded at day 1 in a 96-

well plate (280 000 cells/mL) in each well and stimulated with IFN bioconjugates starting at a 

concentration of 1 µg/mL, followed by eleven 10-fold dilutions. On day 2, 20 µL of the supernatants 
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were mixed with 180 µL of Quanti-BlueTM and analyzed at λ = 630 nm after 120 min of incubation at 

37 °C. The potency of 10 kDa bioconjugates was reported previously 98 and were measured again on the 

same plates here along with the other molecular weight bioconjugates for comparability purposes. 

Differential scanning fluorimetry. Differential scanning fluorimetry (DSF) was performed as 

described previously 98. In brief, bioconjugates were analyzed at a final concentration of 8 µM protein 

equivalents over a range of 25 to 95 °C using a heating ramp of 1 °C/min, whereby SYPRO Orange was 

used at a 5-fold concentration. Normalization was performed as described before, without smoothing of 

data 199. 

In vivo pharmacokinetic study in mice. Animal experiments were carried out in compliance with the 

regulations of the German animal protection laws and authorized by the responsible state authority 

(Regierungspräsidium Darmstadt, Dezernat V54 - Veterinärwesen und Verbraucherschutz). Male and 

female transgenic C57BL/6 B6.Tg(ISRE-eGFP)Tovey mice 298 between 8 and 18 weeks of age were 

divided into groups of 15 animals for each interferon conjugate (mean group age 10 to 13 weeks). Mice 

were weighed, interferon conjugates were diluted in sterile PBS and 3 µg/kg bodyweight of IFN-α2a-

WT equivalents (therefore the protein amount was always the same) of the respective dilution were 

administered intravenously in the tail vein. For blood sampling, groups were divided into three 

subgroups of five animals each. In each subgroup, blood was taken at two time points, respectively (time 

points 1+4, 2+5, 3+6 as reported in Scheme 1). At the first time point, mice were anesthetized using 

isoflurane, and 100 µL blood was taken from the retro-orbital vein plexus. At the second time point, 

animals were anesthetized by intraperitoneal injection of Ketamine/Xylazine (100 mg/10 mg per kg 

bodyweight) and exsanguinated via cardiac heart puncture. Serum was obtained by blood centrifugation 

at 14.000 x g at 4 °C for 10 min. The serum was then snap-frozen in liquid nitrogen, followed by storage 

at -80 °C until further analysis. After thawing on ice, the collected serum samples were diluted 

appropriately and analyzed by ELISA (see below for details) according to the manufacturer's 

instructions. The primary data set was fitted using non-linear least squares fits using RStudio (version 

4.0.5) 299. 

 

Scheme 1: Protocol of the in vivo pharmacokinetic study. G1= group 1, G2 = group 2, G3 = group 3 (n = 5).  
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Plasma stability of Interferon-α2a and bioconjugates. IFN-α2a WT and its bioconjugates were spiked 

into plasma to a final concentration of 1 ng/mL. The plasma was incubated at 37 °C at 300 rpm for up 

to 48 h. Samples were taken at 0,1,3,7,24, and 48 h and snap frozen in liquid nitrogen until further 

analysis. IFN concentrations of the samples were analyzed by ELISA (see below for details) setting the 

averaged concentration of IFN-α2a WT at 0 h as the 100% reference.   

Enzyme-linked immunosorbent assay. Samples of plasma stability and serum samples from the in 

vivo pharmacokinetic study were analyzed by enzyme-linked immunosorbent assay (ELISA). Samples 

taken for plasma stability were directly used. Samples taken from the in vivo study were 25-fold diluted 

using the kits dilution buffer, except from IFN-α2a WT, setting the maximum expected concentration 

to 2 ng/mL. IFN-α2a WT was only diluted 2-fold as an initial trial did show too low detectable 

concentrations indicating a rapid decay. To account for polymer specific decreased antibody binding, 

every bioconjugate, as well as the WT was analyzed with a calibration curve established by the pure 

bioconjugate as the reference. For the calibration curve, the same concentrations were used as the 

supplied standard calibration concentrations (39 to 2500 pg/mL+ blank). The lower limit of detection 

was 3.3 pg/mL, according to the manufacturer. 

Stimulation of B6.Tg(ISRE-eGFP) Tovey mice bone marrow cells followed by fluorescent 

activated cell sorting analysis. Animals were sacrificed by intraperitoneal anesthesia 

(Ketamine/Xylazine (100 mg/10 mg per kg bodyweight)) and exsanguination. Femoral bones were 

dissected, flushed with RPMI (10% FBS, 1% L-glutamine, 1% P/S, 1% Na-pyruvate) and 106 bone 

marrow cells were seeded in a 24-well plate. Human IFN-α2a WT (1000 ng/ml) or murine IFN-α2a WT 

(1000 U/ml) was added and plates were incubated for 24 hours at 37°C. The next day, cells were washed 

twice with PBS (1% FBS, 0.1% NaN3). PBS supplemented with 1% paraformaldehyde was used to re-

suspend the cell pellet and GFP expression was determined using a CytoFLEX flow cytometer 

(Beckman Coulter, Krefeld, Germany).  

Statistical analysis. Statistical analysis was performed with Graphpad Prism 6. Results were compared 

by one-sided ANOVA, followed by Tukey post hoc test for pair-wise comparison; p < 0.05 was 

considered statistically significant. 
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Results 

Polymer synthesis and characterization 

The synthesis of PEG and LPG polymers started off previous protocols with adaptations as required for 

the longer polymer chains (Figures 1A, B, Scheme S1, Figures S1-3)98, 227, 300. LPG was synthesized 

by anionic ring-opening polymerization of the acetal protected glycerol with (Oct)4NBr in toluene in 

presence of (i-Bu)3Al as activator (Scheme S1). After polymerization, the acetal protected backbone 

was treated in slightly acidic media and the respective LPG with free hydroxyl moieties was obtained 

(data not shown)98. To introduce the cyclooctyne group for SPAAC, the bromide at the chain-end was 

substituted with an azide group with NaN3 (data not shown)98. In a subsequent step, the azide was 

reduced to a primary amine which was then modified with BCN-NHS (Table S1, Figure S1). SEC 

measurements confirmed LPG polymers with similar molecular weights to theoretical values (Table 1, 

Figure S2). The commercial PEG-NH2 was modified with BCN-NHS and analogous to the synthesis 

with LPG-NH2 (Table S1, Figure S3). 

Figure 1: (A) Chemical structure of BCN-PEG and (B) BCN-LPG. Differential distributions of sedimentation 

coefficients, c(s), of (C) NH2-PEG polymers (c ≈ 0.26 mg mL-1), (D) N3-LPG polymers (c ≈ 0.25 mg mL-1) of 

different molecular weights, and (E) IFNK31N3 (c ≈ 0.75 mg mL-1). The latter results were obtained from RI (in 

terms of interference fringes) and absorbance detection (in terms of optical density (OD) at λ = 280 nm). AUC 

measurements and evaluation of polymers that are displayed in C and D were also performed at a higher 

concentration, results which are displayed in Figure S4. 

All polymers were characterized by AUC as amino-, or as azide intermediates (Scheme S1, Tables 1, 

S2, S3, Figures 1C, D, S4) and by SEC for comparison (Table 1, Figure S2). Results from both analyses 

were in the same order of magnitude with lower apparent molecular weight values obtained by AUC 

compared to calibrated SEC against standards and in line with previous reports 178, 294. The larger LPGs 
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had broader differential distributions of sedimentation coefficients, c(s), as compared to PEG (Figure 

1C and D, S4A-C).  The signal (weight) average sedimentation coefficients, s, obtained by integration 

of the entire differential distributions, increased from s = 0.43 S (Svedberg) to s = 0.59 S and s = 0.86 S 

for the 10 kDa, 20 kDa, and 40 kDa PEG (Figures 1C, S4, Table S3), and from s = 0.93 S to s = 1.35 

S and s = 1.66 S for the 10 kDa, 20 kDa, and 40 kDa LPGs (Figures 1D, S4, Table S3).  This LPG 

inhomogeneity translated into quite challenging disadvantages on the level of the bioconjugate and 

concerning overall yield. Rigorous cutting of the fractions was required for the LPG bioconjugates to 

obtain fractions comparable to the PEGylated counterparts and as detailed in the next paragraph (Figure 

S5).  

Table 1: Polymer characterization by SEC, AUC, and by MALDI-TOF MS for the resulting IFNK31N3 

bioconjugates. 

Method SEC (kDa, Đ) AUC (kDa) MALDI-TOF MS (kDa) AUC (kDa)  

Sample  Polymer Polymer 
Bioconjugate or protein Bioconjugate 

or protein** 

PEG 10 kDa 10.0, 1.04 98 7.9 30.3* 98 27.7  

PEG 20 kDa 23.3, 1.04 a 14.9 40.5 --- 

PEG 40 kDa 40, 1.08 a 47.6 60.2 --- 

LPG 10 kDa 11.6, 1.23 98 9.0 32.0* 98  30.4  

LPG 20 kDa 22.1, 1.22 b 19.8 44.6 --- 

LPG 40 kDa 54.8, 1.5 b 37.8 n.d. --- 

IFNK31N3 --- --- 19.5* 98 19.7 
a Mp according to manufacturer, b measured in H2O by SEC calibrated with pullulan standards. *the value was 

published previously in the indicated reference. **Average from RI and absorbance detection.   

n.d. = not determinable 

Conjugation, purification, and analysis of bioconjugates 

Sedimentation-diffusion analysis, c(s), of IFNK31N3 displayed a major species and a second less 

abundant species, both identified by data from the interference and absorbance detection module. The 

sedimentation coefficient for the monomer from both detector principles averaged to s = 1.95 S (Figure 

1E and S4D, Table S3), which is in agreement with a recent study of recombinant human IFN-α2a in a 

nonrelated study301. Average molecular weights were calculated to be 19.7 kDa as an average based on 

absorbance and RI detection (Tables 1 and S3), comparable to the MALDI-TOF MS results (Table 1) 

98. Next to the IFNK31N3 monomer, the second species at s-values of ca. 2.8 S, presumably originates 

from a discernable existence of reversibly associated protein dimers, which has been reported previously 

for IFN-α2 at neutral pH 301-304. The BCN functionalized polymers were conjugated with azide 

functionalized IFN-α2a (IFNK31N3; Scheme 2) and purified by FPLC (Figure S5, Table S4).  
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Scheme 2: Schematic representation of the BCN functionalized polymer conjugation to IFNK31N3. 

As mentioned for LPG, the product yield decreased with increasing molecular weight of the 

polymer(Figure S5, Table S4). The higher dispersity of LPG polymers reduced the collected fractions 

and, hence, lowered the yield (Figure S5, Table S4). The resulting molecular weights of 20 and 40 kDa 

PEG and 20 kDa LPG bioconjugates were confirmed by MALDI-TOF MS. The LPG 40 kDa 

bioconjugate could not be measured by MALDI-TOF MS, possibly reflecting its higher dispersity. The 

calculated molecular weights of the conjugated polymers were in good agreement with SEC outcome 

after subtracting the mass of IFNK31N3 from the measured mass of the bioconjugate, via MALDI-TOF 

MS, or AUC. Calculated molecular weights from AUC had the same tendency to slightly lower 

molecular weights, as did the sole polymers. SDS-PAGE analysis resulted in defined single bands for 

IFNK31N3, IFN-α2a WT, and all bioconjugates except for the 40 kDa LPG (Figures 2A, B). 
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Figure 2: SDS-PAGE of (A) IFN-α2a WT (WT), IFNK31N3 (N3), IFNK31N3-PEG 10 kDa (PEG 10), IFNK31N3-

PEG 20 kDa (PEG 20), IFNK31N3-LPG 10 kDa (LPG 10), IFNK31N3-LPG 20 kDa (LPG 20) and Pegasys, (B) 

IFNK31N3-PEG 40 kDa (PEG 40) and IFNK31N3-LPG 40 kDa (LPG 40). (C) Normalized differential 

distributions of sedimentation coefficients, c(s), of 10 kDa bioconjugates by absorbance detection in terms of OD 

at λ = 280 nm (c(s) of IFNK31N3, which is displayed in Figure 1E is displayed again for comparative purposes). 

Magnification of RP-HPLC chromatograms of (D) LPG-bioconjugates, (E) IFN-α2a WT and IFNK31N3 and (F) 

PEG-bioconjugates (for full chromatograms please see Figure S7). (G) Hydrodynamic diameter of IFN-α2a WT 

and its bioconjugates (AUC n = 1; DLS n = 3; mean ± standard deviation; analysis for differences by one-sided 

ANOVA test followed by Tukey post hoc test for pair-wise comparison; p < 0.05 was considered statistically 

significant and selected differences as relevant for this study were marked by asterisks). (H) Melting points of 

bioconjugates determined by differential scanning fluorimetry (n ≥ 4; mean ± standard deviation; one-sided 

ANOVA test followed by Tukey post hoc test for pair-wise comparison; p < 0.05 was considered statistically 

significant and selected differences as relevant for this study were marked by asterisks).  
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The 40 kDa LPGylated bioconjugate was less defined (Figure 2B), which was further reflected by its 

broader peak in the HPLC chromatogram (Figures 2D, S7). Furthermore, polymer hydrophilicity of the 

conjugated PEG and LPG polymers impacted the hydrophilicity of the resultant bioconjugates. These 

showed an altered hydrophilicity when compared to the unconjugated IFNK31N3 mutant. This effect 

was more pronounced for the LPG conjugates than for the PEG conjugates (Figure 2D-F, S7).  

Additionally, the 10 kDa PEG and LPG bioconjugates were analyzed by AUC (Figure 2C and S4D). 

The conjugation of PEG reduced the sedimentation velocity of the bioconjugate when compared to the 

protein monomer (despite higher overall molecular weights), resulting in a sedimentation coefficient of 

1.42 S. The conjugation of LPG appeared not to significantly change the sedimentation velocity of the 

bioconjugate when compared to the protein monomer (despite higher overall molecular weights). It only 

led to a slight decrease to a sedimentation coefficient of 1.87 S. The conjugation of PEG and LPG to 

IFNK31N3 did not show an apparent indication of dimers or higher aggregates, likely an effect of the 

polymeric stealth entity (Figures 1E, 2C and S4D). Data based on universal RI detection indicate the 

absence of free polymer while absorbance detection data are coherent with RI detection data for the 

bioconjugate (Figure S4D). Associated to sedimentation-diffusion analysis, we realized that the 

conjugated polymer (though of lower molecular weight than the protein) translated its much larger 

translational frictional properties to the protein, i.e., the bioconjugate (Table S3). Calculated molecular 

weights for the protein and bioconjugates by sedimentation-diffusion analysis, c(s), followed the 

anticipations of conjugation in concert to MALDI-TOF MS. Again, the decreased sedimentation 

coefficients of the PEG bioconjugates compared to the protein, despite their higher molecular weights 

compared to the protein, is known in the scientific literature, 297, 305-307 also coined as a “parachute” like 

effect. This is understandable by the altered translational friction properties of the bioconjugates 

compared to the parent protein. Apparently also, this effect is much reduced when using LPG 

conjugation as indicated here, though still being present. Bioconjugation significantly increased the 

hydrodynamic diameter of the IFNK31N3 mutant for all polymers as observed by dynamic light 

scattering (DLS) and calculated from AUC data, i.e., the polymer contributes pronouncedly to the 

measured and calculated hydrodynamic equivalent spherical size estimates (Figure 2G, Table S5). DLS 

and AUC data correlated to each other, as exemplarily compared for IFN-α2a itself and the 10 kDa 

bioconjugates of PEG and LPG, respectively. The LPG and PEG polymers had overall comparable sizes 

among the 10, 20 or 40 kDa polymer group. The hydrodynamic diameter of the PEG 40 kDa 

bioconjugate was comparable to the Pegasys conjugates, in contrast to all other bioconjugates which 

were smaller in hydrodynamic equivalent spherical size estimates. The unfolding temperature of all 

bioconjugates was comparable for all bioconjugates and significantly reduced as compared to IFN-α2a 

WT, or Pegasys (Figure 2H, S8, Table S5). 
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Potency of bioconjugates 

All bioconjugates had reduced potency as compared to IFN-α2a WT or the IFNK31N3 mutant (Figures 

3A, S9, Table S5) and bioconjugates performed similar within groups, and significantly different 

between groups of 10, 20, and 40 kDa bioconjugates. All groups performed significantly better than 

Pegasys. In general, an increasing hydrodynamic diameter inversely correlated with potency regardless 

of the polymer class used for conjugation following, e.g., a third order polynomial regression for all 

bioconjugates other than Pegasys (Figure 3B). 

Figure 3: (A) EC50 values of bioconjugates (n ≥ 3; mean ± standard deviation; analysis for differences by one-

sided ANOVA test followed by Tukey post hoc test for pair-wise comparison; p < 0.05 was considered statistically 

significant and selected differences as relevant for this study were marked by asterisks. (B) Correlation of 

hydrodynamic diameter (data taken from Figure 2G) and potency (data taken from panel A of this figure).  

 

Pharmacokinetics 

IFN-α2a WT and all bioconjugates were stable in plasma throughout 48 hours (Figure S10). We further 

confirmed human IFN-α2a binding to the murine Interferon receptors by fluorescence-activated cell 

sorting (FACS) analysis of primary murine bone marrow cells (Figure S11). Resulting in vivo 

pharmacokinetics (PK) were mono-exponential for human IFN-α2a WT and PEG 20 kDa, and biphasic 

for all other bioconjugates. PK profiles for the human IFN-α2a WT were characterized by rapid 

disposition with a slope of about 9 h-1 (t1/2 ≈ 4 min). The slope of the initial (distribution) phase indicated 

substantially slower distribution for the 20 kDa and 40 kDa LPG bioconjugates with 1.3 h-1 (t1/2 ≈ 32 

min) and 1.1 h-1 (t1/2 ≈ 39 min), respectively, as compared to the wild type (Figure 4, Table 2 and S6).  
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Table 2: Calculated in vivo elimination constants (α and β), calculated initial concentrations of bioconjugates (CPa 

and CPb), terminal disposition rate constant (Z), serum half-life (t1/2), apparent total body clearance (CL), area 

under the curve values till infinity (AUC0-∞) and mean residence time till infinity (MRT∞) of bioconjugates. 

Compound  [h-1]  [h-1] CPa 

[ng/mL] 

CPb 

[ng/mL] 
Z [h-1] t1/2 

[h]** 

CL  

[L/h . kg-1] 

AUC0-∞  

[h . ng/mL] 

MRT∞ [h] 

WT* 9.319 - 9.66 - 9.319 0.07 2.237 1.341 0.074 

PEG 20* 0.208 - 32.95 - 0.217 3.2 0.0189 158.97 4.36 

LPG 20 1.249 0.120 32.09 6.56 0.311 2.23 0.039 76.28 2.91 

PEG 40 0.174 0.018 27.93 18.73 0.0277 25.0 0.0029 1043.51 31.9 

LPG 40 1.059 0.058 30.88 16.32 0.0469 14.8 0.0085 354.28 17.68 

Pegasys 0.139 0.015 27.95 7.50 0.0357 19.4 0.0048 620.73 23.9 

Mono-exponential PK: 𝐶𝑜𝑛𝑐(𝑡) = 𝐶𝑃𝑎 ∙ 𝑒−𝛼∙𝑡, Biphasic PK: 𝐶𝑜𝑛𝑐(𝑡) = 𝐶𝑃𝑎 ∙ 𝑒−𝛼∙𝑡 + 𝐶𝑃𝑏 ∙ 𝑒−𝛽∙𝑡 

* no distribution phase, mono-exponential PK, ** based on Z 

 

The distribution pharmacokinetics of the PEGylated bioconjugates and Pegasys was in the range of 

several hours, ranging from 0.2 to 0.14 h-1 (t1/2 ≈ 3 h to 6 h). Terminal half-lives were some minutes for 

the IFN-α2a WT, and clustered between 2 hours and 4 hours for all 20 kDa bioconjugates. Substantially 

longer half-lives were recorded for the LPG 40 kDa, Pegasys, and PEG 40 kDa bioconjugates with 15, 

19, and 25 hours, respectively. The rapid initial disposition of the LPG bioconjugates as compared to 

the PEGylated bioconjugates, resulted in an overall lower exposure (area under the curve) and was, in 

case of LPG 40 kDa, about half the amount when compared to Pegasys. Both were lower than the PEG 

40 kDa bioconjugate. 
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Figure 4: Pharmacokinetics of the human IFN-α2a WT and its bioconjugates (mean ± standard deviation, n ≥ 4). 

Mono-exponential pharmacokinetic were found for the human IFN-α2a WT and PEG 20 bioconjugate, 

respectively, and highlighted by a hashtag. All other profiles followed a biphasic pattern. 

A faster distribution rate constant of LPGylated bioconjugates as compared to PEGylated bioconjugates 

was found although they had comparable hydrodynamic diameters (Figure 5). 

 

Figure 5: Hydrodynamic diameter (taken from Figure 2H, Table S5) and the initial rate/distribution rate constant 

(taken from Table 2). The PEG20 bioconjugate group followed mono-exponential kinetics (i.e. no distribution 

phase was distinguished). 
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Discussion 

IFN-α2a mutants with a genetically introduced unnatural azide-carrying amino acid (IFNK31N3) were 

manufactured and successfully conjugated with poly(ethylene glycol) (PEG) and linear polyglycerol 

(LPG) each with molecular weights of 20 or about 40 kDa (Figure 2). All bioconjugates had reduced 

potency as compared to IFN-α2a WT and its mutant, but higher potency as compared to the commercial 

product, Pegasys. The hydrodynamic diameter of the conjugates, but not their chemical nature 

negatively correlated with potency (Figure 3). Overall exposure of the 40 kDa PEG bioconjugate 

exceeded those seen for Pegasys. A faster initial disposition was observed for the LPGylated 

bioconjugates as compared to the PEGylated bioconjugates, respectively, despite comparable 

hydrodynamic diameters (Figure 5). 

Pegasys, among the first PEGylated biologics on the market, was selected as an exemplary starting point 

for systematically expanding the polymer space for cytokine bioconjugates 98. A recent publication using 

the same polymers with lower molecular weight, detailed optimal chemical linker structures between 

the biologic and the polymers as well as interaction patterns of the polymer-biologic interface 98. This 

study now translates these findings to polymers with molecular weights targeting the colloidal 

dimensions of Pegasys and as required to lastingly modulate IFN-α2a pharmacokinetics for therapeutic 

use. Though only two time points were captured for IFN-α2a WT, which would generally jeopardize 

PK analysis, the resulting outcome was in line with previous results from experiments in mice and rats 

77, 130, 136, 308, 309. IFN-PEG 20 kDa showed a mono exponential decay, though biphasic decays for similar 

bioconjugates were reported previously 310-312. Interestingly, the LPGylated bioconjugates had a faster 

initial disposition from blood serum as compared to the PEGylated counterparts with otherwise 

comparable hydrodynamic radii and potency (Figure 3). This provided evidence that these differences 

were not related to renal excretion. Furthermore, binding to serum components cannot explain these 

differences as supporting earlier reports indicate that albumin binding was not different for similar sized 

PEGylated or LPGylated human Interleukin-4 268. Hence, these differences in disposition kinetics from 

blood serum are likely reflecting different distribution characteristics for LPGylated bioconjugates as 

compared to PEGylated bioconjugates. Interestingly, these at present unknown sinks for LPGylated 

bioconjugates were rapidly saturated and the following patterns in the terminal phase were comparable 

for LPGylated and PEGylated equivalents. Further studies, e.g., bioimaging studies, are required to 

detail these findings, e.g., comparing uptake phenomena in the liver or spleen for LPGylated and 

PEGylated bioconjugates and possibly binding studies in whole blood can detail potential binding to 

cellular components during circulation. Detailing these findings might in fact be particularly interesting 

for IFN-α2a bioconjugates. For example, previous studies indicated that prolonged exposure, as seen 

for Pegasys in comparison to the unconjugated wild type, shifted elimination from renal excretion to 

hepatic elimination 249. Hence, different elimination routes and different organ distributions may result 

from different polymers and different sizes of conjugated polymers used for bioconjugation.  
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Similar outcome was obtained for the molecular weights of the polymers by SEC, AUC, and MALDI-

TOF MS. While being in the same order of magnitude (Table 1), AUC analysis, though being performed 

from a limited amount of measurements, resulted in smaller molecular weights of the polymers, except 

for PEG 40 kDa. These effects were also found when calculating the molecular weight of the polymers 

by subtracting the mass of the protein from the AUC analysis outcome for the respective bioconjugates. 

Furthermore, the calculated and measured molecular weights of the bioconjugates by AUC and MALDI-

TOF MS were not contrasting each other. An interesting aspect found in the sedimentation velocity data 

was re-affirmation of a “parachute” like effect on protein hydrodynamics for PEG conjugates,297, 305, 306 

observed also for LPG conjugates, but according to our present results to a much lower extend. This 

effect was coined down to originate from increased translational frictional ratios, f/fsph, templated from 

the synthetic polymers on the biologic. Notwithstanding, AUC data unveiled rather accurate calculation 

of molecular weights of bioconjugates, since the methods of hydrodynamics inherently consider 

variations of translational friction properties associated to sedimentation and diffusion (the latter through 

translational frictional ratios, f/fsph) in molecular weight estimations 307.  

Potency negatively correlated with the hydrodynamic parameter (doubling diameter approximately 

reduced the potency four-fold; Figure 3) and was qualitatively reported for 10 kDa polymers before 98. 

The measured hydrodynamic diameters of the protein and diameter increase of bioconjugates were in 

line with previous measurements performed by DLS for Anakinra (17.3 kDa), as well as Interleukin-4 

(15.1 kDa) and their 10 to 40 kDa PEG and LPG bioconjugates 166, 268. Nevertheless, melting 

temperature, which is regularly used as a predictor of secondary structure stability, was identical for 

Pegasys and IFN-α2a WT and in the range of previously reported results 98, 313. The IFNK31N3 mutant 

had significantly lower melting temperatures than IFN-α2a WT as had all other bioconjugates except 

for the LPG 20 kDa bioconjugate which had a melting temperature similar to the IFNK31N3 mutant 

(Figure 2H). The data set does not allow to assess possible confounding effects of (i) shifting from IFN-

α2a (Pegasys) to the IFNK31N3 mutant (all other bioconjugates reported here), (ii) site directed 

conjugation or random conjugation (a total of eight lysines is target for random PEGylation in Pegasys; 

Figure S12; 252), or (iii) polymer choice. However, the differences in melting temperature may be put 

into perspective with respect to previous studies by others. For example, the thermal stability of IFN-

α2b at neutral pH could be improved by 2.6 °C just by changing the protein concentration and by 2.2 °C 

at increasing the ionic strength of the formulation 313. To which extent these small differences are 

pharmaceutically relevant requires further real-time stability studies. 

Conclusion 

In conclusion, LPGylation is complementing bioconjugation possibilities beyond PEGylation with 

similar outcome in terms of the stability of the secondary structure (melting temperatures), and potency. 

Site specific polymer attachment may further increase the quality of the resulting bioconjugates. 

Differences were observed in terms of the pharmacokinetics, with faster initial distribution being 
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observed for LPGylated as compared to PEGylated variants. At present the cause of these differences is 

unclear, but may point to LPG specific targeting mechanisms, possibly distinguishing this polymer from 

PEG.  
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Supporting Information to Chapter 3 

Experimental 

Synthesis of linear polyglycerol (LPG) 

The polymers were synthesized based on our recently published protocol 98. In this work, 40 kDa LPG 

was purified via tangential flow filtration (TFF) in water using a 30 kDa regenerated cellulose cassette 

(Millipore) in a cassette holder (Sartorius). The flow was enabled by a peristaltic pump (minipuls 3).  

Results 

 

Scheme S1: Schematic representation of the synthesis of BCN functionalized LPG and PEG polymers. The 

synthesis of functionalized BCN-PEG and BCN-LPG was performed as previously reported 98. Red circeled 

intermediates were used for analytical ultracentrifugation, which is displayed in Figure 1 and Figure S4. 
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Figure S1: 1H NMR of (A) BCN-LPG 20 kDa and (B) BCN-LPG 40 kDa. 
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Figure S2: Overlay of SEC chromatograms of used LPGs in H2O. 

 

Figure S3: 1H NMR of (A) BCN-PEG 20 kDa and (B) BCN-PEG 40 kDa. 
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Table S1: Degree of functionalization of used polymers. 

Polymer  degree of functionalization (%) 

PEG-BCN 10 kDa 30 

PEG-BCN 20 kDa 48 

PEG-BCN 40 kDa 41 

LPG-BCN 10 kDa 15 

LPG-BCN 20 kDa 10 

LPG-BCN 40 kDa 19 

 

Analytical ultracentrifugation (AUC) 

Table S2: Absolute densities, ρ0, and viscosities, η0, of the H2O / PBS buffer mixture used as solvent for the 

protein or bioconjugates and water used for the polymers, all measured at 20 °C. 

Liquid ρ0 [ g ∙ cm-3] η0 [mPa ∙ s] 

H2O / PBS buffer mixture  

(approx. 46 w% / 54 w%) 

1.0050 1.0436 

H2O 0.9982 1.002 

 

Table S3: Hydrodynamic properties determined from sedimentation-diffusion analysis of sedimentation 

velocity AUC experiments. Signal (weight) average sedimentation coefficients, s, and weight-average 

translational frictional ratios, f/fsph, were determined by data from RI detection and / or absorbance detection 

in terms of OD at λ = 280 nm. Utilized sample concentrations were approx. 0.25 mg mL-1 (polymers) or approx. 

0.75 mg mL-1 (IFNK31N3 and bioconjugates). 

Sample s, S f/fsph 

IFNK31N3 1.96/1.93* 1.21/1.34* 

IFNK31N3-PEG 10 kDa 1.42/1.42* 1.93/1.92* 

IFNK31N3-LPG 10 kDa 1.88/1.87* 1.77/1.76* 

PEG 10 kDa 0.43 1.97 

PEG 20 kDa 0.59 2.19 

PEG 40 kDa 0.86 3.27 

LPG 10 kDa 0.93 1.68 

LPG 20 kDa 1.35 1.96 

LPG 40 kDa 1.66 2.45 

*Based on sedimentation-diffusion analysis of either absorbance detection in terms of OD at λ = 280 

nm (protein and conjugates) / RI detection based on interference fringes (polymers). 
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Figure S4: Differential distributions of sedimentation coefficients, c(s), by using the RI detection of (A) 10 kDa 

polymers, (B) 20 kDa polymers, (C) 40 kDa polymers and (D) normalized for proteins and bioconjugates. The 

analyzed polymer intermediates, which were used for AUC are depicted in Scheme S1. Distributions obtained 

from lower concentrations (red lines) are identical to the ones, which are displayed in Figure 1C and D. 
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Bioconjugate coupling

  

Figure S5: Exemplary SDS-PAGE of fractions from CIEX purification of (A) IFNK31N3-LPG 20 kDa, 

(B) IFNK31N3-LPG 40 kDa, (C) IFNK31N3-PEG 20 kDa and (D) IFNK31N3-PEG 40 kDa. Used and pooled 

fractions for the presented experiments are indicated. 

 

Table S4: Conjugation efficiencies of used polymers displayed in Figure S6 in relation to the used protein educt 

and the total yield of selected fractions in relation to the used protein educt. 

Compound total product yield [%] yield of selected fractions [%] 

PEG 20 kDa 60 55 

PEG 40 kDa 50 50 

LPG 20 kDa 49 15 

LPG 40 kDa 33 11 
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Table S5: Important biological and chemical parameters of IFN-α2a and its bioconjugates. Mean values are 

indicated with standard deviations. 

Compound Hydrodynamic 

diameter [nm] a 

TM[°C] EC50 [pM] 

IFN-WT 6.2 ± 0.8 / 4.6  64.5 ± 0.3 1.8 ± 0.2 

N3 n.d. 62.6 ± 0.2 4.2 ± 0.3 

Pegasys 15.6 ± 0.4  64.7 ± 0.1 71.4 ± 7.8 

PEG 10 kDa* 9.0 ± 0.7 / 7.8 n.d.* 15.3 ± 1.0 

PEG 20 kDa 11.7 ± 0.4  60.6 ± 0.1 20.3 ± 1.7 

PEG 40 kDa 14.6 ± 0.5  60.8 ± 0.3 36.0 ± 2.6 

LPG 10 kDa* 8.0 ± 0.5 / 7.3 n.d.* 13.5 ± 0.8 

LPG 20 kDa 12.0 ± 1.0  62.5 ± 0.1 22.9 ± 1.4 

LPG 40 kDa  14.4 ± 0.6  60.9 ± 0.2 39.2 ± 2.2 

n.d. = not determined, t1= half-life slow, t2= half-life fast, a analyzed by dynamic light scattering / 

calculated from AUC by making use of dh = 3√2√([s] υ)(f/fsph)3/2,307 with the partial specific volume, 

υ, for polymers / bioconjugates.* The approximately 10 kDa molar mass bioconjugates were 

presented in a previous contribution98, however, the data reported here is either new (hydrodynamic 

diameter) or was measured again to obtain comparable data among all polymers (EC50 [pM]). TM 

values were already determined previously and were not remeasured. 

 

MALDI-TOF MS 

 

Figure S6: MALDI-TOF mass spectra of (A) IFNK31N3-PEG-20 kDa (b) IFNK31N3-PEG-40 kDa (C) 

IFNK31N3-LPG-20 kDa. Additionally assigned peaks in A and B are multicharged species of the tested 

compounds. 
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RP-HPLC analysis

 

Figure S7: RP-HPLC analysis of (A) IFN-α2a WT, (B) IFNK31N3, (C) IFNK31N3-LPG 20 kDa, (D) IFNK31N3-

PEG 20 kDa, (E) IFNK31N3-LPG 40 kDa, (F) IFNK31N3-PEG 40 kDa, (G) Pegasys. The displayed graphs are 

the same measurements that are displayed in Figure 2D-F. 
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Differential scanning fluorimetry 

 

Figure S8: (A) Normalized, averaged fluorescence of the Differential scanning fluorimetry assay with IFN-α2a 

WT, IFNK31N3 and its bioconjugates (n = 5). The lowest value of each measurement was set to 0 as well as all 

values below this temperature. The highest value of each measurement was set to 1 as well as all values above this 

temperature. The normalized values were averaged, and adjacent points connected. Standard deviations are 

indicated with error bars. (B) Averaged smoothed first derivate plot of A. 

Potency

 

Figure S9: Secreting alkaline phosphatase assay of 

HEKBlue 293 IFN-α/β cells after 20 h of stimulation 

with IFN-α2a, IFNK31N3 and IFN-α2a 

bioconjugates (mean ± standard deviation, n≥3). 

Colours of bioconjugates are displayed in A-C as 

followed: (WT=blue, N3=light blue, LPG 10 kDa = 

light green, LPG 20 kDa = dark green, LPG 40 kDa 

= petrol, PEG 10 kDa = orange, PEG 20 kDa = red, 

PEG 40 kDa = rose, PEtOx 8 kDa = light grey, PEtOx 

20 kDa = grey, PEtOx 35 kDa = dark grey, Pegasys 

= purple). (A) Stimulation curve of HEKBlue 293 

IFN-α/β cells after IFN-α stimulation with PEG 

bioconjugates. (B) Stimulation curve of HEKBlue 

293 IFN-α/β cells after IFN-α stimulation with LPG 

bioconjugates.  
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Human plasma stability analysed by ELISA 

 

Figure S10: plasma stability of IFN-α2a and bioconjugates, tested over 48 h (mean ± standard deviation, n = 3). 

 

Activation of murine bone marrow cells by IFN-α2a 

 

Figure S11: Bone marrow from B6.Tg(ISRE-eGFP) Tovey mice was isolated and ex vivo incubated with human 

IFN-α2a WT, murine IFN-α2a WT or left untreated. After 24 hours incubation time, cells were subjected to flow 

cytometry to measure GFP expression. (A) Exemplary gating strategy for isolated murine bone marrow cells 

after ex vivo incubation over 24 hours. (B) Determination of GFP+ cell population under human IFN-α2a WT 

(orange), or murine IFN-α2a (blue) treatment or for untreated cells (red). 
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In vivo pharmacokinetic study  

Table S6: Calculated in vivo apparent volume of distribution during terminal phase (VZ) and at equilibrium 

determined after intravenous administration (Vss), area under the curve values till last time point (AUC0-tlast), 

area under the first moment curve till last time point (AUMC0-tlast) and mean residence time till last time point 

(MRTLast) of bioconjugates. 

Compound [L . kg-1] Vss [L . kg-1] 
AUC0-tlast  

[h . ng/mL] 

AUMC0-tlast  

[h² . ng/mL] 
MRTLast [h] 

WT 0.240 0.165 1.331 0.0928 0.070 

PEG 20 0.087 0.082 133.50 371.79 2.78 

LPG 20 0.127 0.115 68.19 131.61 1.93 

PEG 40 0.104 0.092 802.67 13008.9 16.2 

LPG 40 0.181 0.150 316.99 3677.13 11.6 

Pegasys 0.135 0.116 518.75 7096.80 13.7 

 

PEGylated sites in Pegasys 

 

Figure S12: IFN-α2a (orange) in its ternary receptor binding complex with IFNAR1 (petrol) and IFNAR2 (purple) 

(pdb:3SE3). Receptors were slightly detached from IFN-α2a artificially. Lysine residues, which are PEGylated in 

Pegasys are highlighted on IFN-α2a´s surface, whereby the chosen mutation site of this study #K31 is marked in 

green (which is also modified in Pegasys) and other sites are marked in red (#K70, 83, 121, 131, 134) 252, 297.  #K49, 

112 and 164, which are also PEGylated in Pegasys are not highlighted, as they are not resolved in this crystal 

structure. 
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Abstract 

Influenza A viruses (IAV), including the pandemic 2009 (pdm09) H1N1 or avian influenza H5N1 virus, 

may advance into more pathogenic, potentially antiviral drug-resistant strains (including loss of 

susceptibility against oseltamivir). Such IAV strains fuel the risk of future global outbreaks, to which 

this study responds by re-engineering Interferon-α2a (IFN-α2a) bioconjugates into influenza 

therapeutics. Type-I interferons such as IFN-α2a play an essential role in influenza infection and may 

prevent serious disease courses. We site-specifically conjugated a genetically engineered IFN-α2a 

mutant to poly(2-ethyl-2-oxazoline)s (PEtOx) of different molecular weights by strain-promoted azide-

alkyne cyclo-addition. The promising pharmacokinetic profile of the 25 kDa PEtOx bioconjugate in 

mice echoed an efficacy in IAV infected ferrets. One intraperitoneal administration of this bioconjugate, 

but not the marketed IFN-α2a bioconjugate, changed the disease course similar to oseltamivir, given 

orally twice every study day. PEtOxylated IFN-α2a bioconjugates may expand our therapeutic arsenal 

against future influenza pandemics, particularly in light of rising first-line antiviral drug resistance to 

IAV. 

Introduction 

Three IFN-α2a (IFN) PEG bioconjugates are marketed in the U.S. today, and none has a marketing 

authorization for influenza treatment.17, 52, 252, 254  Prima facie, this counters the central, antiviral role of 

type-I interferons, including IFN-α2a.5, 118, 187, 314, 315 IFN-α2a quickly suppresses viral replication by 

regulating innate and adaptive immune responses and impacts pro-inflammatory (fever, tissue 

destruction) and anti-inflammatory (promote healing) cytokines in the airway cells.122, 125, 126, 252, 314 

Marketed IFN-α2a bioconjugates were not developed for (acute) IAV infections or to reach the lungs 

rapidly, the clinically relevant site of IAV replication. Quite contrarily, these were optimized for treating 

(chronic) viral conditions and long-lasting persistence in the circulation, achieved by conjugating IFN-

α2a to high molecular weight, 40 kDa PEGs.10, 62, 77, 249, 316, 317 These designs delay the onset of IFN 

signalling after subcutaneous (s.c.) injection.62, 77 Contrarily, acute virus infections require a fast type-I 

IFN immune response after infection, as a delayed immune response, initialized by a delayed type-I 

activation, can result in hyperinflammation.122   

We hypothesize that effectiveness against influenza viruses is directly linked to the hydrodynamic radii 

of IFN-α2a bioconjugates. These radii should delay rapid elimination of IFN bioconjugates (e.g., 

glomerular filtration), while allowing disposition into tissues such as the lungs. Previous studies 

deciphered the relationship between PEG molecular weight/hydrodynamic diameter and pulmonary 

exposure following intravenous (i.v.) or s.c. administration. These studies detailed that 10-25 kDa PEGs 

are a good trade-off between tissue permeability, potency, and serum half-life. 130, 318-321 Such results 

guided us to design and test IFN-PEtOx bioconjugates with PEtOx polymers ranging between 10 and 

25 kDa. An azido functionalized IFN mutant was used for site-specific PEtOxylation to control the 

decoration site and yield homogenous product outcomes.98 The plasma concentration profiles of the 
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bioconjugates were recorded over time in mice. One bioconjugate was selected and tested against 

marketed IFN-α2a PEG bioconjugates (Pegasys) in ferrets infected with the influenza A virus strain 

H1N1pdm09, the subtype responsible for the 2009 swine flu pandemic.322  

 

Materials and Methods 

Materials. potassium phthalimide (99%), hydrazine monohydrate (64-65% N2H4, 98%) potassium 

phthalimide (99%), (1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-ylmethyl N-succinimidyl carbonate (BCN-

NHS), dichloromethane (anhydrous, ≥ 99.8%), tetrafluoroboric acid (48 wt% in H2O), triethylamine 

(anhydrous, ≥ 99%) and 3-amino-9-ethylcarbazole were purchased from Sigma Aldrich (Schnelldorf, 

Germany). MagicMedia™ E. coli Expression Medium, PageRuler™ Prestained Protein Ladder, 

PageRuler™ Unstained Broad Range Protein Ladder, Gibco-FBS-HI (Origin Brasil), IFN-α Human 

Instant ELISA™ Kit (BMS216INST) were received from Thermo Fisher Scientific Germany 

(Darmstadt, Germany). BioPro IEX SmartSep S20 1 mL and 5 mL were obtained from YMC Europe 

(Dinslaken, Germany). XK16/600 Superdex 75 pg column was received from Cytiva Life Sciences 

(Freiburg, Germany). Zorbax 300SB-CN column was ordered from Agilent (Waldbronn, Germany).  

2-Ethyl-2-oxazoline (EtOx, TCI, 98%) was distilled from BaO (Acros Organics, 90%) under argon 

atmosphere into a silanized Schlenk flask and stored under argon. 2-Phenyl-2-oxazoline (PhenOx, 99%, 

Sigma Aldrich) was purified by fractional distillation under reduced pressure. Chlorobenzene was 

purified in a solvent purification system (SPS, Pure solv EN, innovative technology). 

 

Methods. 

Polymer characterization of 15 and 25 kDa BCN-PEtOx. 

Synthesis of poly-(2-ethyl-2-oxazoline). Prior to usage, the distillation apertures as well as the 

glassware used for the CROP were silanized by treatment with chloroform containing 5 vol% 

trimethylsilyl chloride. Shortly, the glassware was filled with the solution, turned upside down once in 

order to ensure that the entire surface was in contact with it and left opened for one hour. Subsequent to 

removal of the mixture, the glassware was rinsed with chloroform, acetone, water and acetone (twice 

with each solvent), and finally dried by a continuous argon stream. 

Synthesis of the 2-phenyl-2-oxazolinum tetrafluoroborate (HPhenOx+BF4
-) initiator. The 

compound was synthesized according to the literature.323 In brief 10 mL PhenOx was used as a starting 

material, yielding 4.7 g (26%) of HPhenOx+BF4- as colorless crystals, which were stored in a Schlenk 

flask under argon atmosphere. 1H NMR (CD3CN, 300 MHz): δ [ppm] = 4.25 (t, 2H, =N-CH2-), 5.15 (t, 

2H, -CH2-O-), 7.59 – 8.08 (m, 5H, CHAromat). 

General procedure for the synthesis of 15 and 25 kDa PEtOx polymers. The synthesis of high 

molecular weight PEtOx was performed as recently reported with adaptions, 323 whereby reaction steps 
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were investigated by NMR (Figure S1 and S2). Briefly, the appropriate amount of HPhenOx+BF4 was 

transferred to a Schlenk tube, which was subsequently sealed, evacuated and backfilled with argon 

thrice. While evacuated, the crystalline initiator HPhenOx+BF4- was molten by gentle heating with a 

heat gun in order to remove residual trapped solvents. EtOx and chlorobenzene (c(EtOx) = 3.2 mol L-1) 

were added under argon atmosphere and the Schlenk tube was sealed, immersed in an oil bath at a 

temperature of 40 °C and allowed to stir for pre-determined times, dependent on the intended chain-

lengths. The reaction was terminated by addition of potassium phthalimide and subsequently heated to 

70 °C overnight. The reaction mixture was cooled to room temperature, diluted with dichloromethane 

or chloroform and washed with a sat. aq. NaHCO3 solution twice and once with a sat. aq. NaCl solution. 

The organic layer was dried over Na2SO4, filtered, and the volatiles were removed under reduced 

pressure. The residue was precipitated into cold diethyl ether (–26 °C), collected and dried in vacuo.   

Phthalimide-PEtOx 15kDa: 3.0 g EtOx (30.26 mmol, 230 eq.), 31 mg HPhenOx+BF4- (0.13 mmol, 1 

eq.), 6.4 mL chlorobenzene and 85 mg potassium phthalimide (0.46 mmol, 3.5 eq) were used. The 

polymerization proceeded for 10 days. A sample was removed after 6 d to determine the monomer 

conversion by 1H NMR. 

Conversion (EtOx) = 90%. Yield: 1.77 g (58%). SEC (DMAc, 0.21 wt% LiCl, RI-det., PS-calibration): 

Mn = 21,200 g mol-1, Đ = 1.27. 1H NMR (CD2Cl2, 300 MHz): δ [ppm] = 0.65 – 1.45 (br, CH3 side chain), 

1.96 – 2.81 (br, CH2 side chain), 2.94 – 3.99 (br, CH2 backbone), 7.65 – 8.01 (br, CHPhthalimide). 

Phthalimide-PEtOx 25kDa: 3.0 g EtOx (30.26 mmol, 418 eq.), 17 mg HPhenOx+BF4- (0.072 mmol, 1 

eq.), 6.4 mL chlorobenzene and 49 mg potassium phthalimide (0.26 mmol, 3.6 eq) were used. The 

polymerization proceeded for 20 days.  

Conversion (EtOx) = 89%. Yield: 2.38 g (78%). SEC (DMAc, 0.21 wt% LiCl, RI-det., PS-calibration): 

Mn = 29,100 g mol-1, Đ = 1.39. 1H NMR (CD2Cl2, 300 MHz): δ [ppm] = 0.77 – 1.40 (br, CH3 side chain), 

1.98 – 2.66 (br, CH2 side chain), 3.07 – 3.91 (br, CH2 backbone), 7.68 – 7.97 (br, CHPhthalimide). 

Post-polymerization modifications. PEtOx-NH2 and PEtOx-BCN were synthesized according to our 

previously published procedure.98  

NH2-PEtOx 15kDa: 1.52 g Phthalimide-PEtOx 15kDa (1 eq.) and 45 µL hydrazine monohydrate (12.5 

eq.) were used. Yield: 1.22 g (80%). SEC (DMAc, 0.21 wt% LiCl, RI-det., PS-calibration): Mn = 21,800 

g mol-1, Đ = 1.25. 1H NMR (CD2Cl2, 300 MHz): δ [ppm] = 0.69 – 1.44 (br, CH3 side chain), 1.99 – 2.74 

(br, CH2 side chain), 3.01 – 4.02 (br, CH2 backbone).  

NH2-PEtOx 25kDa: 2.01 g Phthalimide-PEtOx 25kDa (1 eq.) and 40 µL hydrazine monohydrate (15 

eq.) were used. Yield: 1.60 g (80%). SEC (DMAc, 0.21 wt% LiCl, RI-det., PS-calibration): Mn = 30,300 

g mol-1, Đ = 1.32. 1H NMR (CD2Cl2, 300 MHz): δ [ppm] = 0.79 – 1.38 (br, CH3 side chain), 2.01 – 2.68 

(br, CH2 side chain), 2.98 – 4.20 (br, CH2 backbone).  
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BCN-PEtOx 15kDa: 0.99 g NH2-PEtOx 15kDa (1 eq.) and 16.7 mg BCN-NHS (1.5 eq.) were used. 

Yield: 0.90 g (90%, minor amounts of residual diethyl ether were evident from the NMR spectrum). 

SEC (DMAc, 0.21 wt% LiCl, RI-det., PS-calibration): Mn = 21,300 g mol-1, Đ = 1.26. 1H NMR (CD2Cl2, 

300 MHz): δ [ppm] = 0.83 – 1.37 (br, CH3 side chain), 2.10 – 2.56 (br, CH2 side chain), 3.06 – 3.97 (br, 

CH2 backbone). 

BCN-PEtOx 25kDa: 0.99 g NH2-PEtOx 25kDa (1 eq.) and 9.1 mg BCN-NHS (1.15 eq.) were used. 

Yield: 0.85 g (85%, minor amounts of residual diethyl ether were evident from the NMR spectrum). 

SEC (DMAc, 0.21 wt% LiCl, RI-det., PS-calibration): Mn = 30,600 g mol-1, Đ = 1.34. 1H NMR (CD2Cl2, 

300 MHz): δ [ppm] = 0.82 – 1.42 (br, CH3 side chain), 2.13 – 2.58 (br, CH2 side chain), 3.06 – 3.84 (br, 

CH2 backbone). 

Analytical ultracentrifugation. Analytical ultracentrifugation (AUC) was performed as described 

previously.324 A stock solution of all three polymers was prepared and diluted with water to obtain 

concentrations of approximately 0.25 mg mL-1 and 0.75 mg mL-1, respectively. Sedimentation velocity 

experiments were performed with an Optima Analytical Ultracentrifuge (Beckman Coulter Instruments, 

Brea, CA) by utilizing double-sector Epon centerpieces with a 12 mm solution optical path length. The 

cells were filled with 420 µL sample solution in water and with 440 µL water as the reference and placed 

in an An-50 Ti eight-hole rotor. Sedimentation velocity data were recorded using the interference optical 

detection module (refractive index (RI)). All measurements were performed at 20 °C and at a rotor speed 

of 42 000 rpm for at least 24 hours. A three-minute time interval between scans was used. Analysis of a 

suitable selection of scans was used for data evaluation with Sedfit [57]. Viscosity and density of the 

water are known literature values (ŋ0 = 1.002 mPas,  ρ0 = 0.9982 g cm-3). Sedimentation velocity 

experiments were analyzed by numerical solution of the Lamm equation, c(s), with literature known 

values of the partial specific volume (υ = 0.84 cm3 g-1 for PEtOx).178  This analysis results in differential 

distributions of sedimentations coefficients and weight average translational frictional ratios f/fsph. Here, 

f is the translational friction coefficient of the investigated macromolecules and fsph the translational 

friction coefficient of a spherical particle with the same anhydrous volume and mass.294 Numerical 

estimates of signal (weight) average values of s from differential distributions of sedimentations 

coefficients and the f/fsph values from sedimentation-diffusion analysis are summarized in Table S1. The 

intrinsic sedimentation coefficients, [s], were calculated by [s] = sη0/(1- υρ0) with the solvent viscosity, 

η0, and solvent density, ρ0. Molecular weights by AUC (Table 1) were calculated from the lowest 

investigated polymer concentration being closest to solution ideality by utilizing the modified Svedberg 

equation: 𝑀𝑠,𝑓 = 9𝜋√2𝑁𝐴([𝑠](𝑓/𝑓𝑠𝑝ℎ))3/2 √𝜐 with NA being the Avogadro constant.178, 294 

Size exclusion chromatography coupled to multi-angle laser light scattering (SEC-MALLS). SEC-

MALLS was performed as described recently.178 In brief, we utilized a mobile phase of 0.1 M NaCl + 

0.3% trifluoroacetic acid (TFA) with a PSS, NOVEMA MAX column (10 µm particle size, 30 nm pore 

size, dimensions: 300 mm length × 8 mm i.d.). The oven temperature was set to T = 25°C, and 50 µL of 
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a 2 mg mL−1 concentrated polymer solution was injected. The isocratic flow of 1 mL min−1 was 

controlled with the tip pump of an asymmetrical flow field-flow fractionation system from Postnova 

Analytics GmbH (Landsberg, Germany). The elutions were detailed via the RI as a concentration-

sensitive detector and MALLS detector as a mass-sensitive detector. Values for the refractive index 

increment in the run solvent were taken from reference 178, as dn/dc = 0.1614 mL g−1. Molecular weight 

data are reported at recoveries of approximately 90 %.   

Expression and purification of IFN-α2a WT and mutant. Expression of IFN-α2a WT and IFNK31N3 

was performed as described before.98 Protein expression was performed in E. Coli (BL21) DE3 star 

bacteria after induction with IPTG and L(+)-arabinose, to express the mutant protein and the additional 

tRNApyl/aaRS pair. The used pEVOL-pylRS vector was kindly donated by Prof. Dr. Edward A. Lemke 

from the Johannes Gutenberg University of Mainz/EMBL Heidelberg.195, 196 For protein expression, E. 

Coli (BL21) DE3 star bacteria were cotransformed with an IFN-α2a or mutant gene containing pET21a 

plasmid, and in case of the azide mutant the pEVOL-pylRS plasmid containing the tRNApyl/aaRS pair. 

A four-step procedure was used for expression of the mutant protein. At first, a glycerol stock of the 

transformed bacteria was plated on an antibiotic containing agar plate at 37 °C overnight. Secondly, one 

colony was picked and inoculated overnight at 37 °C in antibiotic containing LB medium. Thirdly, on 

the next day the overnight culture was transferred into TB-medium (always with needed antibiotics) 

having a starting OD600 of 0.08-0.1. The culture was grown to an OD600 of 0.7 at 37 °C and 120 rpm (2 

in. rotation radius). At last, IFN-α2a WT cultures were induced at this point with 1 mM IPTG and were 

incubated for 8 h under the same conditions as before being harvested. Mutants were collected and 

centrifuged at 3000 × g, 20 °C, 20 min and the supernatant discarded afterwards. The bacteria pellet 

were resuspended in 1:10 (v/v) of Magic Media™, supplemented with 20 mM of the unnatural amino 

acid N6-((2-azidoethoxy)carbonyl)-L-lysine, 0.4% L-(+)-arabinose and 0.2 mM IPTG (pH adjusted with 

NaOH to 7.4 after supplementation), resulting in a 10-fold condensed culture having an OD600  ≈  4 to 

5. The culture was incubated for 12 to 16 h at 37 °C, 120 rpm and harvested afterwards by centrifugation, 

5000 × g, 4 °C. 20 min.  

Cell lysis, inclusion body isolation and refolding. Inclusion bodies were isolated and refolded after 

expression as described previously.98 Cell lysis was performed with a high-pressure homogenizer 

(Emulsiflex C5, Avestin Europe GmbH, Mannheim, Germany) in 3 cycles at 15000 to 20000 psi, 

whereby 1 mM PMSF, 25 μg/mL lysozyme and 10 μg/mL DNase I were added after the first lysis and 

left on ice for 1 h. Cells were resuspended for lysis in 50 mM Tris pH 8.0 + 200 mM NaCl (lysis buffer). 

Lysed cells were ultracentrifuged at 100000 × g, 30 min, 4 °C. Pellet washing was performed once with 

lysis buffer containing 1% Triton X-100 and once with lysis buffer containing 1% Triton X-100 and 1 

M urea. Unfolding of the harvested pellet was done with lysis buffer containing 7 M guanidinium 

hydrochloride.  Refolding was performed by dropwise addition to ice cold refolding buffer (lysis buffer 

+ 1 M 3-(1-Pyridinio)-1-propanesulfonate and 2 mM β-mercaptoethanol)197 to a final protein 
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concentration of 150 μg/mL and left under slight constant stirring overnight at 4 °C. Precipitated protein 

was removed by centrifugation at 4 °C at the next day. 

Purification of IFN. Excipients were removed before ion exchange chromatography by dialysis (8 kDa 

MWCO) against 10 volumes of 20 mM Tris-HCl pH 8.0 at 4 °C for 3 h, which was repeated thrice, as 

previously described.98 After centrifugation and sterile filtration, the dialysed IFN was catched and 

eluted on an FPLC system (Äkta Pure, Cytiva, Freiburg, Germany) using 2x BioPro IEX SmartSEP 5 

mL columns and a single step elution at 15% B over 5 column volumes (Buffer A: 20 mM Tris-HCl pH 

8.0, Buffer B: 20 mM Tris-HCl pH 8.0 + 2 M NaCl). Sample loading was performed at 4 °C to avoid 

precipitation. IFN containing fractions were pooled and dialysed against a 100-fold excess of 25 mM 

NaOAc pH 4.5 overnight. At the next day, cation exchange chromatography was performed using a 

BioPro IEX SmartSep S20 1 mL column. A linear gradient from 0% to 50% in 25 column volumes was 

used (Buffer A: 25 mM NaOAc pH 4.5, B: 25 mM NaOAc pH 4.5 + 2 M NaCl). IFN containing fractions 

were pooled and the concentration adjusted to 5 mg/mL. At last size exclusion chromatography was 

performed using a XK16/600 Superdex 75 pg column and an isocratic elution over 1.5 column volumes 

with 25 mM NaH2PO4 pH 7.4 + 150 mM NaCl as eluent, whereby 5 mg of protein were injected in each 

run. For IFNK31N3, a final yield of 20-30 mg per liter condensed culture was achieved. For IFN-WT a 

yield of 5-8 mg per liter TB medium culture was achieved.  

Strain promoted azide-alkyne Huisgen cyclo-addition. Strain promoted azide-alkyne Huisgen cyclo-

addition (SPAAC) was performed as described previously.98 In brief, the mutant, having a final 

concentration of about 500 µg/mL, was mixed with a 20-fold molar excess of BCN-PEtOx polymer in 

25 mM sodium phosphate buffer pH 7.4 + 150 mM NaCl and incubated for at least 48 hours under gentle 

stirring at 4 °C. The solution was then dialyzed (8 kDa MWCO) against a 100-fold excess of 25 mM 

NaOAc pH 4.5 overnight at 4 °C. Excess polymer was then removed by cation exchange 

chromatography using the same procedure as described above, whereby PEtOx does not bind to the 

matrix and IFN-PEtOx bioconjugates elute earlier than unreacted IFNK31N3, due to a reduced matrix 

affinity. 

Reversed-phase high performance liquid chromatography analysis. Reversed-phase high 

performance liquid chromatography (RP-HPLC) analysis was performed as described previously.98 In 

brief, an Agilent Zorbax 300SB-CN (4.6 x 150 mm, 5 µm particle) column was used. For separation, a 

linear gradient of 5 to 70% eluent B (%, v/v) within 35 min at a constant flow of 1 mL/min was used. 

Eluent A = Water + 0.1% TFA and eluent B = CH3CN + 0.1% TFA, λ = 214 nm. 

Dynamic light scattering. Dynamic light scattering (DLS) was performed as described previously with 

adaptions.268 DLS was performed on a Malvern Zetasizer ZS (Malvern Panalytical, Herrenberg, 

Germany). Measurements were performed at 25 °C in 100 mM phosphate buffer pH 7.2 + 150 mM NaCl 

(c[Protein] = 0.4 mg/mL) after sterile filtration. Three measurements were performed of each sample, 
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whereby three acquisitions were averaged per measurement. Results are reported as intensity value as 

shown in the Zetasizer software (version 7.13). 

Differential scanning fluorimetry. Differential scanning fluorimetry (DSF) was performed as 

described previously98 using a final concentration of 8 µM of protein equivalents and a final 5-fold 

SYPRO Orange concentration. Samples were heated in 1 °C/min increments using a temperature 

gradient from 25 to 95 °C. Gathered data were normalized as described previously without smoothing.199 

HEK Blue IFNα/β cell culture assay. The cell culture assay was performed in HEK-Blue™ IFN-α/β 

cells according to the manufacturer's instructions. The absorbance was measured after 120 min of 

incubation at 37 °C. The potency of the WT, mutant, and 8 kDa PEtOx bioconjugate was reported 

previously.98 It was measured again on the same plates together with the other molecular weight 

bioconjugates to increase comparability. 

In vivo pharmacokinetic study in mice. Animal experiments were carried out as previously 

described,324  in compliance with the regulations of the German animal protection laws and authorized 

by the responsible state authority (Regierungspräsidium Darmstadt, Dezernat V54 - Veterinärwesen und 

Verbraucherschutz). Male and female transgenic C57BL/6 B6.Tg(ISRE-eGFP)Tovey mice 298 between 

8 and 18 weeks of age were divided into groups of 15 animals for each bioconjugate (mean group age 

10 to 13 weeks). Mice were weighed, bioconjugates were diluted with sterile PBS and 3 µg/kg 

bodyweight of IFN-α2a-WT equivalents (therefore the protein amount was always the same) of the 

respective dilution were administered intravenously in the tail vein. The 15 mice were separated into 3 

groups of 5 animals, whereby each group donated blood at two time points (Table S4). On the first time 

point, mice donated 100 µL of blood after anesthetization with isoflurane by the retro-orbital vein 

plexus. At the second time point, Ketamine/Xylazine (100 mg/10 mg per kg body weight) was injected 

intraperitoneally, and mice were exsanguinated via cardiac heart puncture. Serum was obtained by blood 

centrifugation at 14.000 × g at 4 °C for 10 min, snap-frozen in liquid nitrogen and stored at -80 °C until 

further analysis. After thawing on ice, the collected serum samples were diluted appropriately and 

analyzed by ELISA (see below for details) according to the manufacturer's instructions. The primary 

data set was fitted using non-linear least-squares fits using RStudio (version 4.0.5).299 

Plasma stability of Interferon-α2a and bioconjugates. Plasma stability was analyzed by spiking of 

protein and bioconjugate samples into human plasma at a concentration of 3 ng/mL as previously 

described.324 the spiked plasma samples were then incubated at 37 °C at 300 rpm over 48 h, whereby 

samples were taken at indicated time points and snap-frozen in liquid nitrogen. Collected samples were 

then analyzed by ELISA. The averaged concentration of each tested sample at 0h was used as a relative 

100 % reference. 

Enzyme-linked immunosorbent assay. Serum samples from the in vivo P.K. study and plasma samples 

from the stability study were analyzed according to the manufacturer’s instructions and as described 

before.324. Plasma samples were diluted 1:1 with dilution buffer before analysis. Samples from the in 
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vivo mouse study were diluted 5 to 20-fold depending on the expected sample concentration. For 

calibration, a calibration curve of the pure bioconjugate was used to account for polymer specific 

decreased IFN binding of the ELISA-Kit, using the same concentrations as the ones provided by the 

manufacturer.  

Ferret studies. To test the efficacy of the bioconjugates against IAV infection, a previously established 

protocol was adapted.325 Groups of 4 male or female ferrets (Mustela putorius furo) aged 16 weeks or 

older were injected intraperitoneally (i.p.) with one of the respective interferon conjugates (3 µg/kg body 

weight), and one group was treated with i.p. injection of PBS as a negative control. One group of 4 

ferrets was treated every 12 hours throughout the study with oral oseltamivir suspension (3 mg/kg body 

weight in water; “Tamiflu”, Roche) as a positive control, prepared according to the package instructions.  

Twelve hours after bioconjugate treatment, the animals were infected intranasally with 2×105 TCID50 of 

influenza A virus H1N1 A/INDRE/Mexico/4487/2009 (MX10).326 Nasal washes were performed once 

daily, and a clinical examination was performed twice daily for 3 days after infection. Nasal washes 

were kept on ice and centrifuged for 15 mins at 3,000 rpm at 4 °C to pellet debris. Nasal wash 

supernatants were transferred to fresh Eppendorf tubes on ice, titrated by 10-fold dilution in 96-well 

plates, and then incubated for 48 hours at 37°C. The medium was then removed from the plates, and 

influenza-infected cell monolayers were washed once with PBS diluted one-third in water and air-dried 

at room temperature for 15 min. The plates were heat-fixed at 65°C for 8 hours. Influenza-infected cells 

were stained with a polyclonal ferret anti-H1N1pdm09 immune serum327 at a dilution of 1:500 and a 

goat anti-ferret horseradish peroxidase (HRP)–conjugated secondary antibody (A140-108P, Bethyl 

Laboratories) at a dilution of 1:750. Infected cells were visualized by the development of a red 

precipitate after incubation with 3-amino-9-ethylcarbazole at room temperature. Viral titers were 

expressed as tissue-culture infectious dose 50 (TCID50). 

Determination of clinical score of disease severity after influenza virus challenge. Clinical signs 

were scored using a 0-1-2-3 scale (Table S8), with 0 representing the baseline physiological state. The 

scores were added together for each animal at each observation time point to give the clinical score. 

Titration of virus in ferret tissues. On day 3 after infection, infected ferrets were anesthetized by 

injection of ketamine and medetomidine, exsanguinated, and the nasal turbinates, lung, and trachea were 

harvested. Tissue samples were weighed and homogenized in a total volume of 500 μL serum-free 

DMEM containing penicillin/streptomycin and were then titrated by TCID50 assay and stained as 

described above. Briefly, samples were homogenized for two cycles of 5500 rpm for 20 seconds and 

were incubated on ice between cycles. Homogenized tissues were briefly centrifuged to pellet debris 

and the supernatants were transferred to fresh tubes for titration. 
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Results and Discussion 

  

Scheme 1: Synthesis of BCN functionalized 15 and 25 kDa PEtOx polymers. Red circled intermediates were used 

for AUC (Figure 1) and SEC-MALLS (Figure S3). 

PEtOx was polymerized via cationic ring-opening polymerization (CROP) of 2-ethyl-2-oxazoline with 

2-phenyl-2-oxazolinum tetrafluoroborate as an initiator (Scheme 1).328 The polymerization was 

quenched by addition of potassium phthalimide, which was deprotected by hydrolysis, yielding PEtOx-

NH2. Subsequently, the ω-amino PEtOx was modified with a BCN-NHS ester. Synthesis of 8 kDa 

PEtOx was performed as reported previously.98 A change in polymerization synthesis was necessary as 

the previously described synthesis, using non-modified end group,98 led to less defined, longer polymers, 

which we noticed later during conjugation (vide infra). We were unable to identify the reason and 

mechanism of the occurring side reaction in the initial polymers. The adaption of the initiator and 

reduction of the reaction temperature, as previously described by Hoogenboom and coworkers,323 led to 

distinct, higher molecular weights, terminally end-functionalized PEtOx polymers with acceptable 

dispersities. The polymers were characterized by 1H NMR spectroscopy (Figure S1 and S2), AUC 

(Figure 1, Table 1 and Table S1), standard calibrated SEC respectively (Figure S1, S2 and Table 1) 

and SEC-MALLS (Figure S3 and Table 1). 

 

Figure 1: Differential distributions of sedimentation coefficients, c(s), by using the RI detection of (A) 8 kDa 

PEtOx, (B) 15 kDa PEtOx, and (C) 25 kDa PEtOx. The analyzed intermediates, which were used for AUC, are 

depicted in scheme 1. 
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AUC of polymers in water was performed using the amino intermediate (Scheme 1). Signal (weight) 

average sedimentation coefficients, s, for the lowest polymer solution concentration increased from s = 

0.49 S for PEtOx 8 kDa, over s = 0.68 S for PEtOx 15 kDa to s = 0.83 S for PEtOx 25 kDa (Figure 1 

and Table S1). Standard calibrated SEC resulted in higher apparent molecular weights as AUC and 

SEC-MALLS (Table 1), as also observed in a previous study.178 

Conjugation of polymers to IFNK31N3 

The expression, purification, and 

functionalization of the IFN-α2a mutant 

IFNK31N3 with BCN-PEtOx carrying an azide 

functionalized IFN-α2a was reported before 

(Scheme 2).92, 93, 97, 98, 184, 233, 252, 268, 270, 283, 285, 329 

Purification was by fast protein liquid 

chromatography (FPLC) (Figure S4) with 

significantly lower product yields for the 15 kDa 

compared to the 8 kDa and 25 kDa bioconjugate, 

respectively (Table S2). Initial 15 and 25 kDa 

BCN-PEtOx appeared to be more challenging in 

terms of control of polymer properties (Figure 

S4A). Additional bands in the SDS-PAGE 

analysis suggested the presence of IFN-polymer 

multimers, hence incorporating additional BCN-

groups in the polymer chain for 15 and 25 kDa 

BCN-PEtOx polymers. This challenge was met by adapting the route of PEtOx synthesis (vide supra) 

(Scheme 1).323 The rigorous selection of fractions reduced the dispersity of the final tested bioconjugates 

(Figure S4C, D). Pure bioconjugates resulted from this improvement as confirmed by SDS-PAGE and 

RP-HPLC (Figure 2A, 2B, and S5). Both bioconjugates eluted at similar retention times, suggesting 

comparable hydrophilicity (Figure 2B and S5). The second smaller peak was likely the IFN-α2a 

bioconjugate dimer, extrapolating from previous observations in which the IFN-α2a WT main peak was 

Table 1: Molecular weights by standard calibrated SEC, AUC, and SEC-MALLS of the used PEtOx polymers. 

For AUC and SEC-MALLS the amino intermediate was used (Scheme 1). For standard calibrated SEC the 

table displays the results of the final BCN-PEtOx polymer though all intermediates were tested (Figure S1 and 

S2).  

Sample SEC (kDa; Đ) AUC (kDa) SEC-MALLS (kDa) 

PEtOx 8* 8.2; 1.10 5.7 - 

PEtOx 15 20.6; 1.26 14.6 17.9 

PEtOx 25 36.7; 1.34 24.3 25.4 

*The exact molecular weight of PEtOx 8 was already determined in a previous study by MALDI-TOF to be 

8.4 kDa, using the same polymer batch.98 

Scheme 2: Polymer conjugation of BCN-PEtOx to 

IFNK31N3. 
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followed by the peak of the IFN-α2a dimer (data not shown). These were previously reported for IFN-

α2a.324, 330 All bioconjugates had an increased hydrodynamic diameter, which grew with polymer size 

with significant differences between each bioconjugate and the wild type (WT) (Figure 2C and Table 

S3). This is in line with previously reported results of similar bioconjugates.178, 184, 268, 294, 306 When 

compared to hydrodynamic diameters of similar IFN-α-PEG bioconjugates the 15 kDa bioconjugate 

ranges between hydrodynamic diameters reported for 10 and 20 kDa IFN-α2a-PEG bioconjugates and 

the 25 kDa PEtOx bioconjugate slightly above diameters reported for 20 kDa IFN-α2a-PEG 

bioconjugates.324 In the literature, PEtOx is described to have a smaller hydrodynamic size compared to 

PEG of same molecular weight.178, 294 Although comparable stability was measured among the 

bioconjugates by differential scanning fluorimetry (Figure 2D and Table S3), it was reduced compared 

to the azido-mutant and the WT. Similar observations had been reported before for IFN-α2a 

bioconjugates.98 These differences of less than 3 °C are minor and in the same range of changes seen for 

different concentrations or buffer compositions of the WT.313 

 

 

Figure 2: SDS-PAGE of (A) IFN-α2a WT (WT), IFNK31N3-PEtOx 8 kDa (PEtOx 8), IFNK31N3-PEtOx 20 kDa 

(PEtOx 20) and IFNK31N3-PEtOx 35 kDa (PEtOx 35). (B) Magnification of RP-HPLC chromatograms of PEtOx-

bioconjugates (for entire chromatograms, please see Figure S5). RP-HPLC of  IFN-PEtOx 8 was already 

reported.98 (C)  Hydrodynamic diameter of IFN-α2a WT and PEtOx bioconjugates. (n = 3; mean ± standard 

deviation; analysis for differences by one-sided ANOVA test followed by Tukey post hoc test for pair-wise 

comparison; p < 0.05 was considered statistically significant and differences were marked by asterisks). The 

hydrodynamic diameter of IFN-α2a WT was reprinted from ref 324, Copyright (2022), with permission from 

Elsevier. (D) Melting points of IFN-α2a WT its mutant and PEtOx bioconjugates determined by differential 

scanning fluorimetry (n ≥ 4; mean ± standard deviation; one-sided ANOVA test followed by Tukey post hoc test 

for pair-wise comparison; p < 0.05 was considered statistically significant and selected differences relevant for 

this study were marked by asterisks) Melting point of IFN-α2a WT and mutant was reprinted from ref 324, 

Copyright (2022), with permission from Elsevier. 
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Potency and in vivo pharmacokinetics of PEtOx bioconjugates 

The potency of PEtOx bioconjugates was 

tested using an in vitro reporter cell line assay 

(Figure 3A and B, Table S3). All 

bioconjugates had a significantly reduced 

potency compared to the WT and unconjugated 

mutant. Among the bioconjugates, polymer 

lengths negatively correlated with potency. The 

measured reduction in potency matched 

previous results of similar PEG and PEtOx 

bioconjugates concerning potency in 

correlation to the hydrodynamic diameter of 

the bioconjugate.268, 270, 324 This confirmed 

earlier statements on the similarities of PEtOx 

and PEG bioconjugates. 98, 166, 184, 268, 270 The 15 

and 25 kDa bioconjugates were selected for the 

in vivo studies, and plasma stability was 

demonstrated in mice for at least two days 

(Figure S6). The pharmacokinetic (PK) profile 

of the 15 kDa conjugates had a rapid absorption 

phase of about 6.7 h-1 (t1/2 ~ 6 min; Figure 3C, 

Table S5-7), followed by a terminal 

distribution phase of about 0.2 h-1 (t1/2 > 3.5 h). 

Likely, this reflected rapid glomerular 

filtration, hence the renal loss. In contrast, the 

PEtOx 25 kDa bioconjugate profile was 

monoexponential, with an overall slope of 

about 0.2 h-1 (t1/2 > 3.25 h; Figure 3C, Table 

S5-7). Therefore, the 25 kDa bioconjugate was 

selected for further efficacy studies as it suggested improved plasma retention compared to its 15 kDa 

counterpart. 

  

Figure 3: EC50 values of IFN-α2a WT its mutant and PEtOx 

bioconjugates (n ≥ 3; mean ± standard deviation; analysis 

for differences by one-sided ANOVA test followed by 

Tukey post hoc test for pair-wise comparison; p < 0.05 was 

considered statistically significant and differences were 

marked by asterisks. (B) Stimulation curve of HEKBlue 293 

IFN-α/β cells after 20 h of IFN-α stimulation with PEtOx 

bioconjugates (mean ± standard deviation, n ≥ 3). (C) 

Pharmacokinetics of PEtOx bioconjugates (mean ± standard 

deviation, n ≥ 4).  
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Efficacy study in ferrets with influenza 

Groups of four ferrets were treated with either 

IFN-PEtOx 25, phosphate buffered saline 

(PBS) (negative control), the neuraminidase 

inhibitor oseltamivir (positive control), 

Pegasys (IFN-α2a conjugated non-

specifically to one branched 2x20 kDa PEG), 

or IFNK31N3-BCN-PEG 40 kDa (IFN-PEG 

40).324 IFN-PEG 40 was previously 

introduced and had similar attributes as 

Pegasys regarding the pharmacokinetics and 

hydrodynamic diameter.324 In this study the 

potency was 2-fold higher than the potency of 

Pegasys and 1.5-fold lower than IFN-PEtOx 

25.324 Twelve hours later, the ferrets were 

intranasally infected with 2×105 TCID50 

H1N1pdm09. A single treatment of the ferrets 

with IFN-PEtOx 25, but not with Pegasys or IFN-PEG 40 significantly reduced the course of clinical 

disease, similar to twice-daily treatment with oseltamivir (Figure 4), with significant differences on day 

1.5 post infection. Viral titers in nasal washes, trachea titers and viral titers of nasal turbinate washes on 

day three did not differ between groups except for the oseltamivir-treated animals on day two after 

injection (Figure S7). These differences on titers may reflect the treatment courses and mode of action, 

with a single dose IFN treatment and resulting immune stimulation being different from twice daily 

administered oseltamivir and its immediate impact on viral replication through neuraminidase blockade.   

Conclusions 

In conclusion, hydrodynamic radii-balanced, PEtOxylated IFN-α2a bioconjugates yield lasting exposure 

in mice and disease-modifying effects in IAV-infected ferrets. Single, intraperitoneally injected doses 

of the bioconjugate reduced the disease burden following H1N1 influenza infections, similar to twice 

daily, orally given suspensions of neuraminidase inhibitors. Differences in efficacy seen between 

Pegasys and IFN-PEtOx 25 could have been attributed to either Pegasys’ lower potency or longer 

polymer chain. However, the IFN-PEG 40 group – sharing potency with the IFN-PEtOx 25 and size 

with Pegasys – points evidence toward the pivotal importance of polymer choice for successful therapy. 

Future efforts, e.g., introducing further targeting ligands, might potentially turn into marginal 

improvement.233 The affinity of IFN-α2a is already so high that only very few targeting ligands will be 

discovered, improving homing of such potent bioconjugates. Particularly in light of mounting first-line 

Figure 4: (A) clinical score of tested ferret groups over 3 

days post-infection. (B) Box plots of the clinical score of 

tested ferret groups displayed in A at 1.5 days post-

infection. Individual animals are indicated with crosses 

(n = 4). analysis for the difference by two-tailed t-test 

comparisons, using Welch’s correction between groups; 

p < 0.05 was considered statistically significant and marked 

by asterisks. 
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antiviral drug resistance in influenza strains, PEtOxylated IFN-α2a bioconjugates may critically expand 

our arsenal, particularly for future pandemic threats.  

Supporting Information 

Supporting Information includes characterization of poly(2-ethyl-2-oxazoline)s by SEC, NMR, 

SEC-MALLS and AUC, purification of bioconjugates, important biological parameters of tested 

compounds, full RP-HPLC chromatograms of bioconjugates, data of the in vivo pharmacokinetic study 

in mice and in vivo pharmacodynamic study in ferrets and bioconjugate plasma stability data. 
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Supporting Information to Chapter 4 

Materials and Methods 

Polymer characterization 

Size exclusion chromatography and NMR 

 

Figure S1. Characterization data of the BCN-PEtOx 15kDa polymer including all intermediate steps. Left: 

Overlay of the SEC elugrams (DMAc, 0.21 wt% LiCl, RI-det.). Middle: Overlay of the full 1H NMR spectra 

(CD2Cl2, 300 MHz). Right: Zoom into the overlaid 1H NMR spectra into a region depicting the phthalimide signal 

(labelled as “d”). 

 

 

Figure S2. Characterization data of the BCN-PEtOx 25 kDa polymer including all intermediate steps. Left: 

Overlay of the SEC elugrams (DMAc, 0.21 wt% LiCl, RI-det.). Middle: Overlay of the full 1H NMR spectra 

(CD2Cl2, 300 MHz). Right: Zoom into the overlaid 1H NMR spectra into a region depicting the phthalimide signal 

(labelled as “d”).  
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SEC-MALLS 
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Figure S3. SEC-MALLS elugrams of the PEtOx-NH2 polymers with the normalized RI detector trace and the 

molecular weight trace Mi. Top: PEtOx-NH2 15 kDa. Bottom: PEtOx-NH2 25 kDa. 
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Analytical Ultracentrifugation 

Table S1: Hydrodynamic properties determined from sedimentation-diffusion analysis of sedimentation 

velocity AUC experiments. Signal (weight) average sedimentation coefficients, s, and translational frictional 

ratios, f/fsph, were determined by RI detection. Utilized sample concentrations were approx. 0.25 mg mL-1. 

Sample s, S f/fsph 

PEtOx 8 kDa 0.49 1.37 

PEtOx 15 kDa 0.68 1.80 

PEtOx 25 kDa 0.83 2.07 

 

Table S2: Conjugation efficiencies of used polymers displayed in figure S6 in relation to the used protein 

educt and the total yield of selected fractions in relation to the used protein educt. 

compound total product yield [%] yield of selected fractions [%] 

PEtOx 8 kDa 37 21 

PEtOx 15 kDa 15 7 

PEtOx 25 kDa 37 14 
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Bioconjugation

 

Figure S4: (A) Occurring conjugation “ladders” of 15 and 25 kDa IFN-PEtOx conjugates using the polymerization 

route of the 8 kDa PEtOx. As shown a regular band pattern is observed. As the differences between bands are 

about 25 to 30 kDa this occurrence must be caused by the formation of additional reactive groups on the polymer 

as a polymerization of the sole protein (MW= 19.5 kDa) would lead to a band pattern with smaller steps. Exemplary 

SDS-PAGE of fractions from CIEX purification of (B) IFNK31N3-PEtOx 8 kDa, (C) IFNK31N3-PEtOx 15 kDa, 

(D) IFNK31N3-PEtOx 25 kDa. Used and pooled fractions for the presented experiments are indicated.  
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Important biological and physical parameters of tested compounds 

 

RP-HPLC 

 

Figure S5: RP-HPLC analysis of (A) IFN-PEtOx 15 kDa and (B) IFN-PEtOx 25 kDa. 

 

In vivo pharmacokinetic study 

 

 

 

 

 

Table S3: Important biological and chemical parameters of IFN-α2a and its bioconjugates. Mean values are 

indicated with standard deviations. 

Compound Hydrodynamic 

diameter [nm] a 

TM[°C] EC50 [pM] 

IFN-WT 6.2 ± 0.8* 64.5 ± 0.3* 1.8 ± 0.2 

N3 n.d. 62.6 ± 0.2* 4.2 ± 0.3 

PEtOx 8 kDa** 8.1 ± 0.2 60.4 ± 0.1 14.3 ± 0.5 

PEtOx 15 kDa 9.7 ± 0.7  61.4 ± 0.1 17.7 ± 0.4 

PEtOx 25 kDa 12.6 ± 0.7  60.0 ± 0.1 24.1 ± 2.4 
n.d. = not determined. *Marked values were reported in a previous study and are redisplayed for comparison.324  

**The approximately 10 kDa molecular weight bioconjugates were presented in a previous contribution,98 

however, the data reported here is either novel (hydrodynamic diameter), or was measured again to obtain 

comparable data among all polymers (EC50 [pM]). 

Table S4: In vivo experimental setting of PEtOx bioconjugates after IFN-

bioconjugate application 

 used group (5 mice each) medical intervention 

Time 

[h] 

Group 1 Group 2 Group 3 blood 

collection 

sacrifice 

0.16 x   x  

1  x  x  

4   x x  

8 x   x x 

24  x  x x 

48   x x x 
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Biphasic PK:   𝐶𝑜𝑛𝑐(𝑡) = 𝐶𝑃𝑎 ∙ 𝑒−𝛼∙𝑡 + 𝐶𝑃𝑏 ∙ 𝑒−𝛽∙𝑡 

Mono-exponential PK  𝐶𝑜𝑛𝑐(𝑡) = 𝐶𝑃𝑎 ∙ 𝑒−𝛼∙𝑡 

Table S5: Calculated in vivo elimination constants and calculated initial concentrations of bioconjugates 

Compound  [h-1]  [h-1] CPa [ng/mL] CPb [ng/mL] 

PEtOx 15 6.744 0.183 40.10 8.73 

PEtOx 25* 0.212 - 28.88 - 
*  no distribution phase, mono-exponential PK 

Non-Compartmental Analysis 

Table S6: Calculated in vivo apparent total body clearance, apparent volume of distribution and area under the 

curve values till last time point/infinity of bioconjugates 

Compound CL [L/h . kg-1] VZ [L . kg-1] Vss [L . kg-1] 
AUC0-tlast  

[h . ng/mL] 

AUC0-∞  

[h . ng/mL] 

PEtOx 15 0.0477 0.295 0.284 44.23 62.85 

PEtOx 25 0.0206 0.108 0.102 114.96 145.69 

 

Table S7: Terminal disposition rate constant, serum half-life, area under the first moment curve till last time 

point/infinity and mean residence time 

Compound Z [h-1] t1/2 [h]* 
AUMC0-tlast  

[h² . ng/mL] 

AUMC0-∞  

[h² . ng/mL] 
MRTLast [h] 

MRT∞ 

[h] 

PEtOx 15 0.162 4.3 110.24 374.12 2.49 5.95 

PEtOx 25 0.190 3.6 313.38 720.72 2.72 4.95 

* based on Z 

Plasma stability 

 

Figure S6: plasma stability of IFN-α2a its azide mutant and PEtOx bioconjugates, tested over 48 h (mean ± 

standard deviation, n = 3). 
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In vivo pharmacodynamic study 

Table S8: Score sheet used for clinical score determination 

symptoms severity of symptoms 

 0 1 2 3 

Temperature < 38.5 °C 38.5° to 39.0°C 39.0° to 39.5°C >39.5°C 

initial weight loss none 0 to 5%/ 5 to 10% >10% 

activity normal calm depressed inactive 

nasal exudate none serous sero-mucous muco-purulent 

congestion none mild intermediate severe 

sneezing none rarely occasionally frequently 

assessment of 

labored breathing 

none occasional 

wheezing 

continuous 

wheezing 

labored breathing 

 

Figure S7: (A) Nasal titers of ferrets. (B) Nasal turbinate titers on day 3 p.i.. (C) Trachea titers on day 3 p.i.. 
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Abstract 

Polymer conjugation to biologics is of key interest to the pharmaceutical industry for the development 

of potent and long acting biotherapeutics, with poly(ethylene glycol) (PEG) being the gold standard. 

Within the last years, unwanted PEG-related side effects (immunological reactions, antibody formation) 

arose, therefore creating several attempts to establish alternative polymers with similar potential to PEG. 

In this article, we synthesized N-terminal bioconjugates of the potential therapeutic human interleukin-

4 (hIL-4 WT) with linear polyglycerol (LPG) of 10 and 40 kDa and compared it with its PEG analogs 

of same nominal weights. Polyglycerol is a highly hydrophilic polymer with good biocompatibility and 

therefore represents an alternative polymer to PEG.  

Both polymer types resulted in similar conjugation yields, comparable hydrodynamic sizes and an 

unaltered secondary structure of the protein after modification. LPG- and PEG-bioconjugates remained 

stable in human plasma, whereas binding to human serum albumin (HSA) decreased after polymer 

modification. Furthermore, only minor differences in bioactivity were observed between LPG- and 

PEG-bioconjugates of same nominal weights. The presented findings are promising for future 

pharmacokinetic evaluation of hIL-4-polymer bioconjugates. 

 

Introduction 

The clinical use of small, but potent biologics with molecular masses up to 50 kDa is still vastly 

expandable. Due to their small size, most of these drugs display a limited blood circulation time, 

therefore leading to fast elimination, which makes high frequent dosing necessary 331, 332. To eliminate 

this problem, several techniques are available ranging from encapsulation of proteins into micelles333, 

or nanogels334 to covalent modification, with poly(ethylene glycol) (PEG) representing the most 

prominent polymer in that field335. PEG is an amphiphilic polymer that equips biologics with desirable 

properties including a diminished renal excretion through size expansion as well as a stealth behavior, 

that leads to reduced opsonization and clearance through the immune system58. Drawbacks of PEG 

include a reduced bioactivity after conjugation57 and its tendency to accumulate in the body, due to its 

non-degradability58. Within recent years the formation of anti-PEG antibodies was reported 256 which 

led to an accelerated blood clearance (ABC) in some cases thereby impairing PEG’s initial benefits 151, 

257, 336, 337. Rare anaphylactic reactions observed for the new SARS-CoV-2 mRNA vaccine by BioNTech-

Pfizer might be attributed to the PEG-moiety located on the lipid nanoparticle for vaccine delivery338. 

However, it is not clear yet how serious these PEG-related issues really are, especially in the clinical 

field. PEG is still regarded as a safe excipient and is the preferred macromolecule for half-life extension 

and drug delivery, with other polymers being studied as well 281, 339. 

Polyglycerol (PG) is a highly hydrophilic polymer showing excellent biocompatibility 162, 165, 340, 341 

and further displays stealth properties, that are similar to PEG 342-344. Its half-life is longer than PEG of 

similar molecular weight,162 which led us to the idea of employing linear polyglycerol (LPG) as a 
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polymer for bioconjugation to extend the blood circulation time of biopharmaceuticals. We chose human 

Interleukin-4 (hIL-4 WT) as a model protein, a potent cytokine bearing highly anti-inflammatory 

attributes through polarization of macrophages into the beneficial M2 type 184, 345. hIL-4 has several 

potential applications to target chronic inflammations in wounds, arthritic joints and similar affected 

tissues 233, 345. For site-selective conjugation, we decorated hIL-4’s N-terminus with LPG-variants of 10 

or 40 kDa via a reductive alkylation approach, which has already been used previously for other proteins 

346. The LPG-conjugates were then systematically compared to PEG-analogs of same nominal weights 

and characterized mainly regarding their hydrodynamic size and structural changes followed by 

evaluation of their bioactivity and behavior towards human plasma components in vitro.  

 

Materials and Methods 

Materials 

10 kDa methoxy-PEG-hexylaldehyde (mPEG-aldehyde), and -azide (mPEG-N3) were from Rapp 

Polymers (Tübingen, Germany). 40 kDa mPEG-amine-HCl was from JenKem Technology (Texas, 

USA). Highly purified water from a MilliQ®-system was used for all biological experiments. Buffers 

were degassed and filtered through 0.22 µm regenerated cellulose (RC) filter (Sartorius, Göttingen, 

Germany) before use. All other chemicals and solvents were obtained from Sigma Aldrich (Steinheim, 

Germany) and used without further purification, unless otherwise noted.  

 

Synthesis of LPG-10-, LPG-40- and mPEG-40-aldehyde  

A detailed description of the synthesis part can be found in the Supporting Information.  

 

Expression, purification and characterization of wild-type Interleukin-4 

Human Interleukin-4 (hIL-4 WT) was expressed as described before184, 198, 346. In brief hIL-4 WT was 

cloned into the pET21a-vector between the NdeI and BamHI restriction site, bearing an ampicillin 

resistance. Expression took place in E. coli BL21(DE3) Star bacteria (Thermo Fisher scientific) in 

Terrific Broth Medium at 37 °C. The bacteria were induced at an OD600 of 0.6 with 1 mM IPTG and 

incubated for 5–6 h. Afterwards, bacteria were harvested by centrifugation at 4 °C and 5000 x g for 20 

min, resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 50 mM NaCl, 1 mM EDTA) and sonicated. 

The pellet was then washed twice with lysis buffer containing 1 % Triton X-100, followed by a lysis 

buffer wash, centrifuged and subsequently unfolded in lysis buffer containing 5 M guanidinium 

hydrochloride, 2 mM reduced glutathione and 0.2 mM oxidized glutathione. Refolding was performed 

as described in literature347. The refolded protein was dialyzed against PBS overnight. On the next day 

its pH was adjusted to 5 with AcOH, followed by purification on an ÄKTA pure 25 FPLC system (GE 

Healthcare, Freiburg, Germany)  employing ion exchange chromatography (IEX) using a HiTrap Q XL 

5 mL column (Cytiva Europe GmbH, Freiburg, Germany)  (Buffer A: 25 mM NaOAc, pH 5.0, Buffer 

B: 25 mM NaOAc pH 5.0 + 2 M NaCl) with a linear gradient from 0–40 % B in 12 CV, with hIL-4 WT 
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eluting at 30 % B. hIL-4 WT containing fractions were pooled, dialyzed against buffer A and applied to 

an additional IEX purification step (same buffers as above) using a YMC Biopro IEX smart sep S20 1 

mL column (YMC Europe GmbH, Dinslaken, Germany) with a gradient from 12–60 % B. Collected 

hIL-4 WT fractions were evaluated on purity by SDS-PAGE and subsequently pooled followed by 

determination of hIL-4 WT concentration by standard BCA assay (Pierce BCA Assay Kit, Thermo 

Fisher scientific) following the manufacturer’s instructions. 

 

Synthesis and purification of PG- and PEG-Interleukin-4 bioconjugates 

Linear polyglycerol or polyethylene glycol, all mono-functionalized with a single aldehyde group, were 

conjugated to hIL-4’s N-terminus via reductive amination at pH 5, as described previously348. In short, 

600 µg of protein were diluted into 1 mL pre-chilled 0.1 M NaOAc pH 5 in a 2 mL glass vial followed 

by addition of three-fold molar excess of activated polymer in the same buffer. After gentle mixing, the 

reaction was initiated by adding freshly prepared NaCNBH3 solution (0.5 M) as reducing agent to a final 

concentration of 20 mM. The reaction mixture was shaken on a bioshaker (Quantifoil instruments, Jena, 

Germany) for 16 h at 4 °C. The batch was then diluted 10-fold in 25 mM NaOAc pH 5 and subsequently 

loaded on an ÄKTA pure 25 FPLC system equipped with two HiTrap SP FF 1 mL columns (both GE 

Healthcare, Freiburg, Germany) connected in series (flow rate 1 ml/min), where 25 mM NaOAc pH 5 

served as eluent A. To isolate the monoconjugates from free polymer, unreacted protein and multi-

PEGylated/PGylated species, first a washing step with 5 % eluent B (B = eluent A + 2 M NaCl) for five 

column volumes (CV) was conducted followed by a linear gradient from 10–50 % B for 16 CV to elute 

multi- and mono-PEGylated/PGylated proteins. The fractions with mono-conjugated product were 

collected, pooled and rebuffered against phosphate-buffered saline (PBS) pH 7.4 (137 mM NaCl, 2.7 

mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) in Amicon Ultra 2 centrifugal filter units (MWCO 3 kDa, 

Sigma Aldrich, Steinheim, Germany). Concentration was determined by Nanodrop 2000c (Thermo 

Fisher, Dreieich, Germany) at 280 nm with an extinction coefficient of 8860 M-1 cm-1 184. Samples were 

then aliquoted, snap frozen in liquid N2 and stored at -80 °C until further use. 

 

Sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE analysis was performed under standard denaturing Laemmli-conditions with acrylamide 

concentrations of 5-12 % in the separation gel. Purified fractions were analyzed on gradient gels with a 

concentration of 5–12 %. Gels were run at 200 V and analyzed via ImageLab software 5.2.1. Standard 

Coomassie staining was used to visualize the protein bands.  

 

Size-exclusion multi-angle light scattering (SEC-MALS)  

For molecular weight determination, size-exclusion chromatography coupled to multi-angle light-

scattering (SEC-MALS) was performed on a Hitachi L-2130 HPLC system that was equipped with a 

UV-Vis absorption detector (Hitachi L-2400), a DAWN 8+ MALS detector, and an Optilab refractive 
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index detector (both Wyatt Technology, Dernbach, Germany). For size exclusion, a Superdex 200 

Increase 10/300 GL column (GE Healthcare, Uppsala, Sweden) was used with the mobile phase 

consisting of PBS pH 7.4 operated at a flow rate of 0.5 mL/min. 50 µg of bioconjugate (based on protein 

weight) were injected in each run. Data analysis was followed by the software Astra 6.0 (Wyatt 

Technology, Dernbach, Germany). Protein conjugate analysis was performed by the Wyatt protein-

conjugate application, which was embedded in the Astra software. UV extinction coefficient for hIL-4 

WT was 8860 M-1 cm-1, for dn/dc (differential refractive index) of hIL-4 WT, a typical value of 0.185 

mL/g was used. dn/dc for PEG and LPG were measured at 25 °C on a SEC-3010 RI detector (WGE Dr. 

Bures GmbH, Dallgow, Germany) which was calibrated against potassium chloride and determined as 

0.143 mL/g (PEG) and 0.142 mL/g (LPG). 

 

Reversed Phase (RP)-HPLC analysis  

RP-HPLC analysis was performed on an Agilent 1260 Infinity II system, equipped with a VWD 

detector. The wavelength was set to 214 nm and column oven temperature to 30 °C. 5 µg of each sample 

were applied to a ZORBAX 300SB-CN column (4.6 x 150 mm, particle size = 5 µm) (Agilent, Santa 

Clara, CA, USA) with an autoinjector. For elution of hIL-4 WT or its bioconjugates, a linear gradient 

of 5–60 % was used over 30 min at a flow rate of 1 mL/min (eluent A: Water + 0.1 % TFA, eluent B: 

Acetonitrile + 0.1 % TFA). 

 

Matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF-MS) 

The samples were desalted using ZipTipC18-tips (Pierce C18 Tips, Thermo Fisher Scientific) following 

the manufacturer’s instructions. Matrix-assisted laser desorption ionization (MALDI-MS) spectra were 

acquired in the linear positive mode using an ultrafleXtreme mass spectrometer (Bruker Daltonics, 

Bremen), equipped with a 355 nm smartbeam-II™ laser. Mass spectra were calibrated with bovine 

serum albumin. Sinapinic acid was used as a matrix. 

 

Dynamic Light Scattering (DLS) 

For determination of the hydrodynamic size of hIL-4 WT and its bioconjugates, dynamic light scattering 

was performed on a Malvern Zetasizer ZS (Malvern Panalytical, Herrenberg, Germany). All 

measurements were done at 25 °C in 0.1 M phosphate buffer pH 7.2 (c = 0.4 mg/mL) and samples were 

filtered (0.22 µm) prior to measurements. The hydrodynamic radius is expressed as volume value, as 

displayed in the Zetasizer software version 7.13. 

 

Far-UV Circular Dichroism (CD) 

CD spectra were recorded on a Jasco J810 (Bruker Instruments, Massachusetts, USA) from 190–250 

nm at 20 °C to monitor changes in the far-UV region of hIL-4 WT after polymer modification. 

Measurements were done in 0.1 M phosphate buffer pH 7.2 at a concentration of 0.10–0.11 mg/mL 
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using a bandwidth of 2 nm and a 1 cm-path-length cuvette. Each spectrum was baseline corrected using 

a blank spectrum of buffer. 

 

HEK Blue IL-4/IL-13 Cells in vitro secreting alkaline phosphatase (SEAP) assay  

The cell culture assay was performed according to the manufacturer’s instructions. The used cells (HEK-

Blue™ IL-4/IL-13 Cells), colorimetric reagents and antibiotics were bought from Invivogen (Toulouse, 

France). 

 

Plasma stability in human serum 

For plasma stability, human AB+ plasma from healthy men was used (Sigma Aldrich, Germany, P9523). 

Plasma was thawed on ice only once for aliquotation and thawed once again on ice when used. The 

plasma was incubated in an Eppendorf thermoshaker at 37 °C, 600 rpm. hIL-4 WT or its bioconjugates 

were spiked into the plasma at a final concentration of 1 ng/mL, small aliquots were taken at 

predetermined time points and frozen in liquid nitrogen until further characterization. For quantification 

of hIL-4 WT or its bioconjugates an IL-4 Human ProQuantum Immunoassay Kit (Thermo fisher 

scientific, A35587) was used according to the manufacturer’s instructions with an ABI Prism 7900 HT 

Real time PCR machine using the standard temperature ramp protocol and micro Amptm 96-well qPCR 

plates (Applied Biosystems, Germany, N8010560). 

  

Microscale-thermophoresis (MST) for determination of HSA-binding 

Microscale thermophoresis experiments were carried out on a Monolith NT.115 instrument 

(NanoTemper technologies GmbH, München, Germany) using red laser with LED settings of  

40 % and low MST power. HSA was fluorescently labeled with Alexa Fluor  647 NHS dye (Thermo 

Fisher Scientific, Massachusetts, USA) prior to measurements using the standard protocol provided by 

the manufacturer. To minimize alterations in binding due to a high degree of labeling, we used a neutral 

pH for labeling to favor modification at the protein’s N-terminus rather than its lysine-residues 349. After 

purification, the degree of HSA-labeling was determined as 0.33 according to the manufacturer’s 

instructions. Without the use of surfactant, HSA was sticking to the capillaries during measurement 

causing fluctuations in fluorescence, that was also present when using premium type capillaries 

(NanoTemper technologies GmbH). Therefore, we selected PBS pH 7.4 including 0.05 % Tween20 as 

buffer system for our measurements. Concentration of HSA was set to 50 nM whereas the hIL-4 WT 

samples were added in a concentration range between 0.4–10,250 nM. Samples were centrifuged at 

13,000 g for 5 min directly before measurements and subsequently loaded into normal Monolith NT.115 

capillaries. All samples were prepared and measured in triplicates, with 2–6 runs per measurement.  
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Anti-PEG antibody ELISA of LPG, PEG and its hIL-4-bioconjugates  

Binding of hIL-4 bioconjugates to anti-PEG antibodies was analyzed by a commercially available 

Poly(ethylene) glycol ELISA Kit (ab215546, Abcam, Berlin, Germany). The assay was performed in 

duplicates according to the manufacturer’s instructions. Binding of the free polymers (mPEG-N3 and 

LPG-N3, both 10 kDa) to anti-PEG antibodies was determined by the Methoxy-PEG SPARCLTM Assay 

(Life Diagnostics, USA). The assay was performed in duplicates using a Tecan Infinite M Plex Plate 

reader (Tecan Group Ltd., Männedorf, Switzerland) according to the manufacturer’s instructions with 

slight modifications. For luminescence measurement, 38 µL were injected and luminescence was 

acquired over 4000 ms, with an initial 100 ms settle time.  

 

Surface plasmon resonance (SPR) 

SPR was performed on a Biacore X100 (GE Healthcare, Freiburg, Germany) to study the binding of 

commercial anti-PEG antibodies to immobilized LPG and mPEG (both 10 kDa). Therefore, the 

polymers were functionalized with biotin, starting from LPG-NH2 or mPEG-N3, respectively. To a 

solution of LPG-NH2 (1 mg/mL in PBS/DMSO (10/1)) a 20-fold molar excess of N-

hydroxysuccinimidobiotin (Abcr, Germany) was added and stirred over night at room temperature 

followed by dialysis against water. mPEG-N3 was modified by copper-catalyzed azide-alkyne click 

reaction in PBS/MeOH (1/1) in the presence of 5 mM sodium ascorbate, 0.5 mM CuSO4 and 2.5 mM 

THPTA (Lumiprobe GmbH, Hannover, Germany), as previously described 350. The polymer was 

dissolved in PBS/MeOH (33 mg/mL) and mixed with a 10-fold molar excess of propargyl-biotin 

(Lumiprobe GmbH, Hannover, Germany) followed by the addition of a pre-mix consisting of CuSO4, 

THPTA and sodium ascorbate. The mixture was stirred for three days at room temperature followed by 

dialysis against water.   

Each of the biotin-labeled polymers was subsequently immobilized on one cell of a streptavidin gold 

chip (GE Healthcare, Freiburg, Germany) in HBS-N buffer (100 mM HEPES pH 7.4, 150 mM NaCl) 

with a contact time of 1080 s to reach a final immobilization level of around 850–1000 RU. For SPR-

experiments, anti-PEG antibodies directed against the PEG-backbone (mouse monoclonal, clone 09F02, 

Biovision Inc., USA) or the methoxy group of PEG (rabbit monoclonal, clone RM105, Invitrogen) were 

allowed to flow over the respective LPG- or PEG-modified surface at concentrations of 0, 10 or 100 nM 

(flow rate: 30 µL/min, association time: 150 s, dissociation time: 900 s). At the end of each cycle, the 

chip was regenerated by a solution of 10 mM Glycine pH 2 for 12 s. Blank runs with buffer were 

subtracted from the binding curves, which were measured in comparison to an uncoated reference cell 

on the same SA-chip. 
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Results and Discussion 

Expression of hIL-4 WT and synthesis of its mono-PG and -PEG bioconjugates 

LPG-mono-aldehyde as well as mPEG-40-aldehyde were synthesized as described previously (for 

polymer characteristics see table S1)166. To exclude a variety in linker structure, the same moiety 

consisting of a hexyl-spacer between polymer backbone and reactive group was used (Scheme 1). 

 
Scheme 1. Reaction scheme for the synthesis of N-terminal hIL-4 WT bioconjugates. (PDB of hIL-4 WT: 2b8u) 

 

hIL-4 WT was expressed in E. coli using a simple expression protocol yielding sufficient amounts, as 

demonstrated in Figure 1 (Lane 2: appearance of protein band at 15 kDa). The N-terminus of hIL-4 WT 

is not engaged into  

any molecular interactions regarding hIL-4 WT tertiary structure or during receptor binding with IL-4 

receptor-α (IL-4Rα) in its Type I and II receptor binding complex (Figure 2) therefore representing a 

suitable attachment site for polymer modification. Targeting the N-terminus for selective bioconjugation 

bears some advantages, as it is usually solvent exposed thereby enabling direct use of the wild-type 

protein. Its N-terminal α-amino group shows a pka-value ≈ 6–9 and therefore displays higher reactivity 

at acidic pH than lysine -amino groups (pka ≈ 10.5) 349, 351. 
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Figure 1. SDS-PAGE of hIL-4 WT and its purified bioconjugates. (1) hIL-4 WT uninduced (2) hIL-4 WT induced 

for 6 h (3) hIL-4 WT, (4) hIL-4-NH-10-PEG, (5) hIL-4-NH-10-LPG, (6) hIL-4-NH-40-PEG (7) hIL-4-NH-40-

LPG.  
 

On the SDS-gel, a shift to higher molecular weight can be observed after polymer conjugation, with the 

mono-conjugated product being the preferred one under acidic conditions (Figure 1). The diminished 

gel-migration of the bioconjugates (compared to Mw-marker) is possibly due to polymer specific 

interactions with SDS and has already been described for PEG 238, 352. hIL-4-NH-LPG bioconjugates 

showed even shorter migration confirming earlier findings for N-terminally modified anakinra 166, and 

suggests a reduced interaction with SDS for LPG-bioconjugates. Due to reactions with hIL-4’s side 

chain lysine-NH2 groups, multiple bands occurred on the gel reflecting di- or multi-PEGylated/PGylated 

species (Figure S1), with the mono-product being the preferred one under acidic conditions. The mono-

conjugated hIL-4 bioconjugate was isolated by ion exchange chromatography, where unmodified hIL-

4 WT as well as multi-conjugated hIL-4 WT varied in their elution profile due to a different extent of 

charge shielding of the protein surfaces. (Figure S2). Overall yields of mono-hIL-4 bioconjugates after 

purification were around 32 % (LPG) and 42 % (PEG) in the case of the 10 kDa polymers and expectedly 

decreased for the larger 40 kDa chains (12 % and 32 %, respectively). 
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Figure 2. (A) hIL-4 WT engaged in its receptor binding complex(es) Type I and II (PDB: 2b8u, 3bpl and 3bpn 

are superimposed). hIL-4 WT is displayed in black to white (N to C terminus) with its N-terminal residue 

highlighted in green. Side chain residues engaged into receptor binding are displayed in the color of the receptor. 

IL-4Rα is displayed in red. IL-4Rγc is displayed in petrol (Type I). IL-13Rα1 is displayed in orange (Type II). 

LPG is displayed as a stick model and was attached artificially to the N-terminal histidine for demonstration 

purposes of its positioning. (B) Polar contacts in the N-terminal environment during Type I and II receptor binding. 

 

Characterization of hIL-4 WT bioconjugates by MALDI-TOF MS, SEC-MALS and RP-HPLC 

MALDI MS spectra of hIL-4 WT and its 10 kDa bioconjugates showed molecular weights close to their 

theoretical values (≈ 25 kDa, Figure 3B/C) and further confirmed good comparability between LPG- 

and PEG-variants of the protein. Enzymatic in-gel digestion of hIL-4 WT and hIL-4-NH-10-PEG was 

employed to proof the N-terminal conjugation of the polymers. The resulting peptide digests contained 

different fragments including one N-terminal peptide bearing the 10 kDa PEG-moiety that was only found 

in the bioconjugate. We therefore assumed the N-terminus being the main polymer attachment site on 

the protein (Figure S4). 

 

 

Figure 3. MALDI-TOF analysis of (A) hIL-4 WT (expected Mass +1H+: 15095.40) (B) hIL-4-NH-10-LPG (C) 

hIL-4-NH-10-PEG. 

A B 
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Further analysis by SEC-MALS confirmed the good comparability between masses of hIL-4-NH-10-

LPG and -PEG, respectively. For the 40 kDa-bioconjugates, a mass close to its theoretical value (≈ 55 

kDa) was obtained for hIL-4-NH-40-PEG, whereas a slightly larger molecular weight was determined 

for the 40 kDa LPG-analog, most likely due to its larger dispersity being also observed in SDS-PAGE 

(Table 1, Figure 1).  

In SEC, hIL-4 WT was retained longest on the column (retention time (r.t.) 35.80 min), as it displayed 

the smallest hydrodynamic size of all analyzed compounds (Figure 4A). Upon polymer conjugation, 

elution was shifted to earlier time points, where the hIL-4-NH-LPG bioconjugates eluted a bit later than 

their PEG-analogs being substantiated by LPG’s slightly more compact structure162 (r.t. 27.11 min (10-

LPG) vs. 25.00 min (10-PEG) and 18.79 min (40-LPG) vs. 18.18 min (40-PEG)). We observed this 

phenomenon previously as well for another N-terminally modified protein, displaying a similar SEC-

profile of LPG- and PEG-bioconjugates 166.  

 

Table 1. Molecular weight of hIL-4 WT and its bioconjugates determined by SEC-MALS and MALDI-TOF-

MS 

 SEC-MALS [kDa] Đ MALDI-TOF-MS [kDa] 

hIL-4 WT 15.6 1.00 15.1 

hIL-4-NH-10-LPG 29.8 1.06 29.4 

hIL-4-NH-10-PEG 30.9 1.01 26.0 

hIL-4-NH-40-LPG 72.9 1.08 n.d. 

hIL-4-NH-40-PEG 59.9 1.01 n.d. 

n.d.: not determined, Đ: dispersity 

 

The hydrophobic elution behavior of IL-4 WT and its bioconjugates was examined by RP-HPLC 

analysis using a CN column, which shows stronger separation according to protein hydrophobicity than 

common C18 columns. As demonstrated from the elution profile in reference to hIL-4 WT (r.t. 26.31 

min), LPG and PEG significantly impact the protein’s overall hydrophilicity (Figure 4B). Conjugation 

of PEG to hIL-4 WT decreased its hydrophilicity and led to stronger retention on the column, which 

was quite similar for 10 kDa (r.t. 27.13 min) and 40 kDa PEG (r.t. 26.95 min). The slightly earlier elution 

of the 40 kDa PEG bioconjugate might be attributed to its larger sterical shielding against interaction 

with the column matrix. Due to the combination of its hydrophilic oxygen atoms and hydrophobic 

ethylene units, PEG displays amphiphilic properties. The stronger retention on reversed-phase columns 

has been shown previously for other PEGylated biomolecules which confirms our findings from HPLC 

analysis 353-355. In contrast, conjugation of 10 kDa LPG to hIL-4 WT (r.t. 25.23 min) distinctly increased 

the hydrophilicity, therefore displaying earlier elution. This effect was even more pronounced in the 

case of 40 kDa LPG (r.t. 23.66 min), confirming a chain-length dependent effect for LPG. 
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Figure 4. (A) SEC-traces and (B) RP-HPLC analysis of hIL-4 WT and its bioconjugates. 

 

Determination of secondary structure and hydrodynamic size 

To exclude perturbance of hIL-4’s secondary structure after polymer modification, circular dichroism 

was employed for structural characterization. hIL-4 WT shows a strong alpha helical motif, displaying 

three extrema at 193, 208 and 222 nm 184. After polymer conjugation, no significant changes in the 

overall alpha-helical structure of hIL-4 WT were observed. (Figure 5A). There was no evidence of 

random-coil or beta-sheet formation present therefore supporting structural retainment of the 

bioconjugates, independent of polymer type or length. 

 

 
Figure 5. (A) CD-spectra of hIL-4 WT and its bioconjugates at 20 °C (n = 3). Data for hIL-4 WT adapted from 

Ref. 198, with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim (License Number: 

5154190195649). (B) Hydrodynamic radius of hIL-4 WT and its bioconjugates at 25 °C (n = 3, hIL-4-NH-10-

LPG: n = 2). *p ≤ 0.05 (Data analyzed using one-way ANOVA). 
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Hydrodynamic size of hIL-4 bioconjugates 

Dynamic light scattering was employed to determine the hydrodynamic size of the bioconjugates.  

hIL-4 WT showed a radius of 1.6 nm at pH 7.4, which was close to earlier reported values obtained from 

similar molecular weight proteins (Figure 5B and Table 2) 356. Conjugation of a single polymer led to 

a distinct increase in size, that was even more pronounced in the case of the 40 kDa bioconjugates 

thereby confirming a chain-length dependent volume expansion. PEG’s known ability to form stable 

hydration layers consisting of around three water molecules per monomer unit357 impacts the overall 

hydrodynamic volume of protein conjugates, possibly attributed similar for LPG. Furthermore, the 

highly flexible PEG chain of a mono-bioconjugate usually shows random-coil structure adjacent to the 

protein (dumbbell-model)245, leading to a larger overall size.  

Despite its higher abundance of OH-groups in polymer backbone, differences between 10 kDa LPG- 

and PEG-conjugates were not significant, with IL-4-NH-LPG-10 kDa being slightly more compact, 

which confirms our findings from SEC. The hIL-4-NH-40-LPG bioconjugate was slightly larger than 

its PEG-analog, which is likely attributed to a salt effect in DLS, whereas SEC confirmed comparable 

hydrodynamic sizes between the LPG- and PEG-40-bioconjugate. Previous studies by various methods 

showed, that high molecular weight LPG alone (100 kDa) displayed a distinct smaller size than its PEG-

analog of same nominal weight (7.4–7.6 nm difference in radius)162. However, in our case we did not 

observe such a clear difference between the LPG- and PEG-bioconjugates within the molecular weight 

range used in this study. We speculate this distinct compactness might only be pronounced for the free 

polymer bearing larger chain lengths and therefore higher molecular weights. 

 

In vitro activity of hIL-4 bioconjugates 

To assess the impact of polymer conjugation on hIL-4’s in vitro activity, we tested our bioconjugates in 

a HEK 293 cell line expressing IL-4-Rα and IL-13Rα1. Binding of hIL-4 WT to IL-4-Rα is recognized 

by IL-13Rα1 resulting in a dimerization of the receptor, which triggers a tyrosine kinase (Tyk2, JAK1)-

mediated translocation of STAT6 into the nucleus358. The latter promotes expression of secreted 

embryonic alkaline phosphatase (SEAP), which can be finally determined in a colorimetric assay.  
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Figure 6. SEAP assay of HEK Blue IL-4/IL-13 cells after 20 h of stimulation with hIL-4 WT and its bioconjugates. 

Data points represent mean with SD (n = 3).  

 

hIL-4 WT binds to its IL-4Rα-subunit in the pM range359, which was confirmed by an EC50-range of 

1.7 – 2.1 pM in our assay (Figure 6, Table 2). Upon polymer conjugation, the biological activity of 

hIL-4 WT diminished, with hIL-4-NH-10-LPG and hIL-4-NH-10-PEG displaying an approximately 

three-fold reduced bioactivity. Further extension of the polymer chain resulted in an almost twelve-fold 

decrease of receptor activation. (EC50: 20.0 – 24.2 pM and 20.8 – 25.9 pM for hIL-4-NH-40-LPG and 

-40-PEG, respectively). The loss in bioactivity thereby scaled proportionally to the increase in polymer 

molecular weight, as each additional 10 kDa polymer-unit resulted in an approximately three-fold 

reduction of in vitro activity of hIL-4 WT (Table 2). Despite their different hydrophilicity profile, LPG- 

and PEG-bioconjugates of same nominal weights displayed comparable biological activities, which is 

in line with other LPG- and PEG-bioconjugates reported 166, 288. Therefore, we assume the rationale 

behind diminished biological potency originates from steric hindrance caused by larger hydrodynamic 

sizes rather than from variations in the bioconjugates hydrophilicity.  

In another study by Lühmann et al., 4 kDa poly(2-methyloxazoline) (PMeOx) was employed for the 

site-specific modification of hIL-4 followed by characterization of its in vitro activity with a similar 

SEAP-assay as applied here 184. The SEAP-expression level of PMeOx-hIL-4 was close to unmodified 

hIL-4 WT but diminished about factor 1.2–1.4, which is proportionally in line with the results obtained 

for our hIL-4-NH-LPG and -PEG bioconjugates. PMeOx displays comparable hydrophilicity to PEG, 

but a slightly smaller hydrodynamic size, which might be beneficial in maintaining the biological 

activity of proteins 178, 360. Coupling of PMeOx occurred at an alkyne-functionalized lysine at position 

#K42, which is in close proximity to hIL-4’s N-terminus therefore allowing a certain comparability with 

the bioconjugates investigated here. However, the molecular weight of the polymers is different (4 kDa 

vs. 10 and 40 kDa, respectively) which impedes a direct contrasting of the in vitro activity of the 

respective bioconjugates. 

 



Chapter 5 – Linear Polyglycerol for N-terminal-selective Modification of 

Interleukin-4 

139 

 

Plasma stability and HSA-binding of hIL-4 WT and its bioconjugates 

To reveal potential benefits through polymer conjugation impacting the plasma stability of hIL-4 WT, 

we incubated the free protein or its bioconjugates for 24 h in human plasma and collected samples at 

predetermined timepoints. No significant decrease in hIL-4 WT content in plasma was observed for up 

to 24 h therefore demonstrating good stability in vitro (Figure 7A). Conjugation of LPG or PEG of 

different molecular weights to hIL-4 WT had no significant impact on its plasma stability, as all 

bioconjugates remained stable for up to 24 h, which confirms previous data for PEGylated murine IL-4 

233.  

Table 2. Important biological parameters of hIL-4 WT and its bioconjugates. Hydrodynamic radius is displayed 

as mean ± SD (n = 3, *n=2). EC50 and KD values are displayed as 95% confidence intervals. 

 Hydrodynamic radius EC50 [pM] KD to HSA [nM] 

hIL-4 WT 1.6 ± 0.2 1.7-2.1 19.5-65.3 

15.09 
hIL-4-NH-10-LPG* 3.5 ± 0.3 5.8-6.7 281.1-347.2 

26.0 
hIL-4-NH-10-PEG 3.6 ± 0.1 5.1-5.8 93.7-255.1 

29.417 
hIL-4-NH-40-LPG 7.0 ± 0.2 20.0-24.2 126.1-286.6 

n.d. 
hIL-4-NH-40-PEG 5.4 ± 0.2 20.8-25.9 298.9-332.0 

n.d.  

Besides stability, we further investigated binding of hIL-4 WT and its bioconjugates to the most 

abundant plasma protein human serum albumin (HSA). In pharmaceutical development, plasma protein 

binding is of high interest, as its extent usually impacts bioavailability and -distribution of drugs. HSA 

is often used as a target to increase blood circulation time by incorporating albumin-binding motifs on 

the target protein361, 362, or direct fusion to an albumin molecule 363. Figure 7B shows the binding curves 

for hIL-4 WT and its LPG- and PEG-bioconjugates, where free hIL-4 WT displayed relatively strong 

binding in the nM-range (kD = 42.4 nM). Upon polymer conjugation, the affinity to HSA decreased with 

ascending polymer length in the case of hIL-4-PEG-conjugates (kD = 159.4 nM and 315.5 nM for hIL-

4-NH-10-PEG and -40-PEG, respectively), which we mostly attribute to steric hindrance and the stealth 

effect of PEG 364. Furthermore, PEG might prevent hydrophobic interactions between hIL-4 WT and 

HSA due to its amphiphilic nature 365-367. The LPG-variants of hIL-4 WT on the other hand showed an 

inverse behavior regarding HSA-affinity, with the larger hIL-4-NH-40-LPG displaying superior affinity 

to HSA (kD = 206.3 nM) compared to its 10-kDa analog (kD = 314.1 nM). We assume that the distinct 

higher hydrophilicity of the hIL-4-NH-40-LPG bioconjugate might promote HSA-binding to hIL-4 WT, 

even though differences are only modest. Even though the overall HSA binding diminished in 

comparison to hIL-4 WT, this minor effect will be likely negligible for the circulation half-life of hIL-

4-LPG bioconjugates. hIL-4 WT alone shows a serum half-life of only 19 min in humans368, which can 

already be extended six-fold in mice through the addition of a 10 kDa PEG moiety233 showing as similar 

HSA binding properties as hIL-4-NH-40-LPG (Figure 7B). Therefore, an extended circulation time of 
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hIL-4-LPG bioconjugates will be mostly attributed to an increase in hydrodynamic size rather than to 

their binding to HSA. 

 

Figure 7. (A) ELISA quantification of hIL-4 WT and its bioconjugates after incubation in human plasma for 24 

h. (B) Binding analysis of hIL-4 WT and its bioconjugates with fluorescently labeled HSA upon thermophoresis. 

Each data point represents mean with SD (n = 3). 

Binding of LPG, PEG and its hIL-4-bioconjugates to anti-PEG antibodies 

The immunogenicity of PEG is mostly elicited in combination with highly immunogenic, non-human 

proteins, rather than from the PEG-moiety itself. The extent of anti-PEG antibody formation in vivo 

thereby correlates with the immunogenicity of the conjugated protein.369 To disclose differences 

between LPG and PEG in terms of anti-polymer antibody formation, we speculate that human IL-4 

might not represent the best model protein for this purpose. Other proteins with higher immunogenicity 

from a different host might be better candidates for this type of study. Therefore, we rather focused on 

the antigenicity and cross-reactivity of LPG to anti-PEG antibodies by analyzing the free polymers and 

the respective hIL-4-bioconjugates via ELISA (Figure S5) and surface plasmon resonance (SPR) 

(Figure 8) techniques. To examine the cross-reactivity of LPG to anti-PEG antibodies, we analyzed the 

free polymers and the respective hIL-4-bioconjugates via ELISA (Figure S5) and surface plasmon 

resonance (SPR) (Figure 8). For binding of PEG to its antibodies, typically 3–6 oxyethylene units are 

necessary 154. Previous studies on the cross-reactivity of other polymers towards commercial anti-PEG 

antibodies revealed the importance of the C-C-O motif in the polymer backbone which promotes 

specificity via hydrophobic interactions of the ethylene units with the respective antibody 370. As an 

increase in the hydrophilicity of the C-C-O unit was speculated to mitigate this interaction,370 we aimed 

to examine this on LPG and its hIL-4-bioconjugates.  

The hIL-4-NH-PEG bioconjugates showed clear binding to the respective immobilized anti-PEG 

antibodies, which was diminished in the case of the hIL-4-LPG bioconjugates (Figure S5A). The latter 

thereby followed the curve of unmodified hIL-4 WT suggesting non-specific binding to anti-PEG 

antibodies with no significant contribution of the LPG-unit. The BSA-PEG standard used in this assay 

consisted of BSA modified with 10 PEG-moieties of 5 kDa therefore leading to a stronger signal at 



Chapter 5 – Linear Polyglycerol for N-terminal-selective Modification of 

Interleukin-4 

141 

 

lower concentrations. Furthermore, analysis of the free polymers unraveled significant binding of mPEG 

to anti-PEG antibodies directed against the terminal methoxy group and C-C-O backbone, whereas LPG 

of same molecular weight displayed negligible binding (Figure S5B). Similar results were found for the 

free polymers by employing SPR (Figure 8), where LPG displayed no substantial binding to commercial 

anti-PEG antibodies directed against the PEG-backbone or its terminal methoxy group (Figure 8A). In 

contrast, mPEG demonstrated clear binding to both tested antibodies (Figure 8B). Our results indicate 

that increasing the hydrophilicity of the C-C-O motif could lead to a diminished binding to anti-PEG 

antibodies. However, to fully confirm this, more anti-PEG antibodies of other subclasses (IgM, IgG) 

with varying specificity would need to be tested. 

 

 

Figure 8. Binding of anti-PEG antibodies at indicated concentrations to (A) immobilized LPG and  

(B) immobilized mPEG.  

 

Conclusion 

In this article, we demonstrate site-selective N-terminal ligation of human interleukin-4 WT with the 

two distinct polymer types, linear polyglycerol and poly(ethylene glycol). N-terminal conjugation was 

achieved through a reductive alkylation approach at acidic pH yielding the respective mono-conjugates 

of hIL-4 WT, which were subsequently contrasted in terms of molecular size, in vitro stability, 

bioactivity and HSA-binding properties. hIL-4-PEG and -LPG bioconjugates of same nominal weights 

showed comparable molecular masses and hydrodynamic sizes. The alpha-helical structure of hIL-4 WT 

was retained after polymer modification, whereas the bioactivity decreased in a molecular weight 

dependent manner, where hIL-4-PEG and -LPG bioconjugates of same nominal weights behaved 

similar. All bioconjugates as well as the free protein showed no degradation for up to 24 h in human 

plasma therefore indicating good in vitro stability. The affinity of hIL-4 WT to the plasma protein HSA 

generally diminished after polymer conjugation. Furthermore, we found a reduced binding for free LPG 

and its hIL-4-LPG bioconjugates to anti-PEG antibodies, which was in contrast to free PEG and hIL-4-

PEG bioconjugates.   
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To our knowledge, this is the first study describing the N-terminal polymer modification of hIL-4 WT. 

We believe the data presented here could serve as a fundamental to unravel differences in the 

pharmacokinetic and pharmacodynamic in vivo profile of PEGylated and PGylated forms of hIL-4 WT. 

From an in vitro perspective, N-terminal hIL-4-LPG bioconjugates showed equivalent biological 

performance to their PEG-analogs therefore highlighting the good potential of LPG as an alternative 

polymer platform to improve the pharmacokinetics of small biologics.  
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Supporting Information to Chapter 5 

Experimental 

Dialysis tubes, molecular weight cut-off (MWCO) 1 kDa, were from Carl Roth (Karlsruhe, Germany). 

40 kDa LPG-N3 was purified additionally by Tangential Flow Filtration (RC-membrane, MWCO 10 

kDa). Gel-permeation chromatography (GPC) of the LPG-N3 polymers was performed on an Agilent 

HPLC system containing an IsoPump (G1310A), a refractive index detector (G1362A) and a manual 

injection unit (G1328B) (Agilent 1100 Series, PSS, Mainz, Germany). 0.1 M NaNO3 was used as mobile 

phase on three Suprema size exclusion columns (calibrated against pullulan (342–708,000 Da)) 

connected in series to determine molecular weight distribution of the LPGs (Table S1).  

 

Synthesis of LPG-10, LPG-40 and PEG-40-aldehyde 

The synthesis of LPG- and PEG-aldehyde follows a previous protocol166 and is described here in short. 

LPG-Br was synthesized starting from the monomer ethoxy ethyl glycidyl ether (EEGE)371  through 

anionic ring-opening polymerization according to Weinhart, et al.372 In short, tetraoctylammonium 

bromide as initiator was added to a dried Schlenk flask under inert atmosphere, melted under vacuum 

and dissolved in dry toluene after cooling to room temperature. Subsequently, EEGE was added while 

cooling to 4 °C with an ice bath and the polymerization was initiated by fast addition of the catalyst 

triisobutylaluminium via syringe. After 16 h at room temperature, the reaction was quenched with 

ethanol and further purified by several cycles consisting of freezing and subsequent centrifugation, 

followed by final dialysis against acetone. The obtained product LPEEGE-Br was then deprotected over 

night in 3 % HCl (conc.), azidated and subsequently reduced with Tris(2-carboxyethyl)phosphine-

hydrochloride (TCEP-HCl) to yield the respective LPG mono amine. In a final step, LPG-amine was 

modified with the short linker 6,6-dimethoxyhexanoic acid (synthesized from 2-Hydroxycyclohexanone 

dimer, as described previously151, 373) in DMF in the presence of N,N,N′,N′-Tetramethyl-O-(N-

succinimidyl)uronium hexafluorophosphate (HSTU) and N,N-Diisopropylamine. After 72 h, the 

reaction mixture was dialyzed against water (three days) followed by acidic deprotection (3 % HCl 

conc.) and lyophilization to yield the aldehyde-bearing polymer as slightly yellow solid.  

Synthesis of mPEG-40-aldehyde followed the same protocol as described above, starting from the 

amine-stage with the commercially available mPEG-40-NH2-HCl. 

  

Endoproteinase GluC in-gel digest 

In gel digest of hIL-4-NH-10-PEG was performed as described before with GluC (Promega) in 100 mM 

ammonium bicarbonate buffer instead of Elastase198. After 5% TFA extraction following overnight 

digest MALDI-MS was performed as described in the experimental section. GluC was chosen over 

Trypsin to yield a longer amino acid chain rest, as Il-4 contains a lysine at position 2, leaving only a 2 

AA residue. 
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Figure S1. SDS-PAGE of coupling reactions of hIL-4 WT with its different polymers.  

(1) hIL-4 WT, (2) hIL-4-NH-10-LPG, (3) hIL-4-NH-10-PEG, (4) hIL-4-NH-40-LPG, (5) hIL-4-NH-40-PEG. 

 

  

 

Table S1. Molecular weight characteristics and level of aldehyde content of the different polymers used in this 

study. (adapted from ref [166]) 

polymer sample Mn 

[g/mol] 

Mw 

[g/mol] 

Đ end group conversion to 

protected aldehyde [%] 

10-LPG-N3 12222 14620 1.20 66 

40-LPG-N3 49377 64421 1.30 61 

10-mPEG-CHO - 11153a 1.05 >95 

40-mPEG-NH2-HCl - 42266b 1.03 13 

10-LPG-N3 10518 13979 1.33 - 

10-mPEG-N3 - 11153a 1.05 - 

The number in the polymer sample describes the nominal molecular weight in kDa. The properties 

of PEG were used as supplied by the manufacturer’s data sheet. The calculation of the number of 

protected aldehyde-functionalized polymer chains is described previously.166 Đ = dispersity. aMp-

value. bMALDI-TOF. 
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Figure S2. FPLC cation exchange chromatogram of purification of (A) hIL-4-NH-10 kDa and (B) hIL-4-NH-40 

kDa conjugates. 

 

Figure S3. SEC-MALS data of hIL-4 WT and its LPG- and PEG-conjugates. (A) hIL-4 WT  

(B) hIL4-NH-10-LPG, (C) hIL-4-NH-10-PEG, (D) hIL-4-NH-40-LPG, (E) hIL-4-NH-40-PEG. 
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Figure S4. Mass spectra of peptide mixtures after GluC in-gel digestion. (A) GluC in-gel digest of hIL-4-NH-10-

PEG. The arrow indicates the N-terminal fragment bearing the 10 kDa PEG, which was only found in the 

conjugate, with a peak mass of 11,847 Da (1-10: 1275.48 Da + 10572 Da PEG). (B) GluC in-gel digest of hIL-4 

WT. 

 

 

Figure S5. (A) Anti-PEG ELISA of hIL-4 WT and its bioconjugates using a recombinant monoclonal antibody 

directed against the PEG backbone structure. Each data point represents mean with SD (n = 2). (B) Anti-PEG 

ELISA of 10 kDa polymers using a combination of a monoclonal antibody directed against the terminal methoxy 

group of mPEG and a monoclonal antibody directed against the PEG backbone. Each data point represents mean 

with SD (n = 2).  
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Abstract 

Interleukin-4 (IL-4) is a potentially interesting anti-inflammatory therapeutic, which is rapidly excreted. 

Therefore, serum half-life extension by polymer conjugation is desirable, which may be done by 

PEGylation. Here, we use PEtOx as an alternative to PEG for bioconjugate engineering. We genetically 

extended murine IL-4 (mIL-4) with the D-domain of insulin like growth factor I (IGF-I), a previously 

identified substrate of transglutaminase (TG) Factor XIIIa (FXIIIa). Thereby, engineered mIL-4 (mIL-

4-TG) became an educt for TG catalyzed C-terminal, site-directed conjugation. This was deployed to 

enzymatically couple an azide group containing peptide sequence to mIL-4, allowing C-terminal 

bioconjugation of polyethylene glycol or poly(2-ethyl-2-oxazoline). Both bioconjugates had wild type 

potency and alternatively polarized macrophages.  

Introduction 

IL-4 polarizes macrophages to the alternative M2 phenotype with potential therapeutic value for 

inflammatory conditions including rheumatoid arthritis.233, 374, 375 IL-4 activity is species specific for 

mouse (mIL-4)233 and humans (hIL-4).184 This study focuses on mIL-4. The human- as well as the 

murine IL-4 are small proteins with a molecular weight around 13.5 kDa. IL-4 is cleared rapidly by renal 

excretion after i.v. injection resulting in serum half-life times of around 20 min in humans, thereby 

limiting its therapeutical possibilities.368 Previous studies presenting mIL-4 mutants with an unnatural 

amino acid (uAA) being introduced by means of genetic code expansion were successfully conjugated 

to polyethylene glycol (PEG) and resulted in bioactive and pharmacokinetically improved 

bioconjugates.184, 233 The advantage of specific bioconjugation through uAA including product 

homogeneity comes at the expense of yield, costs of goods and complex production efforts.376 

Alternatives include bioinspired, enzymatic bioconjugation approaches.377, 378 One approach is by using 

tansglutaminases (TGases), enzymes that catalyze the formation of an isopeptide bonds among proteins 

catalyzing a nucleophilic attack of lysine (K) at glutamine (Q).379 TGases have been used for the 

immobilization of proteins to extracellular matrices,380 covalent protein incorporation in fibrin 

hydrogels, 381-385 and site-specific modification of antibodies.386 The circulating coagulation factor 

FXIII, which is activated in a thrombin-dependent manner to its active form FXIIIa is a therapeutically 

used TGase.387 This activity of FXIIIa was successfully used for a variety of substrates, for example for 

short peptides derived from α2-plasmin inhibitor388 as well as the D-domain of IGF-I.329  

PEG is a frequently used polymer for bioconjugation, reflecting its known safety profile, 

biocompatibility and ability for addressing pharmacokinetic challenges of biologics with improper 

disposition kinetics.153, 335 However, recent studies reported rare cases of PEG accumulation in liver, 

bone, skin, and other tissues with potential safety concerns.320, 339, 389 Further studies reported the 

formation of anti-PEG antibodies after repeated exposure with potential impact on the bioconjugates’ 

terminal half-life. Although in another context than bioconjugation, PEG related safety aspects were 

discussed for mRNA vaccination.157, 390 These findings elicited the search for alternative polymers. One 
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potential class are hydrophilic poly(2-oxazoline)s (POx) such as poly(2-ethyl-2-oxazoline)s 

(PEtOx)with ethyl moieties.178, 179, 182, 391-394 For example, a site-specific POxylated form of the dopamine 

receptor antagonist rotigotine was already profiled in patients.186 Several studies have shown, that PEtOx 

is comparable to PEG regarding its biocompatibility177, 185 (red blood cell aggregation,179 cytotoxicity,179 

potency,98, 395 serum half-life extension393). Especially daily exposure to PEG promotes the formation of 

anti-PEG antibodies, thereby impairing PEGs initial benefits.151, 155, 256, 257, 396 

Here, mIL-4 was used for biorthogonal chemo-enzymatic bioconjugation in a site-specific manner. The 

general strategy was to recombinantly integrate IGF-I’s D-domain, a known substrate to FXIIIa, into 

the mIL-4 sequence (Scheme 1A). The resulting mIL-4 mutant was enzymatically decorated with an 

azide group containing peptide, thereby becoming an educt for copper-free click chemistry (Scheme 

1B) with dibenzocyclooctyne (DBCO) end functionalized PEtOx, or PEG (Scheme 1C). 

Results and Discussion 

We genetically engineered mIL-4-wt and its mutant mIL-4-TG containing an additional hydrophilic 

peptide spacer and a recognition peptide sequence for FXIIIa at the C-terminus, referred to as mIL-4-

TG. This TG recognition peptide sequence (PLKPAKSA) is derived from the D-domain of IGF-I by 

means of which IGF-I is enzymatically bound to the extracellular matrix (Scheme 1A).93, 329, 377, 378 The 

use of microbial transglutaminases is an alternative. However, we selected FXIIIa, an FDA and EMA 

approved drug substance – as of previously demonstrated compatibility with the D-domain of IGF-I.286, 

378 IGF-I is also an FDA approved drug substance. 
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Scheme 1: Site-specific modification of murine IL-4. (A) Amino acid sequence alignment of mIL-4-wt and mIL-

4-TG. The C-terminus of the mIL-4-TG mutant carries a hydrophilic (GGGGS)3 spacer (grey) followed by a 

FXIIIa recognition sequence derived from the IGF-I D-domain PLKPAKSA (orange). (B) The mIL-4-TG mutant 

was enzymatically coupled by FXIIIa to a linker peptide with the sequence NQEQVSPL containing 

azidohomoalanine (Aha; green). (C) A DBCO-functionalized polymer (PEG or PEtOx) was ‘clicked’ to the azide 

group of the linker peptide resulting in (D), the final mIL-4 bioconjugates. 

 

Factor XIIIa catalyzes a covalent isopeptide bond between the C-terminal lysine (K) of mIL-4-TG and 

a peptide containing glutamine (Q) and Aha featuring the product for SPAAC reactions (Scheme 1B). 

Subsequently, this product was reacted with either DBCO functionalized PEG or PEtOx (Scheme 1C), 

resulting in PEGylated or PEtOxylated mIL-4-TG, respectively (Scheme 1D).  

Protein expression in E. coli for both cytokines (mIL-4-wt and mIL-4-TG) was optimized (Figure S1) 

starting off our previous studies.233 To increase the initially low protein yield of recombinantly expressed 

mIL-4-wt, alanine (A) was introduced N-terminally.397 As a consequence, the initiator methionine (M) 

was co-translationally cleaved after translation, which commonly appears, when the 2nd amino acid bears 

a small side chain.398 RP-HPLC analysis of the purified cytokines resulted in one major and one small 
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peak for mIL-4-wt and an unknown impurity, respectively (purity was approximately 88% based on area 

under the curve comparison; Figure 1A). For mIL-4-TG, we identified one additional unknown 

impurity and an overall purity of about 87%. The purity of these intermediates was not further optimized 

but optimized for the final product (vide infra).   

 

Figure 1. Analytical characterization of mIL-4-wt and mIL-4-TG. (A) RP-HPLC chromatograms of mIL-4-wt 

(black) and mIL-4-TG (grey). (B) Reducing SDS-PAGE of two batches of mIL-4-wt and mIL-4-TG. (C) MALDI-

MS of mIL-4-wt (calculated mass mIL-4-wt + H+: 13,761.00 Da, calculated mass mIL-4-wt - (M): 13,629.81 Da). 

(D) MALDI-MS of mIL-4-TG + H+ (calculated mass: 15,428.76 Da). 

Both cytokines migrated as of their expected mass with no additional bands being visible in SDS-PAGE 

with Coomassie staining (Figure 1B). Their identity was further detailed by MALDI-MS (Figure 1C, 

D). The mIL-4-TG was enzymatically reacted with the L-azidohomoalanine (Aha) containing TG 

peptide (Figure S2+3). The resulting products migrated at about 17 kDa (approximately expected mass 

of mIL-4-TG with one Aha containing linker peptide), one further band at about 18 kDa (approximately 
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expected mass of the mIL-4-TG with two Aha containing linker peptide), and a third band, possibly as 

of unreacted mIL-4-TG, were observed (Figure 2A, B, S3A). 

 

 
Figure 2: (A) Coupling of linker peptide to mIL-4-TG and to mIL-4-wt 1 = protein, 2 = protein + 1 conjugated 

peptide, 3 = protein + 2 conjugated peptides, 4 = human serum albumin (is contained in the formulation of FXIIIa 

for long term stabilization), 5 = FXIIIa. (B) densiometric quantification of bands displayed in A. Band density was 

measured with ImageJ.399 (C)  Sequence of murine IL-4 and a homology model of murine IL-4 displayed in orange. 

The model is based on human IL-4 (PDB: 1bbn) modelled with swiss model.400 Likely TG modified residues K42, 

K63 and K71 are displayed in cyan in the sequence and on the protein surface. 

 

This assignment was confirmed by MALDI-MS measurements (Figure S3B). An optimum reaction 

time of about 30 minutes (Figure S3C) and a stoichiometric ratio of 10:1 for the linker peptide and mIL-

4-TG (Figure S3D) favored the formation of mIL-4 with one Aha containing linker peptide. A TG 

recognition peptide sequences within mIL-4-wt was also identified when using the Aha containing linker 

peptide in presence of Factor XIIIa (Figure 2A, B). This resulted in two bands, one band migrating at a 

molecular weight of mIL-4-wt and another one migrating at a higher molecular weight suggesting mIL-

4-wt reacted with one Aha containing linker peptide. These SDS-PAGE findings were further detailed 

by in-gel trypsin digestion (band #2 mIL-4-wt lane in Figure 2A) followed by nano ESI-tandem-MS. 

Overall achieved sequence coverage was 95% (data not shown). An initial in-gel digest resulted in 

inconclusive results, possibly resulting from technical difficulties and reflecting challenges in annotation 

and identification of cross-linked (”branched”) peptides resulting from the isopeptide bonds. These 

isopeptide bonds are not foreseen in common software packages. Therefore, additional experiments 

were performed by coupling a hydrazine cleavable biotin-linker to the Aha carrying peptide through 

DBCO and reacting it in presence of Factor XIIIa with mIL-4-TG or mIL-4-wt. The resulting products 

were analyzed after tryptic in-solution digest by nano ESI-tandem-MS, but purified before MS by means 

of the biotin label to enrich protein fragments carrying the peptide. To further reduce possible false 

positive assignments by the algorithms, the search was subsequently narrowed down to a wildcard range 

for the peptide (1,338 to 1,342 Da) (Figure S4).  
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Figure 3: Characterization of mIL-4-TG-PEG and mIL-4-TG-PEtOx. (A) RP-HPLC chromatogram of mIL-4-TG 

(grey), mIL-4-TG-PEG (blue) and mIL-4-TG-PEtOx (green). (B) SDS-PAGE analysis of purified bioconjugates. 

(C) MALDI-MS of mIL-4-TG-PEG (calculated mass: 26,500 Da). (D) MALDI-MS of mIL-4-TG-PEtOx 

(calculated mass: 24,300 Da). 

 

The exact peptide mass was calculated as 1,339.619 Da (Peptide + cleavable linker residue - ammonia 

loss after isopeptide bond formation). Hence, three TG recognition peptide sequences were identified 

within mIL-4-wt on top of the engineered additional binding site in mIL-4-TG and one off-target in the 

artificial linker at K141. The sites (referring to the mIL-4-wt sequence given in Figure S4C)  are located 

at positions K42, K63 or K71, with K42 positioned in the unstructured region between the short βA-

sheet and αB-helix , K63 positioned at the end of the αB-helix and K71 positioned at the beginning of the 

αC-helix (Figure 2C).401 The three modifications were neither found in mIL-4-wt nor mIL-4-TG based 

on SDS-PAGE analysis, as only one additional band was found during SDS-PAGE (and not three), 

indicating that the binding preferences are different among the internal sites and the C-terminal TG-Tag. 
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It is likely, that only one of the three found sites is the preferred site of modification, with the other two 

being hardly modified, though we cannot distinctively identify the preferred one based on our gathered 

data. Although the crystal structure of mIL-4-wt has not been published as of yet, a sequence homology 

model from structure-elucidated human IL-4-wt was extrapolated and the three TG recognition peptide 

sequences highlighted, accordingly (Figure S5). In contrast to mIL-4-wt, hIL-4-wt had no internal TG 

recognition sequence for FXIIIa (Figure S6).268  

Two reactions were conducted, thereby decorating the azido functionalized mIL-4-TG with the Aha 

containing peptide by the FXIIIa catalyzed reaction, and binding DBCO-PEG or DBCO-PEtOx to the 

Aha containing peptide, respectively (Figure S7A). The resulting product was successfully separated 

by cation exchange chromatography (Figure S7B, C) but not by size exclusion chromatography (data 

not shown) from unreacted educts. Both, mIL-4-TG-PEG and mIL-4-TG-PEtOx peaks had slightly 

increased retention times in RP-HPLC as compared to mIL-4-TG and purities exceeded 95% for each 

bioconjugate (Figure 3A) and as qualitatively confirmed by SDS-PAGE (Figure 3B) and MALDI-MS 

(Figure 3C, D and Figure S8). Additionally, successful conjugation was confirmed by western blot 

analysis (Figure S9). 

The unfolding temperatures, determined by differential scanning fluorimetry, of mIL-4-wt and mIL-4-

TG were neither impacted by PEtOxylation nor PEGylation (Figure 4 and Figure S10). This finding 

differs from previously published results in which PEtOxylation had a destabilizing effect on the protein, 

compared to PEG 98 and indicating that polymer effects in bioconjugates are not general, but specific to 

the respective biologic. 

Furthermore, retained bioactivity was observed 

in potency assays using murine T-cell lines for 

mIL-4-wt, mIL-4-TG, and the PEtOxylated or 

PEGylated bioconjugates (Figure 5A, B). EC50 

values were comparable among groups, with 

small but significant differences for the mIL-4-

TG-PEtOx group as compared to mIL-4-wt and 

commercially obtained recombinant mIL-4-wt, 

respectively (Figure 5C).  

Further, the impact of bioconjugation on gene 

expression of relevant immunomodulatory genes 

in a monocyte derived cell line was analyzed 

(Figure 6 and S11). All cytokines – 

bioconjugated or not – significantly reduced the 

expression of M1-polarized macrophage markers 

Figure 4: Measured melting points of differential 

scanning fluorimetry of bioconjugates (n = 4). Standard 

deviations are indicated with error bars. (mIL-4-wt = 

black, mIL-4-TG = grey, mIL-4-TG-PEG = blue, mIL-4-

TG-PEtOx = green) 
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as compared to LPS stimulated cells (positive 

control) and no differences were observed 

among groups other than the comparison to the 

LPS control (Figure 6A, B). Similarly, M2-

polarization markers were consistently 

upregulated by all cytokine groups with small or 

no differences for Arginase-1 (Arg-1) and no 

difference among groups for chitinase-like 

protein 3 (Chil3) (Figure 6C, D).  

 

Figure 5: HT-2 clone 5AE cell proliferation in response 

to (A) mIL-4-wt compared to unconjugated mIL-4-TG. 

(B) mIL-4-TG and mIL-4-TG-bioconjugates (C) EC50 

values of A and B. Mean ± SD, n ≥ 5, one-way ANOVA 

followed by Tukey’s Multiple Comparison Test; p ≤ 0.05 

was considered statistically significant and highlighted 

by asterisks.  
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Figure 6: J774A.1 macrophage gene expression of (A) TNF alpha, (B) iNOS, (C), Arg-1 and (D) Chil3 following 

exposure to mIL-4 mutants, mIL-4 bioconjugates and LPS. ΔCt-values were normalized to untreated cells. Mean 

± SD, n=3, one-way ANOVA followed by Tukey’s Multiple Comparison Test; p ≤ 0.05 was considered statistically 

significant and highlighted by asterisks. 

 

Conclusion 

A chemo-enzymatic strategy was developed to C-terminally decorate mIL-4 with two polymers – PEG 

and PEtOx - integrating an enzymatic conjugation step with a copper-free click chemistry reaction step. 

The enzymatic bioconjugation was largely restricted to a C-terminally introduced FXIIIa-recognized 

peptide sequence in the mIL-4 mutant. However, FXIIIa modified hitherto unknown additional sites 

within mIL-4 at #K42, #K63 and #K71. The enzymatically modified mIL-4 was further decorated with 

PEG or PEtOx resulting in comparable physical and biological properties of both bioconjugates.  Future 

pharmacokinetic studies are required to assess the impact of bioconjugate disposition for PEtOxylated 

mIL-4. Available studies of PEGylated mIL 4233 and comparing studies or radiolabeled PEG and PEtOx 

polymers402 clearly indicate PEtOx’s (and mIL-4-TG-PEtOx) possibilities, as a clinically relevant 

alternative to PEG for bioconjugation. 
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Supporting Information 

Supporting information 1 includes: used materials and performed methods, polymer synthesis and 

characterization, peptide synthesis and purification, the expression optimization of mIL-4-wt and mIL-

4-TG, LC-MS analysis of the linker peptide, optimization of the enzymatic TG reaction between mIL-

4-TG and the linker peptide including product analysis, MS/MS spectra of identified off target FXIIIa 

reaction sites within the mIL-4-wt sequence, sequence homology model of mIL-4-wt to hIL-4, FXIIIa 

reaction with hIL-4, figures elucidating the reaction and purification of the full bioconjugates, MALDI-

MS of mIL-4 bioconjugates, melting curves of the differential scanning fluorimetry assay and their first 

derivatives, additional qPCR data.  

Supporting information 2 includes found wildcard peptides with theoretical and observed masses. 
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Supporting Information to Chapter 6 

Experimental 

Materials and Methods  

Dichloromethane (DCM), N,N-dimethylformamide (DMF) and N,N-diisopropylethylamine (DIPEA) 

were purchased from Carl Roth GmbH (Karlsruhe, Germany). Coomassie® Brilliant Blue G250, D,L-

dithiothreitol, ZipTip® C18-tips and L-azidohomoalanine (Aha) hydrochloride were obtained from 

Merck KGaA (Darmstadt, Germany). 2,2‘-(Ethylenedioxy)diethanethiol (DODT), trifluoroacetic acid 

(TFA, HPLC grade), ammonium persulfate (APS), carbenicillin, isopropyl β-D-1-thiogalactoside 

(IPTG), kanamycin, L-glutathione oxidized, L-glutathione reduced, tetramethylethylenediamine 

(TEMED), tryptone, phenylmethanesulfonylfluoride (PMSF), RPMI 1640 with L-glutamine, HT-2 clone 

5AE cells and yeast extract were from Sigma-Aldrich (St. Louis, Missouri). DMEM High Glucose with 

L-glutamine and sodium pyruvate, PageRuler™ Broad Range pre-stained, PageRuler™ Broad Range 

unstained, SYBR Green qPCR Master Mix and Trizol® Reagent were purchased from Thermo Fisher 

Scientific (Waltham, Massachusetts). Luna® C18 LC Column was from Phenomenex (Aschaffenburg, 

Germany). HiTrap SP HP 1 mL column and HiTrap SP XL 5 mL column were purchased from Cytiva 

Europe GmbH (Freiburg im Breisgau, Germany). YMC BioPro IEX SmartSep S20 column and YMC-

Triart Bio C4 column were from YMC Europe (Dinslaken, Germany). Vivaspin centrifugal 

concentrators were from Sartorius AG (Göttingen, Germany). DBCO-mPEG (10 kDa) was purchased 

from Iris Biotech (Marktredewitz, Germany). Recombinant mouse IL-2, recombinant mouse IL-4 and 

1st mouse IL-4 antibody (Mab404) were from R&D Systems (Minneapolis, Minnesota). The Goat Anti-

Rat IgG H&L (HRP) (ab97057) 2nd antibody was received from abcam (Cambridge, United Kingdom) 

DNAse I was from AppliChem GmbH (Darmstadt, Germany). Fibrogammin® (FXIII) was purchased 

from CSL Behring (Darmstadt, Germany). WST-1 Cell Proliferation Reagent was purchased from 

Roche (Basel, Switzerland). PrestoBlue™ Cell Viability Reagent and BCA Protein Assay Kit were from 

Thermo Fisher Scientific (Darmstadt, Germany).  J774A.1 cells were kindly donated by Prof. Kissel 

(Marburg, Germany). High-Capacity Reverse Transcriptase cDNA Kit was from Applied Biosciences 

(Waltham, Massachusetts). FXIII Assay substance was purchased from Zedira Gmbh (Darmstadt, 

Germany). 

Polymer Synthesis and Characterization. DBCO-PEtOx was synthesized and characterized as 

described previously.98 Briefly, methyl tosylate (1 eq.) was mixed with 2-ethyl-2-oxazoline (100 eq.) in 

an argon filled Schlenk flask with dry acetonitrile and heated under reflux conditions. The reaction was 

terminated by addition of DBCO-acid (1.1 eq.) and triethylamine (2.15 eq.) subsequent to cooling the 

reaction to room temperature and stirred overnight. The mixture was diluted with dichloromethane 

(DCM), washed with a saturated aqueous NaHCO3 solution and saturated aqueous NaCl solution. The 
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organic layer was dried over Na2SO4, filtered and concentrated under reduced pressure. The residue was 

re-dissolved in a small amount of DCM and precipitated in cold diethyl ether. 

Peptide Synthesis and Purification. The linker peptide with the sequence Ac-NQEQVSPL-(Aha)-OH 

was synthesized with Liberty Blue™ Automated Microwave Peptide Synthesizer (CEM Corporation, 

Matthews, North Carolina). Cleavage was performed for 1 h under constant shaking at RT from the resin 

using a mixture of 92.5% TFA, 2.5% triisopropylsilane, 2.5% 2,2′-(ethylendioxy)diethanthiol, 2.5% 

H2O. Precipitation was performed using -20 °C cold diethyl ether. The peptide was purified using a 

reversed-phase FPLC system (ÄKTA Explorer, GE Healthcare, Freiburg im Breisgau, Germany). 

Separation was achieved on a Luna® 15 µm C18 LC column (250 × 21.2 mm). Prior, the peptide was 

dissolved in water containing 0.1% TFA (eluent A) and 30% acetonitrile containing 0.1% TFA (eluent 

B). The column was equilibrated with 33% eluent B and the peptide was eluted by a linear gradient over 

50 min to 80% eluent B with a flow rate of 2 mL/min. Fractions were collected, analyzed with liquid 

chromatography mass spectrometry (LC-MS) and freeze-dried. 

Expression of mIL-4-wt and mIL-4-TG. mIL-4-wt and mIL-4-TG were expressed as described 

previously.403 As described in the main text, mIL-4-wt bears an artificially introduced alanine on position 

two to increase its yield during expression, which was not needed for mIL-4-TG expression.397 Briefly, 

standard Terrific Broth (TB) medium supplemented with carbenicillin for mIL-4-wt (35 μg/mL, 

pET11a), or kanamycin for mIL-4-TG (100 μg/mL, pET28b) was inoculated with E. coli BL21 DE3 

encoding for mIL-4-wt and mIL-4-TG and cultured in at 37 °C under gentle agitation until OD600 = 1.0, 

when protein expression was subsequently induced with 1 mM IPTG. After 3 h, the bacterial cells were 

harvested by centrifugation at 5,000 × g for 20 min at 4 °C and resuspended in resuspension buffer (50 

mM Tris-HCl pH 8.0, 50 mM NaCl, 1 mM EDTA) supplemented with PMSF (final concentration 

100 μM), lysozyme (final concentration 75 μg/mL) and DNAse (final concentration 75 μg/mL). The 

cells were lysed using a high-pressure homogenizer (Emulsiflex C5, Avestin, Ottawa, Canada) with the 

cell suspension cooled on ice. The sediment was resuspended once in resuspension buffer plus 1% Triton 

X-100 and washed twice with resuspension buffer. mIL-4 was extracted from the remaining pellet as 

described previously.233 Briefly, the protein was unfolded using unfolding buffer (50 mM Tris-HCl pH 

8.0, 50 mM NaCl, 1 mM EDTA, 5 M guanidine-HCl, 2 mM glutathione reduced, 0.2 mM glutathione 

oxidized), ultracentrifuged at 100,000 × g at 4 °C for 1 h and refolded by dialyzing the supernatant in 

dialysis tubes (MWCO 6-8 kDa)  against refolding buffer (0.5 M L-arginine, 50 mM Tris-HCl pH 8.0, 

50 mM NaCl, 1 mM EDTA, 2 mM glutathione reduced, 0.2 mM glutathione oxidized) for 4 h. The 

protein was purified with via cation exchange chromatography (CIEX) FPLC on an ÄKTA Explorer. 

Prior, the solution was dialyzed against 4 L 25 mM ammonium acetate pH = 5.0 overnight and clarified 

by centrifugation. The supernatant was filtered with syringe filter (0.22 μm) and loaded onto a HiTrap 

SP XL 5 mL column. The separation was achieved by an isocratic gradient of 12% 25 mM ammonium 

acetate containing 2 M NaCl pH = 5.0 over five column volumes (CV), followed by a linear gradient up 

to 40% ammonium acetate containing 2 M NaCl over 12 CV. The fractions eluting at a conductivity of 
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36 to 40 mS/cm were analyzed with SDS-PAGE, dialyzed against 25 mM ammonium acetate pH = 5.0 

and loaded onto two consecutive HiTrap SP HP 1 mL Columns. The separation was achieved by an 

isocratic gradient of 12% 25 mM ammonium acetate containing 2 M NaCl pH = 5.0 over a ten CV 

period, followed by a linear gradient up to 60% ammonium acetate containing 2 M NaCl over 48 CV. 

The fractions eluting at 38 mS/cm conductivity were collected and analyzed with SDS-PAGE. FPLC 

fractions with natively folded protein were pooled and concentrated with Sartorius VivaSpin Centrifugal 

Units MWCO = 3500 Da, dialyzed against PBS pH = 7.4 with Slide-A-Lyzer Dialysis Tubes MWCO = 

3000 Da, frozen in liquid nitrogen and stored at -80 °C until further use. Protein concentration was 

determined with BCA Assay Kit and measured according to manufacturer’s instructions at λ = 562 nm 

using a Spectramax 250 microplate reader (Molecular Devices, Sunnyvale, California). 

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis analysis. Purified proteins and site-

specifically modified protein conjugates were analyzed by sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis (SDS-PAGE) as described earlier.404 PageRuler™ Unstained Broad Range Protein 

Ladder or PageRuler™ Broad Range pre-stained was used for molar mass approximation. Bands were 

visualized using aqueous Coomassie Brilliant Blue G250 solution (4 mg/L) containing 35 mM HCl. 

Reversed-phase high performance liquid chromatography analysis. Reversed-phase high 

performance liquid chromatography (RP-HPLC) was performed on a YMC-Triart Bio C4 column (150 

× 4.6 mm) at 25 °C at a flow rate of 0.5 mL/min. The column was equilibrated with water containing 

0.1% TFA (v/v) (eluent A) and 5% acetonitrile containing 0.1% TFA (eluent B). Proteins were eluted 

by a linear gradient over 27 min to 100% eluent B. mIL-4 variants and mIL-4-TG-Linker-Polymer 

conjugates were detected at λ = 214 nm. 

Conjugation of mIL-4-TG to the linker peptide in presence of activated factor XIII. FXIII 

(250 U/mL, Fibrogammin®) was activated in the presence of 2.5 mM CaCl2 and 30 U/mL thrombin for 

4 hours at 37 °C. Activity was checked using FXIII Assay substance. 250 U/mL aliquots of FXIIIa were 

snap frozen and stored at -80 °C until further use. Thawed FXIIIa was stored for up to 24 h at 4 °C and 

discarded afterwards. To retains its stability FXIIIa contains 10 mg/mL human serum albumin (HSA) 

as an excipient, which can be removed later on during ion exchange chromatography. mIL-4-TG with a 

final concentration of 1 mg/mL was incubated with 5 to 15-fold molar excess of linker peptide in the 

presence of 10 U/mL FXIIIa. The reaction was carried out in TBS buffer plus 2.5 mM CaCl2 at 37 °C 

under gentle agitation for 5 to 60 min and stopped by adding EDTA to a final concentration of 20 mM. 

The reaction mixtures were transferred into Slide-A-Lyzer dialysis tubes (2 mL, MWCO 3.5 kDa) and 

dialyzed against PBS overnight. The reaction mixtures containing FXIIIa, mIL-4-TG and mIL-4-TG-

Linker products were analyzed with SDS-PAGE, RP-HPLC and MALDI-MS as described below. 
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Site-specific conjugation of mIL-4-TG-Linker with polymer via strain promoted azide alkyne 

cycloaddition (SPAAC) 

The FXIIIa reaction mixture was diluted 1:1 with PBS and incubated with 20-fold molar excess of 

DBCO-PEG 10 kDa or DBCO-PEtOx 8 kDa under gently agitation at 4 °C for 24 h The reaction was 

analyzed with SDS-PAGE, RP-HPLC and MALDI-MS as described earlier.  

Identification of natural mIL-4-wt and mIL-4-TG FXIIIa conjugation sites. mIL-4-wt and mIL-4-

TG (250 μg each) were conjugated with an excess of linker peptide as described above in two separate 

approaches. Briefly, before digestion, the sample (500 µL, 1 mg/mL) was dialyzed against 50 mM Tris-

HCl pH 8.0 overnight using Slide-A-Lyzer MWCO 3.5 kDa to reduce the excess of linker peptide in the 

sample for the Dde-Biotin-DBCO-Linker Click reaction, which is performed after digestion (vide infra). 

Afterwards the protein (250 µg) was denaturized with 6 M guanidine HCl, 2 mM ß-mercaptoethanol 

(final volume = 500 µL) at 95 °C for 20 min. After denaturation, the sample was cooled to RT, diluted 

with 50 mM Tris-HCl to less than 1 M guanidine HCl and CaCl2 was added to a final concentration of 

1 mM. Afterwards trypsin was added in a 1:40 ratio (trypsin: protein (w/w)) and incubated for 3 h at 37 

°C under constant light shaking. Then, the same amount of trypsin was added again and the sample was 

incubated overnight at 37 °C under constant light shaking. Afterwards, a 5-fold molar excess of 

Dde-Biotin-DBCO-Linker was added and the sample was incubated overnight at 4 °C. For pulldown of 

clicked peptides pierce-streptavidin beads (binding capacity 15 to 28 µg/mL beads) were used. 100 µL 

of streptavidin beads were washed three times with PBS and added to the sample afterwards. The 

mixture was incubated for 1 h at RT and subsequently washed thrice with PBS. Then the beads were 

incubated with a 2.5% hydrazine in PBS solution for 2 h at RT to cleave off the peptide. Following 

cleavage, the supernatant was separated form agarose beads using pierce spin columns. For reduction 

and alkylation, DTT was added to result in a final concentration of 50 mM and the sample was incubated 

for 10 min at 70 °C. After cooling to RT, iodoacetamide was added to result in a final concentration of 

120 mM and the sample was incubated for 20 min in the dark. After alkylation, the samples were 

desalted using strata X33 columns (1mL). For all steps only gravitational flow was used. The columns 

were activated with 3 mL 100 % ACN and then washed with 3 mL 100% deionized water. Then the 

sample was added. Afterwards, the column was washed with 5 mL 0.4% formic acid in H2O. Elution 

was performed with 0.5 mL 0.4% formic acid in 80% acetonitrile. The eluted samples were then snap 

frozen in liquid nitrogen and freeze dried. For analysis samples were resuspended in 30 µL 0.2% formic 

acid, 2% acetonitrile and used for LC MS/MS analysis immediately. 

Mass spectrometry. For matrix-assisted laser-desorption ionisation mass spectrometry (MALDI-MS) 

analysis, samples were desalted using ZipTip® C18-tips following the manufacturer’s instructions. 

Proteins were analyzed as described previously.288 MALDI mass spectra of bioconjugates were acquired 

in the linear positive mode using an Autoflex II LRF instrument (Bruker, Billerica, Massachusetts). The 



Supporting Information to Chapter 6 

163 

 

mass spectra were calibrated externally with a protein standard I from Bruker Daltonics Inc. (Bruker, 

Billerica, Massachusetts) containing insulin, ubiquitin, myoglobin and cytochrome C. 

For LC MS/MS analysis of crosslinked peptides, the analysis was performed as described previously, 

with small adaptions. Deviating parameters are described below.98 In brief, NanoLC-MS/MS analyses 

were performed on a LTQ-Orbitrap Velos Pro (Thermo Fisher Scientific, Darmstadt, Germany) 

equipped with a PicoView Ion Source (New Objective, Littleton, USA) and coupled to an EASY-nLC 

1000 (Thermo Fisher Scientific, Darmstadt, Germany). Peptides were loaded on a precolumn (trap 

column, 2 cm x 150 µM ID) packed with 3 µm C18 ReproSil and then eluted to capillary columns (30 

cm x 150 µm ID) self-packed with ReproSil Pur 120 C18-AQ, 1.9 µm and separated with a 30-minute 

linear gradient from 3 to 30% acetonitrile and 0.1% formic acid and a flow rate of 500 nL/min. 

A TOP5 data-dependent MS/MS method was used; dynamic exclusion was applied with a repeat 

window of 7 seconds and an exclusion duration of 7 seconds; singly charged precursors were excluded 

from selection. 

 

The following modifications were allowed in the final search: 

Fixed: carboxymethyl @ C,  

Common: oxidation @ M, Acetyl @ N-terminus, Acetyl @ K 

Rare: Gln to pyro-Glu @ peptide N-terminus Q, Glu to pyro-Glu @ peptide N-terminus E; Met-loss @ 

N-Terminus M, Met-loss+Acetyl @ N-Terminus 

Custom (Wildcard):  cleaved Dde-biotin-azidohomoalanine-Linker-peptide @ K (variable mass 

differences, see below) 

 

With total common and rare max to 1 each. Data was searched with semi-specific (N-terminal ragged) 

cleavage at R/K (tryptic cleavage) against custom database containing the corresponding mIL-4-wt, or 

mIL-4-TG sequence, decoys were added. Results were filtered and only peptide matches with a scoring 

of >80 and a log prob > 1.05 were considered.    

For analysis Byonic software by Protein metrics405 was used. A set of searches was performed, starting 

with wildcard searches (i.e. enabling the software to identify potential sites of an unknown modification, 

where only a mass range is specified) allowing several (standard) modifications as well as a peptide 

adduct (linker peptide with cleaved Dde-biotin) at K between 1,100 Da and 1,500 Da, here an additional 

25 modifications were enabled, as suggested by a preliminary search with the software “Preview” 

(ProteinMetrics). In an effort to reduce possible false positive assignments by the search algorithms, the 

search was subsequently narrowed down to a very narrow wildcard range) for the peptide (1,339 to 

1,340 Da), and only limited modifications, as listed above. The exact peptide mass was calculated to be 

1,339.619 Da (Peptide + cleavable linker residue - ammonia loss from coupling). Qualifying spectra 

(specifications were a log prob > 1.05 and a byonic score > 80) corresponded to an added mas of 

1,339.619 Da. For Identification of potential sites, only spectra with wildcard modifications with an 
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added mass discrepancy of approximately 10 ppm or less (i.e. Wildcard modifications between 

1,339.606 and 1,339.632 Da) were considered.  

 

Purification of mIL-4-TG-Linker-Polymer conjugates. For separation of mIL-4-TG-Linker-Polymer 

conjugates, cation exchange chromatography on a FPLC system (GE Healthcare) was used. FXIIIa 

reaction mixture was dialyzed against 50 mM sodium acetate pH = 4.0 (eluent A) and loaded onto a 1 

mL YMC BioPro IEX SmartSep S20 column. mIL-4-TG-Linker-Polymer conjugates were eluted by a 

linear gradient over 144 min to 50% 2 M NaCl, 50 mM sodium acetate buffer pH = 4.0 (eluent B) with 

a flow rate of 1 mL/min. The elution profile was monitored at λ = 214 nm. Fractions were collected, 

analyzed with SDS-PAGE, pooled and characterized with MALDI-MS and RP-HPLC as described 

above. 

Cell proliferation assay using water soluble tetrazolium salt 1 (WST-1). For the measurement of 

bioactivity of mIL-4 conjugates compared to unmodified mIL-4, cell proliferation assay with HT-2 clone 

5AE cells was performed. Shortly, 45.000 cells/well were plated in 96-well plates in assay medium 

(RPMI 1640 supplemented with and 10% FBS, 100 U/mL penicillin G and 100 µL/mL streptomycin) 

and incubated for 18 h at 37 °C and 5% CO2. Concentrations of purchased recombinant mIL-4 (rmIL-

4), mIL-4-wt, mIL-4-TG and mIL-4-TG-Linker-Polymer conjugates ranging from 0.0001 to 35 ng/mL 

were added to the cells. After incubation for 24 h under the same conditions, the cells were treated with 

WST-1 reagent for 4 h at 37 °C and 5% CO2. The absorbance was measured on a plate reader (Tecan 

Infinite® 200 PRO, Tecan Group, Männedorf, Switzerland) according to manufacturer’s instructions at 

λ = 450 and λ = 620 nm as reference wavelength. Measurements were performed in three technical 

replicates, which mean values were used for the evaluation of three biological replicates. Mean values 

were normalized to untreated cells.  

Western blotting. 1 μg of protein was used for each lane. After finishing SDS PAGE, gels were 

removed carefully and the stacking gel was discarded. Afterwards, the gel was placed onto a 

nitrocellulose membrane, which was placed on a Whatman paper and covered with a Whatman paper. 

Air bubbles were removed afterwards to ensure an equal flow of electricity. All Whatman papers and 

nitrocellulose membranes were pre-wetted in transfer buffer. This sandwich was placed between two 

thin sponges and inserted into the blotting chamber. The chamber was filled with transfer buffer and 

was run for 90 min at 80 V. 

After finishing the transfer of proteins onto the nitrocellulose membrane, the membrane was blocked 

with 5% skim milk powder in TBS-T (w/v) solution for 1h at 4°C. The membrane was washed 

afterwards once with 20 mL TBS-T for 5 min and probed with the 1st antibody overnight at 4°. For the 

1st antibody a dilution of 1:1000 was used and the antibody was diluted in 5% skim milk powder in 

TBS-T (w/v) solution. At the following day, the 1st antibody was removed and the membrane washed 

again 3 times with 20 mL TBS-T for 15 min and probed with the 2nd antibody for 1 h at room 
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temperature. The 2nd antibody was diluted 1:2000 in 1x TBS-T solution. The membrane was washed 

again 3 times with 20 mL TBS-T for 15 min. Afterwards the membrane was detected for 1 minute using 

the SuperSignalTM West Pico PLUS Chemiluminescent Substrate on a chemiluminescent imaging unit 

(Odyssey FC, Leicor, Bad Homburg vor der Höhe, Germany). The marker was detected separately under 

normal light using a gene flash syngene bio imaging system (Syngene, Cambridge, United Kingdom). 

Afterwards, pictures were superimposed. 

Macrophage polarization assay with quantitative polymerase chain reaction (qPCR). To measure 

the ability of mIL-4-wt, mIL-4-TG and mIL-4-TG-Linker-Polymer conjugates to drive macrophages 

polarization, macrophages polarization studies with J774A.1 cells was performed. Briefly, 

200.000 cells/well were seeded in 6-well plates in assay medium (DMEM supplemented with 10 % FBS, 

100 U/mL penicillin G and 100 µl/mL streptomycin) and incubated for 24 h at 37 °C and 5% CO2. The 

media was changed to serum-free DMEM media and cells were incubated for 3 h. Cells were stimulated 

with lipopolysaccharide (LPS) (100 ng/mL) as M1 control, rmIL-4 as M2 control, mIL4-wt, mIL4-TG 

and mIL-4-Linker-Polymer conjugates (each 50 ng/mL) for 24 h at 37 °C and 5% CO2. Cells were 

washed with sterile PBS twice, harvested by cell scraping and taken up in PBS. RNA was isolated with 

Trizol® Reagent as described by Simms.406 RNA concentration was measured with spectrometer at 

λ = 260 nm and λ = 280 nm and purity was assessed by calculating the 260/280 ratio. RNA was 

transcribed into cDNA with High Capacity cDNA Reverse Transcription Kit. Gene-specific primers 

were designed, which sequences are listed in supplementary material (Table S1). qPCR was performed 

on a qPCR Machine ABI Prism 7900 (Applied Biosystems, Foster City, USA) using SYBR Green 

Master Mix.  

Following temperature protocol was used:  

Temperature Time 

50° C 2 min 

95° C 2 min 

95° C 15 s 

65° C 15 s 

72° C 1 min  

 

Measurements were performed in four (TNF-alpha, iNOS, Arg-1) or three (Ym1) technical replicates, 

which mean values were included into the evaluation of three biological replicates. Ct-values of GAPDH 

expression level were subtracted and normalized to the expression level of untreated cells. 

 

 

40x 
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Differential scanning fluorimetry (DSF). DSF was performed according to a previously published 

protocol with small adaptions mentioned below.98 The protein concentration was set to 6 µM in 25 µL 

buffer (100 mM Na2HPO4 pH 7.4, 150 mM NaCl). Normalisation was performed as described before, 

but no smoothing was performed.199 For melting point determination the half maximal denaturation 

(HMD) method was used as mIL-4 and its conjugates have two maxima around 60 °C (Figure S8). The 

first derivative method was discarded as it did not represent the measured data as good as the HMD 

method.  

Statistical analysis. Data were analyzed with GraphPad Prism 5 (GraphPad Software, La Jolla, CA) 

using one-way ANOVA followed by Tukey's multiple post hoc tests for pairwise comparisons. Results 

were considered statistically significant at p ≤ 0.05 and highlighted by asterisks and results are shown 

as mean with standard deviation (SD) unless specified otherwise. 

 

Supplementary Figure S1: Protein expression with E. coli. (A) Growth curves of E. coli during protein 

expression. Arrow indicates induction of protein expression with 1 mM IPTG at OD600 = 1.0. (B) SDS-PAGE 

analysis of E. coli lysates during protein expression of mIL-4 -wt and mIL-4-TG. Left side: Expression of mIL-4-

wt 0-3 hours after induction with 1 mM IPTG. Middle: Molecular marker. Right side: Expression of mIL-4-TG 0-

3 hours after induction with 1 mM IPTG. Arrows indicate the produced protein at 13.8 kDa (mIL-4-wt) and 15.5 

kDa (mIL-4-TG).  
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Supplementary Figure S2: LC-MS analysis of linker peptide with the amino acid sequence NQEQVSPL-Aha 

after FPLC purification. Calculated Mass: 1081.52 Da. Found mass: [M+H]+1: 1081.65 Da, [M+H]+2: 541.55 Da. 

(A) LC-Chromatogram and (B) mass spectrum of the peak at 7.45 min.  

B 

mV 

A 
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Supplementary Figure S3: FXIIIa catalyzed reaction of mIL4-TG with linker peptides. (A) Reducing SDS-PAGE 

analysis of FXIIIa reaction mixture (1, molar mass marker; 2, FXIIIa reaction mixture consisting of unmodified 

mIL-4-TG at 15.5 kDa, mIL-4-TG-Linker at 16.6 kDa, mIL-4-TG-2Linker at 17.7 kDa and FXIIIa (83 kDa) 

supplemented with HSA (66 kDa). (B) MALDI-MS of FXIIIa reaction mixture: Observed mass 15411, 16472 and 

17530 Da, calculated mass 15499, 16580 and 17662 Da for mIL-4-TG, mIL-4-TG-Linker and mIL-4-TG-2Linker, 

respectively. (C) Proportion of mIL-4-TG, mIL-4-TG-Linker and mIL-4-TG-2Linker after 5, 10, 20, 30 and 60 

minutes reaction time. The dashed box highlights the selected reaction condition for further modification. (D) 

Proportion of mIL-4-TG, mIL-4-TG-Linker and mIL-4-TG-2Linker at 5, 7.5, 10 and 15-fold molar excess of linker 

peptide after 30 minutes. The dashed box highlights the selected reaction condition for further modification. of 

reaction. Quantification in C and D was performed with ImageJ based on band intensities of the respective bands 

of the SDS-PAGE gels on which the reactions were analyzed (gels not shown). 
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Supplementary Figure S4: Exemplary spectra of identified lysine residues that were targeted by FXIIIa. (A) 

MS/MS Spectrum of an identified peptide modified with the linker peptide at K42 found in mIL-4-wt. (B) MS/MS 

spectrum of an identified peptide modified with the linker peptide at K63 found in mIL-4-wt. (C) Peptide coverage 

on mIL-4-wt using the wildcard range for the linker peptide (1338 -1342 Da). Peptides which spectra are displayed 

in A and B are highlighted in yellow. (D) MS/MS Spectrum of an identified peptide modified with the linker 

peptide at K71 found in mIL-4-TG. (E) MS/MS Spectrum of an identified peptide modified with the linker peptide 

at K144 found in mIL-4-TG. (F) Peptide coverage on mIL-4-TG using the narrow wildcard range for the peptide 

(1338 - 1342 Da). Peptides, which spectra are displayed in D and E are highlighted in yellow. 
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Figure S5: Sequence homology model of human IL-4 (PBD: 1bbn and murine IL-4 as shown in blue and in orange, 

respectively. K42, K63 and K71 are displayed as sticks in cyan. Homology modelling was performed with swiss 

model.400  

 

Supplementary Figure S6: FXIIIa reaction with hIL-4 with a 10-fold molar excess of peptide over 30 minutes 

(including negative controls). hIL-4 was recombinantly produced as described previously.268 
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Supplementary Figure S7: Site-specific 

PEGylation/POxylation of mIL-4-TG via 

SPAAC. (A) SDS-PAGE analysis of SPAAC 

reaction mixture (1, molar mass; 2, FXIIIa 

reaction mixture; 3, SPAAC reaction mixture 

with DBCO-PEG, 4, SPAAC reaction 

mixture with DBCO-PEtOx). (B) CIEX-

FPLC chromatogram of mIL-4-TG-PEG 

separation on a YMC column. (C) SDS-

PAGE analysis of CIEX-FPLC peaks. 
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Figure S8: MALDI-MS of mIL-4 bioconjugates. (A) MALDI-MS of mIL-4-TG-PEG. (B) MALDI-MS of mIL-

4-TG-PEtOx.  

 

Figure S9: Western blot analysis of mIL-4-wt, mIL-4-TG and its bioconjugates.  
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Figure S10: (A) Normalised, averaged fluorescence of the differential scanning fluorimetry assay with mIL-4 WT 

mIL-4-TG and its bioconjugates (n = 4). The lowest value of each measurement was set to 0 as well as all values 

below this temperature. The highest value of each measurement was set to 1 as well as all values above this 

temperature. The normalized values were averaged, and adjacent points connected. Standard deviations are 

indicated with error bars (mIL-4-wt = black, mIL-4-TG = grey, mIL-4-TG-PEG = blue, mIL-4-TG-PEtOx = 

green). (B) Averaged first derivate plot of figure A.  

 

Table S1: Primers used for quantitative PCR. 

 

Function Gene Sequence 

M1 mTNF-α Forward 5‘-CACGCTCTTCTGTCTACTGAAC-3’ 

Reverse 5‘-TGGGCCATAGAACTGATGAGAG-3’ 

miNOS Forward 5‘-GAGGTCTTTGAAATCCCTCCTG-3’ 

Reverse 5‘-ATACCACTTCAACCCGAGCTC-3’ 

M2 mArg-1 Forward 5‘-AGCACTGAGGAAAGCTGGTC-3‘ 

Reverse 5‘-GAGCTGTCATTAGGGACATCAAC-3‘ 

mChil3 Forward 5‘-TTTCTCCAGTGTAGCCATCCTT-3‘ 

Reverse 5‘-TCTGGGTACAAGATCCCTGAA-3‘ 

House-

keeping 

mGAPDH Forward 5‘-TGCTGAGTATGTCGTGGAGTC-3’ 

Reverse 5‘-GCGGAGATGATGACCCTTTTG-3’ 
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Figure S11: Individual outcome from qPCR and resulting mean ± SD of (A) TNF alpha, (B) iNOS, (C) Arg-1 and 

(D) Chil3. 
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Abstract  

Interferons (IFN) are potent immune modulating cytokines, with antiviral and antiproliferative 

properties. After their discovery in 1957, they are used since 1986 for the treatment of viral diseases like 

hepatitis B and C. Especially Interferon-α2a (IFN-α2a), which belongs to the type-I IFNs is known for 

its antiviral properties. These type-I IFNs were currently investigated in a pulmonic nebulized 

application study during the SARS-CoV-2 pandemic crisis as a first line treatment to inhibit virus 

replication in the respiratory tract to minimize severe progress. In this study, IFN-α2a was C-terminally 

elongated with a matrix metallopeptidase-9 (MMP-9) sensitive linker (PSL) and a transglutaminase 

(TG) recognition sequence, which is recognized by the active human blood coagulation factor XIIIa 

(FXIIIa), called IFN-PSL-TG. Additionally, a mutant not-cleavable by MMP-9 was designed (IFN-

SCR-TG). Both mutants were bioactive, and it was shown, that the TG sequence is successfully 

recognized by FXIIIa. As a result, both mutants were immobilized in vitro to fibronectin, an essential 

building block of the extracellular matrix (ECM), in contrast to IFN-α2a WT, which was not bound to 

the fibronectin. The MMP-9 sensitive linker was also investigated, but it was shown, that IFN-α2a WT 

has an internal MMP-9 cleavage sequence, that is closely located to the C-terminus of the protein, 

therefore making the PSL linker gratuitous. Finally, IFN-SCR-TG was successfully bound to extra 

cellular matrix in an in vitro experiment and released by MMP-9 through cleavage of the IFN internal 

MMP-9 sequence.  

Introduction  

Interferons (IFNs) are important immune modulating proteins that belong to the class II cytokine 

family.5 IFNs contain three classes, whereby IFN-α2a belongs to the type-I IFNs.5, 6, 188, 252 IFN-α2a is 

already approved since 1986 by the FDA for the treatment of virus infections like Hepatitis B and C,407 

though several artificial modifications have led to more modern IFNs, which have replaced the wild 

type (WT) protein in the clinical application.62, 252, 253, 408 At the beginning of the SARS-CoV-2 pandemic 

crisis it became evident that no general first line treatment has been developed so far, that can be quickly 

and locally applied against viruses, which affect the respiratory tract. Such a medication would help to 

reduce severity of SARS-CoV-2 infections. Type-I IFNs can stimulate the innate immune system, 

independently of the virus.118, 122, 125, 188 Therefore, IFN-α and IFN-β, which are both approved in the 

clinic, were quickly considered for a localized pulmonic application to milden the symptoms, and reduce 

the viral burden as well as chronic outcomes.119 Additionally, Corona viruses can delay the initial IFN 

Type-I/III response, resulting in undampened virus replication.122, 124, 126, 409 Furthermore, an early 

application is necessary as recent findings have pointed out, that a late but strong IFN type-I activation 

often leads to hyper inflammation, causing a severe disease progress.122, 125, 126 Contrastingly, an early 

IFN response can help to control viral replication.122, 125, 126  

Initial clinical trials with a formulated nebulized application of IFN-β to the respiratory tract have shown, 

that type-I IFNs can help to reduce the severity of the disease and shorten the recovery time.119  
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In this study, two IFN-α2a mutants, called IFN-PSL-TG and IFN-SCR-TG were designed, which can 

be immobilized on extracellular matrix e.g., of the respiratory tract and IFN-PSL-TG was designed to 

be released upon pathogen recognition, leading to a faster innate immune response. This was achieved 

by modifying IFN-α2a by C-terminal mutational elongation containing two features (Scheme 1): (i) A 

sequence, that is recognized by the human transglutaminase (TG) FXIIIa as a lysine donor, leading to 

an immobilization on extracellular matrix (ECM) of the respiratory tract, whereby fibronectin acts as 

the glutamine donor. (ii) An MMP-9 sensitive linker (PSL), which releases the functional IFN-α2a 

protein upon viral exposure (Scheme 1B). MMP-9 is secreted by infiltrating neutrophils and 

macrophages upon viral detection. As a control, another mutant was designed (IFN-SCR-TG), which 

also contains the TG sequence, but a linker, that contains the same amino acids as IFN-PSL-TG in a 

scrambled (SCR) arrangement, which prevents MMP-9 cleavage. 

 

Scheme 1: (A) Partial amino acid sequence of IFN-α2a WT and produced mutants, explaining the C-terminal 

added features and their origin. (B) Binding and release concept of IFN functionalized for pulmonic application 

(pIFN). 1: pIFN and FXIIIa are co-inhaled using a nebulizer, reaching the alveolar lung system 2: pIFN is 

covalently bound by FXIIIa to the extracellular matrix 3: upon pathogen recognition MMP-9 is expressed by 

immigrating macrophages and neutrophils, which recognizes the cleavable sequence. 4: pIFN is released and 

stimulates the innate immune system for a faster response. 
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Materials and Methods 

Materials  

1,4-dithiothreitol (DTT), carbenicillin, isopropyl-β-D-thiogalactopyranosid (IPTG), penicillin-

streptomycin, phenylmethylsulfonyl fluoride (PMSF), guanidine hydrochloride, Primer, NDSB-201, 

lysozyme, DNAse-I, Triton X-100, acetonitrile HPLC grade, goat anti-mouse IgG horseradish 

peroxidase (HRP) secondary antibody and trifluoracetic acid were purchased from Sigma Aldrich 

(Schnelldorf, Germany). PageRuler™ Prestained Protein Ladder, PageRuler™ broad range protein 

ladder, coomassie brilliant blue G250, NuPAGE LDS Sample Buffer (4X), slide-a-lyzer, Dulbeco’s 

Modified Eagle’s Medium (DMEM), Gibco-FBS-HI (Origin Brasil) BCA assay, synthesized IFN-α2a 

genes, E.coli BL21(DE3)Star bacteria, Pierce C18 Tips, iodacetamide (IAA), 1-Step™ Ultra TMB-

ELISA substrate solution and formic acid MS grade were ordered from Thermo Fisher Scientific 

Germany (Darmstadt, Germany). BioPro IEX SmartSep S20 1 mL and 5 mL were ordered from YMC 

Europe (Dinslaken, Germany). XK16/600 Superdex 75 pg column was ordered from Cytiva Life 

Sciences (Freiburg, Germany). Zorbax 300SB-CN column was ordered from Agilent (Waldbronn, 

Germany). Vivaspin centrifugal concentrators were ordered from Sartorius AG (Göttingen, Germany). 

Spectra/Por 1 Dialysis Membrane Standard RC tubing was ordered from Repligen (Ravensburg, 

Germany). ROTIPHORESE® NF-Acrylamide/Bis-Solution 30 (29:1) and 10x RotiBlock solution was 

ordered from Carl Roth GmbH (Karlsruhe, Germany). HEK-Blue™ IFN-α/β Cells, blasticidin and 

zeocin were ordered from Invivogen (Toulouse, France). Trypsin MS grade was ordered from Promega 

(Walldorf, Germany). Monoclonal IFN-α (6B18) Mouse mAb #3110 was ordered from cell signaling 

technologies (Frankfurt am Main, Germany). Strata™-X 33 µm Polymeric Reversed Phase syringe 

columns were ordered from Phenomenex (Aschaffenburg, Germany). Pre columns and columns for LC-

MS/MS analysis were ordered from PepSep (Marslev, Denmark). ReproSil-Pur 120 C18-AQ, 1.9 µm 

was ordered from Dr. Maisch (Ammerbuch-Entringen, Germany). Bovine Serum Albumin standard for 

MALDI-TOF MS calibration were purchased from Bruker (Bremen, Germany). 

 

Methods  

Expression, refolding and purification of Interferon-α2a WT, and mutants. Expression, refolding 

and purification of mentioned proteins (IFN-α2a WT, IFN-PSL-TG and IFN-SCR-TG) was performed 

as described before for IFN-α2a WT.98
  In brief, genes were cloned into a pET21a(+) plasmid between 

NdeI and BamHI. The plasmid was transformed into E. coli BL21(DE3) bacteria and expression took 

place by 1 mM IPTG induction at an OD600 of 0.7 for 8 h. Afterwards, cells were harvested by 

centrifugation and the washed remaining pellet, containing the inclusion bodies unfolded in 7 M 

guanidinium. The unfolded protein was refolded overnight, followed by centrifugation and dialysis. In 

the following days, purification was performed by FPLC (1x AIEX, 1x CIEX, 1x SEC). Purified 

fractions were set to 1 mg/mL, snap frozen in liquid N2 and stored at -80 °C until further usage. 
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Matrix-assisted laser-desorption ionization time of flight mass spectrometry. Matrix-

assisted laser-desorption ionization time of flight mass spectrometry (MALDI-TOF MS) analysis was 

performed as described before.98  

Reversed phase high pressure liquid chromatography analysis. Reversed phase high pressure liquid 

chromatography (RP-HPLC) analysis was performed as described before.98
  In brief, analysis took place 

using an Agilent Zorbax 300SB-CN column (4.6 x 150 mm, 5 µm). A gradient from 5-70 % B over 35 

min was used. Eluent A = H20 + 0.1 % TFA, Eluent B = Acetonitrile + 0.1 % TFA, used wavelength = 

214 nm. 

HEK Blue IFNα/β cell culture assay. The in vitro cell culture assay was performed according to the 

manufacturer’s instruction. In brief, cells were seeded in a 96 well plate on day 1 and stimulated with 

IFNs in a 10-fold dilution series starting at a concentration of 1 µg/mL. On day 2, 20 µL of the 

supernatant was mixed with 180 µL of Quanti-BlueTM and detected at a wavelength of 630 nm after 120 

min using a plate reader (Tecan Infinite 200 pro, Tecan Deutschland GmbH, Crailsheim, Germany). 

sodium dodecyl sulfate polyacrylamide gel electrophoresis. Sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) was performed as described before.98 In brief, standard Tris-glycine 

buffer systems were used with a final Tris-HCl concentration of 37.5 mM and 1 g/L SDS. Acrylamide 

concentrations were adapted between 5 and 15 % depending on the needed separation. 

Immobilization of Interferons to fibronectin. For each time point 2 μg of IFN were mixed with a 2-

fold molar excess of fibronectin in 20 μL FXIIIa reaction buffer (50 mM Tris pH 7.6, 150 mM NaCl, 

2,5 mM CaCl2) and incubated at 37°C for 5 minutes. Afterwards FXIIIa was added to a final 

concentration of 10 U/mL. At each time point 20 μL were removed and mixed with 3μL 6x SDS 

reducing buffer, additionally containing 200 mM EDTA and immediately incubated at 80°C for 10 min. 

Afterwards, SDS-PAGE was performed as described before using 5-20 % gradient gels.  

Western blotting. Western blotting was described as performed before.270 In brief, after finishing SDS 

PAGE, gels were removed carefully, and the stacking gel was discarded. Afterwards, the gel was blotted 

on nitrocellulose membrane for 90 min at 80 V. 

After finishing the transfer, the membrane was blocked with 5% skim milk powder in TBS-T (w/v) 

solution for 1h at 4°C. The membrane was washed with TBS-T for 5 min and probed with the 1st 

antibody overnight at 4°C. For the 1st antibody a dilution of 1:2000 was used and the antibody was 

diluted in 5% skim milk powder in TBS-T (w/v) solution. At the following day, the 1st antibody was 

removed and the membrane washed again 3 times with TBS-T for 10 min and probed with the 2nd 

antibody for 1 h at room temperature. The 2nd antibody was diluted 1:4000 in 1x Rotiblock solution. The 

membrane was washed again 3 times with 10 mL TBS-T for 10 min. Afterwards the membrane was 
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detected for 1 minute using the SuperSignalTM West Pico PLUS Chemiluminescent Substrate on a 

chemiluminescent imaging unit (Odyssey FC, Leicor, Bad Homburg vor der Höhe, Germany).  

Matrix metallopeptidase 9 digest of Interferon proteins. For each time point 2 μg of protein were 

incubated with matrix metallopeptidase 9 (MMP-9), which had a final concentration of 8 nM, in 10 μL 

MMP-9 cleavage buffer (50 mM Tris, pH 6.9, 200 mM NaCl, 5mM CaCl2, 1 μM ZnCl2, 0.05% Brij® 

35). The samples were incubated at 37°C at 400 rpm. At indicated time points 10 μL were removed and 

mixed with 3 μL SDS reducing buffer, containing 200 mM EDTA and heated at 80°C for 10 min. 

Trypsin in solution digest. 8M Guanidinium hydrochloride (GdHCl) dissolved in 100 mM ammonium 

bicarbonate (ABC) buffer was added to the protein solution to a final concentration of 6M GdHCl. 

Additionally, DTT was added to a final concentration of 2 mM. The solution was heated at 70 °C for 20 

min. The solution was diluted with ABC buffer to a final GdHCl concentration of 0.8 M. At this point 

1:40 (w/w) of trypsin was added and the sample was incubated for 2h at 37°C 400 rpm. Afterwards 

another 1:40 trypsin was added and the sample was incubated overnight. At the next day DTT was added 

to a final concentration of 40 mM and the sample was heated for 10 min at 70 °C. Afterwards 

Iodacetamide was added to a final concentration of 120 mM and the sample was incubated for 20 min 

in the dark. The pH was checked regularly to be between 7 and 8 by using pH universal indicator paper. 

If the sample was too acidic. Small amounts of 1M Tris-HCl pH 8 were added. The samples were then 

desalted using Strata™-X 33 µm Polymeric Reversed Phase syringe columns columns 1cc according to 

a previously published protocol 98. After desalting, the samples were snap frozen in liquid nitrogen and 

lyophilised and handled for ESI-MS/MS as previously described 98. 

In vitro production of extracellular matrix (ECM). ECM was produced as described before in 96-well 

plates. 410 In brief, Nih3T3 fibroblasts were seeded on day 1 at high confluency and supplemented with 

FBS and ascorbic acid containing DMEM medium. The medium was exchanged each day and cells were 

cultivated for 6 days. At day 6, cells were detached by osmotic pressure using distilled water and the 

ECM was washed. Afterwards, the ECM was stored in PBS + 2% P/S at 4 °C for up to 3 months. 

ECM FXIIIa binding assay. IFN was added to final concentrations in 80 μL FXIIIa buffer (50 mM 

Tris pH 7.6, 150 mM NaCl, 2.5 mM CaCl2) as indicated. The samples were added to 96-well ECM 

plates which were washed previously twice with FXIIIa buffer. The plate was heated in a cell culture 

incubator for 15 min to reach a temperature of 37 °C. At this time point FXIIIa was added to a final 

concentration of 10 U/mL and a final volume of 100 μL. At the indicated time points the samples were 

aspirated and PBS, containing 50 mM EDTA was added into the wells to stop the FXIIIa reaction. After 

the last reaction was completed, the ECM was washed with TBS-T (20 mM tris, 150 mM NaCl, 0.1 % 

Tween 20, pH 7.4) for 10 min and subsequently blocked with 1x RotiBlock in TBS-T for 1 h at RT. 

After blocking the ECM was washed three times with TBS-T for 10 min and the first antibody (dilution 

1:1000 in TBS-T) was applied at 4 °C overnight. The next day the ECM was washed three times with 
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TBS-T for 15 min. Afterwards the second antibody (dilution 1:2000 in TBS-T) was applied for 1 h at 

RT. Next, the ECM was washed three times with TBS-T for 15 min. To detect the horseradish peroxidase 

(HRP) of the second antibody the 1-Step™ Ultra TMB-ELISA Substrate Solution was used according 

to instructions. 

Release of Interferon from extracellular matrix by Matrix Metallopeptidase 9. IFN was bound to 

ECM as described above for 90 min. The total concentration of FXIIIa was 10 U/mL and 2 μM (44 

μg/mL) for IFN-SCR-TG. After 90 minutes, the supernatant was removed from ECM by aspiration and 

the ECM was washed twice with MMP-9 cleavage buffer. Afterwards 100 μL of MMP-9 cleavage buffer 

containing 8 nM of MMP-) was added to the wells. The “no FXIIIa” control, the 0 h time point as well 

as the antibody control were not treated with MMP-9. Instead, only buffer was added. The cleavage was 

stopped at the indicated time points by aspiration and washing with PBS + 50 mM EDTA, which was 

done twice. All control wells were aspirated and washed at 0.5 h. All washed wells remained in PBS + 

50 mM EDTA until the reaction was terminated in all wells. Afterwards, ECM was treated as described 

above. The ECM was washed with TBS-T, blocked and incubated with the mouse anti IFN-α antibody 

overnight at 4 °C. On the next day, The ECM was washed again, incubated with the goat anti mouse 

HRP-antibody and the signal was detected with 1-Step™ Ultra TMB-ELISA Substrate. 

Peptide synthesis. Peptide synthesized in a Liberty BlueTM Automated Microwave Peptide Synthesizer 

was performed as described before (CEM Corporation Matthews, North Carolina) using the suggested 

standard coupling protocols by the manufacturer.270 In brief, amino acids were coupled by standard 

SPPS chemistry on a Wang Harz resin using Fmoc-amino acids (0.2 M in DMF), Oxyma base (1 M in 

DMF) and N,N′-diisopropylcarbodiimid (DIC) (0.5 M in DMF) for coupling. Coupling of all amino 

acids was performed for 125 seconds at 90 °C. 20 % piperidine in DMF was used for Fmoc deprotection. 

Acetylation was performed with 20 % acetic anhydride in DMF for 20 min. Cleavage was performed 

with 92.5% TFA, 2.5% triisopropylsilane, 2.5% 2,2′-(ethylendioxy)diethanthiol, 2.5% H2O. 

Precipitation was performed using 10-fold excess of -20 °C cold diethyl ether thrice. Purification was 

performed with RP-FPLC on an Äkta Explorer (Cytiva, Freiburg im Breisgau, Germany) using a Luna® 

15 µm C18 LC column (250 × 21.2 mm) using a linear gradient of 33 % to 80 % B (Eluent A 

= H2O + 0.1 % TFA , Eluent B = Acetonitrile + 0.1 % TFA), flow = 2 mL/min. Fractions were analysed 

by liquid chromatography and clean fractions freeze dried.  
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Results 

Production and purification of IFN proteins was performed as described before.98 In brief, IFNs were 

expressed in E.coli BL21(DE3)Star bacteria. As the IFNs precipitated as insoluble inclusion bodies, the 

proteins were extracted by high pressure homogenisation, washed and subsequently refolded. This 

process was followed by Ion exchange and size exclusion chromatography, yielding IFNs with more 

than 90% purity, as shown by SDS-PAGE and MALDI-TOF MS (Figure 1).  

 

Figure 1: (A) SDS-Gel of purified IFNs: IFN-α2a WT (WT), IFN-PSL-TG (PSL) and IFN-SCR-TG (SCR). (B) 

MALDI-TOF MS of IFN-PSL-TG expected mass= 21963.0 (C) MALDI-TOF MS of IFN-SCR-TG expected mass 

= 21963.0. 

Initially the pulmonic mutants contained two serine residues in the linker instead of the two aspartates, 

which are shown in scheme 1 (Scheme 1A; linker part 3). Due to the isoelectric shift caused by the TG 

recognition sequence, which contains two lysine residues, the isoelectric point of both mutants was 

shifted to close to physiological pH (theoretical pI of mutants with serine residues = 6.83). This led to 

protein aggregation overnight (even at 4°C) if incubated in buffers close to physiological pH (data not 

shown). Therefore, two serine residues were replaced in the linker by aspartate to counter the isoelectric 

shift an keep the natural isoelectric point of 5.96. These mutants were stable at physiological pH. 

Afterwards, the mutants were characterized by RP-HPLC analysis, showing similar elution patterns for 

the pulmonic IFN (pIFN) mutants. Both mutants eluted slightly earlier than IFN-α2a WT (Figure 2A 

and Table 1). 

Table 1: Potency of tested IFNs given as 95 % confidence intervals and the retention time [r.t.] during RP-

HPLC analysis. 

sample EC50 [pM] r.t. [min] 

IFN-WT 1.7-2.4 28.9 

IFN-PSL-TG 2.5-3.8 28.5 

IFN-SCR-TG 3.4-4.3 28.5 
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Figure 2: (A) RP-HPLC analysis of IFN-α2a WT, IFN-PSL-TG and IFN-SCR-TG. (B) Secreting alkaline 

phosphatase assay of HEKBlueTM 293 IFN-α/β cells after 20 h of stimulation with IFN-α2a WT, IFN-PSL-TG and 

IFN-SCR-TG (mean ± standard deviation, n=3). (WT=blue, IFN-PSL-TG=green, IFN-SCR-TG= red) 

The mutants were then tested in an in vitro bioactivity assay to test if the C-terminal elongation had an 

impact on their biological potency using a IFN sensitive HEK cell line (Figure 2B and Table 1).98 As 

shown, the C-terminal elongation has no impact on the protein’s biological potency and both mutants 

retain a biological activity that is similar to IFN-α2a WT. 

Afterwards, the TG recognition site was evaluated using a model peptide with the sequence 

Ac-NQEQVSPL(Aha)-NH2, which has also been used for a previously published study,270 whereby the 

model peptide acts as the glutamine donor in the enzymatic reaction (Figure 3). 

 

  

Figure 3: Incubation of IFNs with a 20-fold molar excess of the model peptide and FXIIIa. Coupled products are 

indicated with black arrows in A and B. (A) Incubation of IFNs for 20 min with the model peptide; IFN-SCR-TG, 

(SCR), IFN-PSL-TG (PSL), IFN-α2a WT (WT) and FXIIIa only (ctrl). (B) Timeline of IFN-α2a WT incubation 

with the model peptide and FXIIIa. (C) Coupling efficiency analysis of  B, analyzed with imageJ by SDS-PAGE 

band intensity quantification. 
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Unexpectedly IFN-α2a WT appears to have an internal TG recognition sequence as analyzed by 

SDS-PAGE (Figure 3A). Consequently, the mutants showed a triple band as the peptide was coupled 

to the internal TG site, as well as to the artificially attached C-terminal TG site. This phenomenon was 

further evaluated in a time course experiment (Figure 3B and 3C), showing that the peptide is quickly 

attached to 50 % of the available IFN-α2a WT, but is then slowly lysed afterwards.  

To evaluate if the internal TG recognition sequence is also targetable for the coupling of IFN-α2a WT 

to the extracellular matrix, all IFNs were used in a similar time course experiment. In this case 

fibronectin was added as a glutamine donor instead of the model peptide (Figure 4). 

 

 

Figure 4: Timeline of IFN-α2a WT, IFN-PSL-TG and IFN-SCR-TG covalent attachment to fibronectin, catalyzed 

by FXIIIa. 

As shown in figure 4, IFN-α2a WT is not coupled to fibronectin by FXIIIa, in contrast to the engineered 

pIFNs, for which coupled products are already detectable by immunoblotting after 30 seconds, though 

the overall coupling efficiency appears to be low. On the other hand, no lysis effect, as shown in figure 

3, appears to happen. Therefore, the products are stably covalently bonded to fibronectin. As observed 

for IFN-PSL-TG and IFN-SCR-TG, an additional band appears after 5 min slightly over the fibronectin 

band, which may be a fibronectin dimer. 

After proving the functionality of the TG recognition sequence the MMP-9 cleavable linker was 

evaluated (Figure 5). 
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Figure 5: (A) Timeline of IFN-α2a WT (left), IFN-PSL-TG (middle) and IFN-SCR-TG (right) cleavage by 

MMP-9 over 21 h. Arrows on the right indicate the main products (1) non-cleaved protein (except for IFN-α2a 

WT), (2) cleaved MMP-9 linker in case of IFN-PSL-TG, (3) internally cleaved IFN. (B) Cleavage efficiency 

evaluation of A based on SDS-PAGE band intensity quantification performed with ImageJ. For IFN-PSL-TG the 

total cleavage rate (linker and internal), the cleavage rate of the internal linker (internal) and the cleavage rate of 

the artificial C-terminal TG linker (linker) is shown for IFN- α2a WT and IFN-SCR-TG the cleavage rate of the 

internal linker is shown. (C) potency curves of IFN-α2a WT and IFN-SCR-TG before (-) and after (+) MMP-9 

digest. 

Unexpectedly, IFN-α2a WT appears to have an internal MMP-9 cleavage sequence, which is much 

better recognized than the artificially introduced MMP-9 cleavable sequence, resulting in a cleavage 

efficiency of up to 55 % after 8 h (Figure 5B). If combined with the cleavage pattern of IFN-SCR-TG, 

the internal MMP-9 cleavage site must be close to the proteins C-terminus, as the retention distance on 

the SDS-PAGE between the non-cleaved and cleaved product differs between IFN-α2a WT and the 

mutant. To test, if the internal cleavage sequence affects the potency of IFN-α2a WT and IFN-SCR-TG, 

an additional potency assay was performed after 8h of incubation with MMP-9 (Figure 5C). As shown, 

the internal cleavage of a C-terminal portion of IFN does not affect its potency. 

To locate the internal MMP-9 cleavage sequence, IFN-α2a WT was digested with MMP-9 and 

afterwards analyzed by trypsin in solution digest, followed by ESI MS/MS analysis (Figure 6).  
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Figure 6: (A) MMP-9 tryptic digest of IFN-α2a WT displaying the found peptides for the last 68 amino acids. R 

and K are highlighted in green, indicating, that these cleavage sites are caused by trypsin. Modifications (see 

methods) are highlighted in red. The most likely cleavage site is marked with an arrow. (B) Cleavage site of IFN-

α2a in its ternary receptor binding complex (pdb:3SE3). IFN is highlighted in blue, IFNAR2 is highlighted in grey. 

The side chain residues S152, L153, T155 and N156 of IFN-α2a WT as well as T75, H76 and D138 of IFNAR2 

are displayed.  T155 is highlighted in green, T156 is highlighted in red. Hydrogen bonds are displayed as yellow 

dashed lines. 

As shown in figure 6A, the most likely cleavage site is between T155 and N156. The respective cleavage 

site is indicated on a molecular level in figure 6B. T155 does not interact with Interferon-α/β receptor 2 

(IFNAR2) and N156 interacts only by hydrophobic interactions and van der waals (vdw) forces with 

H76 of IFNAR2.8  

To test the binding concept in a more realistic in vitro setting, extracellular matrix (ECM) was produced 

as described before410 and IFN-SCR-TG was incubated at concentrations of 5, 10, 20 and 40 μg/mL  for 

up to 90 minutes  with, or without FXIIIa (Figure 7A and B). IFN-PSL-TG was discarded for further 

analysis due to the additional detected cleavage site at IFN-α2a´s C-terminus. As shown in figure 7, a 

concentration and time dependent increase in immobilization can be observed, which was highest for 

the highest used concentration and time. Values were 3-5-fold higher compared to IFN-SCR-TG 

incubated on ECM without FXIIIa. As observed, a constant amount of IFN-SCR-TG absorbs 

unspecifically to the ECM, which amount is independent of the used IFN-SCR-TG concentration, 

FXIIIa addition and time (indicated by the grey bars in figure 7B). An IFN-SCR-TG concentration 

increase also increased the amount of detected IFN-SCR-TG, which is therefore covalently bound by 

FXIIIa to the ECM. Therefore, the usage of FXIIIa can immobilize significantly more amounts of IFN 

compared to the control, where no FXIIIa was added. For all used concentrations significant differences 

were measurable after 30 minutes of incubation. To further evaluate the suitability of the model, 

IFN-SCR-TGs cleavage from ECM was evaluated (Figure 7C). Before starting MMP-9 cleavage the 

relative difference between unspecifically absorbed IFN and covalently bound IFN was analyzed 

(Figure 7C; left). As shown a 5-fold higher amount of IFN-SCR-TG was immobilized with FXIIIa, 

compared to no FXIIIa. The cleavage efficiency of MMP-9 was best within the first hour of incubation, 

but drastically reduced afterwards. Nevertheless, 20 % of bound IFN-SCR-TG was released from ECM. 
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Figure 7: Qualitative analysis of immobilized IFN-SCR-TG on the surface of artificial ECM by enzymatic FXIIIa 

immobilization. (A) 2D Diagram of B with subtracted background. Increased binding is indicated with intensifying 

red. Grey areas are below the indicated threshold of 0.51. (B) Measured absorbance of IFN-SCR-TG bound to the 

ECM by HRP-ELISA (n=3). IFN-SCR-TG incubated with 10 U/mL FXIIIa is marked in red. IFN-SCR-TG 

without FXIIIa is marked in grey. Standard deviations are indicated. Significances were analyzed by two-way 

ANOVA between the control samples and the FXIIIa containing samples. (C) Cleavage of IFN-SCR-TG by MMP-

9 from ECM after immobilization with FXIIIa (left). A control without FXIIIa is indicated (right).  

 

Discussion 

In this study, two IFN-α2a WT mutants, containing a TG recognition sequence at the proteins 

C-terminus were successfully purified and characterized by MALDI-TOF MS and RP-HPLC analysis. 

The pulmonic IFN mutants were analyzed for their purity and potency (Figure 2), which showed 

wildtype like activity. Additionally, the added features, which are the TG recognition sequence, and an 

MMP-9 protease sensitive linker were analyzed for their functionality by SDS-PAGE (Figure 3 and 5), 

Western blot analysis (Figure 4), as well as in an in vitro ECM binding assay (Figure 7). During 

investigation, two unknown features of IFN-α2a WT were discovered, which are an internal TG 

recognition sequence, though this is only valid for peptides (Figure 3 and 4), and an internal MMP-9 

protease sensitive sequence, that is close to the proteins C-terminus (Figure 5 and 6). The exact location 

was determined to be likely between T155 and N156. A cleavage on this position is in accordance with 

the proteins retained potency after cleavage (Figure 5C). It was demonstrated, that significantly higher 

amounts of IFN can be covalently immobilized on ECM by FXIIIa and that the amount of bound IFN is 
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dependent on its concentration and incubation time (Figure 7). Furthermore, it was shown, that the 

bound IFN can be released by MMP-9 and that this cleavage is more efficient in solution (Figure 5), 

than from ECM itself (Figure 7B). It is likely, that MMP-9 does not only cleave IFN during incubation, 

but also other ECM proteins, resulting in an enzyme saturation, which inhibits further IFN-SCR-TG 

release. As a constant release of MMP-9 by macrophages can be expected in an in vivo setting, this 

should not impair the feasibility of the concept, though must be proven in future experiments. 

Additionally, an absolute quantification of deposited IFN on the ECM might be necessary for precise 

dose determination, as well as possible side effect reduction and must be performed in an in vivo 

experiment. Furthermore, side effects caused by IFN, which is not bound by FXIIIa during the initial 

application must be evaluated to assess the products benefit for patients. 

Conclusion 

In conclusion, the presented results demonstrate that the engineered mutant IFN-SCR-TG is a promising 

candidate for creating MMP-9 sensitive IFN depots, using FDA approved FXIIIa for immobilization. 

These depots are likely useful in preemptive pulmonic applications to dampen the viral load in the case 

of a respiratory infection252 and decrease the time between pathogen infiltration and the innate immune 

response.  
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Conclusions and Outlook of the Thesis 

In this thesis, poly(ethylene glycols) (PEG), linear polyglycerols (LPG) and poly-(2-ethyl-2-oxazolines) 

(PEtOx) with molecular weights from 10-40 kDa were synthesized and terminally functionalized with 

cyclooctyne groups (Chapter 2,3,4 and 6), or aldehyde groups (Chapter 5) to enable conjugation to 

azide functionalized proteins, or wildtype proteins. Conjugation was performed to either site specific 

azide functionalized Interferon-α2a (IFN-α2a) (Chapter 2-4) by strain promoted azide alkyne 

cycloaddition (SPAAC), human Interleukin-4 (hIL-4) by reductive alkylation (Chapter 5), or 

chemoenzymatic functionalized murine Interleukin-4 (mIL-4) by enzymatic functionalization of the C-

terminus followed by SPAAC (Chapter 6). Additionally, IFNs pharmaceutical potential for its clinical 

future use was evaluated (Chapter 1), as well as its potential usability in a pulmonic application by 

enzymatic depot formation on extracellular matrix using the human coagulation factor XIIIa (FXIIIa) 

(Chapter 7). 

Before the polymers were used for conjugation they were characterized for their molecular weight and 

dispersity (Chapter 2-5). The resulting, purified bioconjugates were characterized for their physico-

chemical properties, including their molecular weight (Chapter 2-6), relative hydrophilicity (Chapter 

2-6), secondary structure (Chapter 2 and 5), hydrodynamic diameter (Chapter 3-5), thermal stability 

(Chapter 2,3,4 and 6), and their interaction with the proteins surface (Chapter 2). The latter two points 

were also investigated in an in silico study (Chapter 2). Furthermore, important biological parameters 

were investigated. This includes the bioconjugates potency compared to the wildtype protein(s) 

(Chapter 2-6), the binding affinity of anti-PEG IgG antibodies to PEG and LPG polymers and PEG and 

LPG bioconjugates (Chapter 5), induction of gene expression in macrophages in comparison to the 

wildtype proteins (Chapter 6), in vivo pharmacokinetics of higher molecular weight bioconjugates 

(Chapter 3 and 4) and an in vivo pharmacodynamic study using an influenza ferret model (Chapter 4), 

which highlighted that polymer type and size has an impact on the bioconjugates efficacy under in vivo 

conditions. Based on the presented results in these chapters, several trends and relations of parameters 

to each other were found. 

As shown by thermal stability tests at physiological pH on IFN-α2a (Chapter 2-4) and mIL-4 

bioconjugates (Chapter 6), the polymers length and hydrophilicity has an influence on the protein’s 

thermal stability. Tough these differences are partially significant they are still rather small (± < 3 °C) 

and further aggregation and stability studies of each bioconjugate are needed to judge if these differences 

are pharmaceutically relevant. Noteworthy, as shown in chapter 2-4, a longer polymer chain does not 

necessarily lead to a more stable, or unstable bioconjugate based on its pure Tm value, but long term 

stability studies of IFN bioconjugates have shown that a longer polymer can positively influence its long 

term stability,411 which may also be investigated in the future for LPG and PEtOx bioconjugates. 

Additionally, the influence of the polymer on the biological component varies and likely depends on the 

conjugation site and its influence on the surrounding accessible surface, by altering its interaction with 
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surrounding solvent and formation of new bonds between the polymer and the protein surface. It can 

therefore stabilize or destabilize the protein, or have no measurable influence on the proteins melting 

point. These findings are likely true for all three polymers as it was described before for PEG412-415, is 

demonstrated in chapter 2,4 and 6 for PEtOx, as well as for LPG in chapter 2 and 3 with comparison to 

literature.166 As a general trend (based on the three investigated polymers), a more hydrophilic polymer 

can better stabilize the protein than a hydrophobic polymer (Chapter 2-4)166, 288, though differences are 

small.  

Hydrophilicity of the bioconjugates was determined by HPLC analysis. The hydrophilicity of the 

conjugated polymer significantly impacted the hydrophilicity of the corresponding bioconjugate. LPG 

conjugation always led to an earlier retention time (Chapter 2, 3 and 5)166 and PEtOx conjugation 

always led to later retention times (Chapter 2, 4 and 6)360, when compared to the sole protein part. 

Interestingly, PEG conjugation altered IFN-α2a bioconjugates to be more hydrophilic (Chapter 2 and 

3) and IL-4 bioconjugates to be more hydrophobic (Chapter 5 and 6), when compared to their 

unconjugated counterparts. In all cases, longer polymers led to an increase of the shown trends, but the 

effect was clearly stronger for LPG bioconjugates, than for PEG and PEtOx bioconjugates. 

Hydrodynamic diameter analysis of bioconjugates agreed with findings described in literature, whereby 

LPG polymers lead to a similar growth rate in hydrodynamic size, as their PEG equivalents (Chapter 3 

and 5).166, 288 For PEtOx bioconjugates (Chapter 4), a slightly smaller growth rate in hydrodynamic 

diameter was measured which agrees with findings of unconjugated polymers.178, 360 

The hydrodynamic diameters of found bioconjugates correlated well with their in vitro and in vivo 

parameters. As shown by multiple in vitro potency assays (Chapter 2-6), in which the IFN and IL-4 

bioconjugates were compared to each other over a range of 10-40 kDa, using different linkers and 

conjugation strategies, as well as different potency assays, no significant difference was measured 

among them, when compared to bioconjugates of the same hydrodynamic size. This agrees with 

previously described studies.166, 184 These findings are also in line with the conducted polymer surface 

interaction study (Chapter 2; LIP Assay), which qualitatively revealed no significant interaction of all 

three polymers with IFNs protein surface on a minute timescale, therefore attributing the loss in potency 

of investigated bioconjugates to a mostly steric effect of the bioconjugates polymer with regard to 

protein receptor interaction245, as protein polymer surface interactions are likely weak and only cover 

the protein surface transiently. 

Polymer related differences were detected during the executed pharmacokinetic study, which is 

presented in chapter 3. In comparison to PEG bioconjugates, LPG bioconjugates of similar 

hydrodynamic size had similar terminal excretion rates, but LPG showed an initial more rapid 

distribution phase within the first 8 hours, which lead to overall slightly lower plasma levels and affected 

their overall serum half-life’s. Another in vivo study indicated similar differences between PEG and 

LPG bioconjugates in their initial phase, tough not explicitly stated by the authors.166 As written in 
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chapter 3, the reason for this effect remains elusive and needs further in vivo studies, which may be 

performed in a bioimaging study using radiolabeled LPGs to accurately determine LPGs biodistribution. 

An uptake effect, or faster distribution into body compartments is likely the reason for this phenomenon, 

which saturates over time as the difference in disposition kinetics between LPG and PEG bioconjugates 

align in the terminal phase. Tested PEtOx bioconjugates behaved like similar sized PEG bioconjugates 

(Chapter 4), which agrees with recently described findings of tested radiolabeled polymers.402 

Additionally, radii balanced IFN-PEtOx bioconjugates were tested in an in vivo ferret influenza model 

(Chapter 4), against marketed Pegasys and IFN-PEG 40 kDa (which was characterized in chapter 3) 

and showed an improvement of clinical symptoms similar to the marketed influenza drug Oseltamivir, 

but further studies are needed to evaluate its potency conclusively.  

In conclusion, the three used conjugation techniques, (i) site specific azide functionalization of the 

protein by amber codon expansion, followed by SPAAC, (ii) N-terminal reductive alkylation using 

aldehyde functionalized polymers at slightly acidic pH and (iii) enzymatic azide functionalization of 

C-terminally modified proteins, followed by SPAAC, are all viable options for polymer conjugation and 

all have their advantages, as well as disadvantages. Therefore, it is advisable to consider each of the 

presented techniques for bioconjugation and balance reasons for a final choice when engineering 

bioconjugates. 

The two investigated PEG alternative polymers LPG and PEtOx are both viable options as PEG 

replacements, when a narrow dispersity, sufficiently high molecular weight and a high degree of 

functionalization is achieved during synthesis. This will likely be a key challenge to transfer their 

potential from the herein demonstrated lab applications to industrial relevant scales. LPG and PEtOx 

did show slightly different attributes than PEG, which can be exploited to boost the efficacy of LPG and 

PEtOx bioconjugates, but this must be evaluated for each application scenario.  

The usage of FXIIIa to functionalize wildtype proteins for site selective bioconjugation and for tissue 

immobilization has likely a high potential but shows its limitations in the presented work. Tough the 

conjugation site is kind of specific to the artificially engineered peptide sequence, off targets were 

identified in both tested applications (Chapter 6 and 7). The steric complexity of both substrates seems 

to be important for the off targeting, as off targets were only detected for protein-peptide substrate pairs 

(Chapter 6 and 7), but not for the tested protein-protein substrate pair (Chapter 7). Additionally, an 

absolute quantification of immobilized substrate on the ECM is challenging and future work needs to 

be performed to evaluate this aspect and clarify specifically, if the immobilized protein amount is 

sufficient to trigger disease modifying effects. In contrast to the slow catalysis of isopeptide bonds 

between proteins and tissues (or other proteins), catalysis of protein-peptide bonds showed high yields 

(Chapter 6 and 7) demonstrating its potential for medicine and industry, though the reaction time must 

be optimized for every substrate.   
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α2a, azide mutants and bioconjugates 
12                         12 

Synthesis and batch release of N6-((2-

azidoethoxy)carbonyl)-L-lysine 
0.2         0.8               1 

Characterization of Interferon-α2a, azide 

mutants and bioconjugates 

(SDS-PAGE, MALDI-TOF MS, RP-

HPLC, DLS, DSF, biopotency) 

9.5 0.5                       10 

Writing of animal testing proposal 0.8   0.4               0.4   0.4 2 

Execution of in vivo pharmacokinetic 

study 
    8                     8 

ELISA experiments 2                         2 

Calculation of in vivo data and model 

fitting 
        1.5                 1.5 

FACS analysis of murine bone marrow 

cells by Interferon-α2a 
    1.5                     1.5 

Publication writing 9 4 1 2 1   0.5 0.5 0.5 0.5 0.5 0.5 5 25 

Coordination 1           0.5 1.5 0.5 0.5 0.5 0.5 5 10 

 41.5 20.5 10.9 4 2.5 0.8 1 2 3 1 1.4 1 10.4 100 
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4 
Title: “PEtOxylated Interferon-α2a bioconjugates addressing H1N1 influenza A virus infection”, Niklas 

Hauptstein (NH), Michael Dirauf (MD), Kevin Wittwer (KW), Bevan Sawatsky (BS), Gizem Cinar (GC), 

Oliver Siering (OS), Oliver Scherf-Clavel (OC), Martina Raschig (MR), Tessa Lühmann (TL), Ivo 

Nischang (IN), Ulrich S. Schubert (US), Christian Pfaller (CP), Lorenz Meinel (LM), journal: 

Biomacromolecules, year: 2022, volume: To be determined, pages: to be determined,  

DOI: 10.1021/acs.biomac.2c00358 

Autor NH MD KW BS GC OS OC MR TL IN US CP LM Σ (%) 

Synthesis and characterization (SEC, 

NMR, turbidity) of poly(2-ethyl-2-

oxazolines) 

  12                       12 

AUC and SEC-MALLS of polymers         1.5         1.5       3 

Upstream processing of Interferon-α2a 

and mutants 
7                         7 

Downstream processing of Interferon-

α2a, azide mutants and bioconjugates 
10                         10 

Synthesis and batch release of N6-((2-

azidoethoxy)carbonyl)-L-lysine 
0.2             0.8           1 

Characterization of Interferon-α2a, 

azide mutants and bioconjugates 

(SDS-PAGE, RP-HPLC, DSF, 

biopotency) 

12                         12 

Execution of in vivo pharmacokinetic 

study 
    5                     5 

ELISA experiments 1                         1 

Calculation of in vivo data and model 

fitting 
            1             1 

Execution and analysis of in vivo ferret 

influenza study 
    4 4   4               12 

Publication writing 9 2 0.5 1.5 1.5   1   1 1 0.5 0.5 7 25.5 

Coordination 0.8               1.5  0.2 1 1 6 10.5 

 40 14 9.5 5.5 3 4 2 0.8 2.5 2.7 1.5 1.5 13 100 

 

 

  

5 
Title: “Linear Polyglycerol for N-terminal-selective modification of Interleukin-4”, Michael Tully 

(MT), Niklas Hauptstein (NH), Kai Licha (KL), Lorenz Meinel (LM), Tessa Lühmann (TL), Rainer 

Haag (RH), journal: Journal of pharmaceutical sciences, year: 2021, volume: 111, pages: 1642-1651, 

DOI: 10.1016/j.xphs.2021.10.032 

Autor MT NH KL LM TL RH Σ (%) 

Synthesis of linear aldehyde functionalized polyglycerols 10           10 

Synthesis of linear aldehyde functionalized polyethylene 

glycols 
7           7 

Upstream processing of Interleukin-4 in E. coli   6.5         6.5 

Downstream processing of Interleukin-4    12         12 

Downstream processing of bioconjugates 5.5           5.5 

Characterization of bioconjugates 

(SDS-PAGE, CD-Spectroscopy, RP-HPLC, DLS, Glu-C 

digest, MALDI-TOF, SEC-MALLS, biopotency, plasma 

stability, MST, SPR, Anti-PEG ELISA) 

10.5 11.5         22 

Publication writing 8 8 1 1 1 7 26 

Coordination 1 1 1 1 1 6 11 

 42 39 2 2 2 13 100 
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7 
Title: “Bioresponsive release of Interferon-α2a by Matrix Metallopeptidase 9 from Extracellular Matrix 

after Transglutaminase enabled immobilization”, Niklas Hauptstein (NH), Benedikt Gantert (BG) Marc 

D. Driessen (MDD), Tessa Lühmann (TL), Lorenz Meinel (LM), [unpublished] 

Autor NH BG MDD TL LM Σ (%) 

Gene design and cloning 5         5 

Upstream processing of proteins 10         10 

Downstream processing of proteins 19         19 

Characterization of proteins 

(MALDI-TOF MS, biopotency, SDS-PAGE) 
10         10 

Synthesis and purification of model peptide   3       3 

Western blotting 5         5 

Enzymatic assays inkl. ECM (FXIIIa, MMP-9) 8 2       10 

Mass spectrometric analysis     3     3 

Scientific writing 15     5 5 25 

Coordination 2     4 4 10 

 74 5 3 9 9 100 

 

  

6 
Title: “Chemo-enzymatic PEGylation/ POxylation of murine Interleukin-4”, Dorothee Haas (DH), Niklas 

Hauptstein (NH), Michael Dirauf (MD), Marc D. Driessen (MDD), Matthias Ruopp (MR), Ulrich S. 

Schubert (US), Tessa Lühmann (TL), Lorenz Meinel (LM), journal: Bioconjugate Chemistry,  

year: 2022, volume 33, pages: 97–104, DOI: 10.1021/acs.bioconjchem.1c00495 

Autor DH NH MD MDD MR US TL LM Σ (%) 

Synthesis and characterization of poly(2-ethyl-2-

oxazolines) 
    8           8 

Linker peptide synthesis and purification 4               4 

Upstream processing of proteins 8               8 

Downstream processing of proteins and bioconjugates 16               16 

Characterization of proteins and bioconjugates 

(SDS-PAGE, RP-HPLC, WST-1 assay, macrophage 

polarization, DSF) 

11.5 7.5     1       20 

LC MS/MS analysis of peptide conjugation sites       4         4 

Publication writing 9 7 3 2.5   0.5 1 7 30 

Coordination   1.5       0.5 2 6 10 

 48.5 16 11 6.5 1 1 3 13 100 
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