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ARTICLE INFO ABSTRACT

Keywords: Most drugs, especially those with acidic or neutral moieties, are bound to the plasma protein albumin, whereas

Protein binding basic drugs are preferentially bound to human alpha-1-acid glycoprotein (AGP). The protein binding of the long-

i\JlGP ltrati established drugs ephedrine and pseudoephedrine, which are used in the treatment of hypotension and colds, has
trafiltration

so far only been studied with albumin. Since in a previous study a stereoselective binding of ephedrine and
pseudoephedrine to serum but not to albumin was observed, the aim of this study was to check whether the
enantioselective binding behavior of ephedrine and pseudoephedrine, in addition to the derivatives methyl-
ephedrine and norephedrine, is due to AGP and to investigate the influence of their different substituents and
steric arrangement. Discontinuous ultrafiltration was used for the determination of protein binding. Character-
ization of ligand-protein interactions of the drugs was obtained by saturation transfer difference nuclear mag-
netic resonance spectroscopy. Docking experiments were performed to analyze possible ligand-protein
interactions. The more basic the ephedrine derivative is, the higher is the affinity to AGP. There was no sig-
nificant difference in the binding properties between the individual enantiomers and the diastereomers of
ephedrine and pseudoephedrine.

Saturation transfer difference NMR
Epitope mapping
Ephedrine

substantially reduced and hence, the drug cannot develop its full effect.
Albumin is the protein with the largest proportion among all plasma
proteins and performs the most important functions, such as transport of

AGP alpha-1-acid glycoprotein
BGE background electrolyte

CE capillary electrophoresis endogenous and exogenous substances through the body. It binds
DUF discontinuous ultrafiltration mainly acidic and neutral substances at two binding sites (Sudlow et al.,
E ephedrine 1975). Diseases can increase or decrease protein concentration, which

HDAS-B-CD heptakis-(2,3-di-O-acetyl-6-sulfo-)-p-cyclodextrin
K, respectively pK, acidity constant
Katf respectively pKags affinity constant

affects the extent of protein binding (Tillement et al., 1978). Besides
albumin, there are other plasma proteins which only make up a small
proportion of the total quantity such as lipoproteins or alpha-1-acid

ME methylephedrine glycoprotein (AGP) also known as orosomucoid, with AGP being only
NE norephedrine 3% of the plasma proteins. However, it is the second most important
PE pseudoephedrine transport protein for drugs besides albumin. AGP is a highly glycosy-

STD-NMR saturation transfer difference NMR
1. Introduction

Many different factors influence the drug therapy, among them
bioavailability, metabolism, and solubility. Above all, binding to pro-
teins such as albumin, has huge influence on the success of the respective
drug therapy. If a drug is strongly bound, the effective dosage is
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lated acute phase protein with a molecular mass of 42 kDa and widely
used as an inflammation marker in laboratory diagnostics. Its carbohy-
drate content is very high at 45% and responsible for the immuno-
modulatory activities of the protein (Fournier et al., 2000). There are
two variants of AGP, variant A and F1*S, which occurina 1:2 to 1:3 ratio
in humans (Yuasa et al., 1993). AGP transports mainly basic substances
but lipophilic ones as well. This is significant as most drugs have basic
structural elements (Charifson and Walters, 2014). The binding
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Fig. 1. Structural formulas of studied drugs

behavior of drugs to AGP was often described as binding to a single
dominant high-affinity binding site with several low-affinity binding
sites or two main binding sites with the same affinity and these two
binding sites differ primarily in their affinity for basic and acidic drugs
(Berezhkovskiy, 2007). In 2008, Schonfeld et al. characterized the
non-glycosylated crystal structure of AGP with one main binding site,
which differs depending on the variant (Schonfeld et al., 2008). In a
review by Israili and Dayton the binding of many different drugs to AGP
was evaluated (Israili and Dayton, 2001). The basic drugs ephedrine (E)
and pseudoephedrine (PE), which are used to treat hypotension and
colds, have not been characterized. Nevertheless, there have been
studies on protein binding of E and PE with albumin (Guo et al., 2003;
Huang et al., 2011; Till and Benet, 1979; Yang and Hage, 1994).

Volpp and Holzgrabe showed that the binding of E and PE is
increased in human serum compared to the isolated albumin and indi-
cating that these drugs may bind to another plasma protein (Volpp and
Holzgrabe, 2019). In addition, differences in protein binding of the in-
dividual enantiomers and diastereomers were found in human serum,
which suggest a stereoselectivity of the binding process. Due to the basic
structure of E and PE, binding to AGP seems obvious, which is why
binding experiments with E and PE as well as the derivatives norephe-
drine (NE) and methylephedrine (ME) were performed. For the deter-
mination of the extent of the binding of ephedrine derivatives to AGP
discontinuous ultrafiltration (DUF) was used and for structural studies
saturation transfer difference NMR (STD-NMR) was chosen. To the best
of our knowledge, STD-NMR has only been used by Becker and Cruz
(Becker and Larive, 2008; Cruz and Larive, 2012) to investigate protein
binding of drugs to AGP due to the challenging nature of a polar binding
site and the strong glycosylation. One of the drugs examined was the
fB-receptor antagonist propranolol, which has some structural similarity
to the ephedrine derivatives. Stereoselective differences in binding
behavior were also found for both propranolol enantiomers, which is
why enantioselective binding seems possible for the ephedrine de-
rivatives and their enantiomers. Overall, the aim of this study was to
investigate the binding properties of different ephedrine derivatives and
their respective enantiomers (cf. Fig. 1) to AGP and to study the influ-
ence of structural differences and stereoselective binding.

2. Materials and methods
2.1. Chemicals

(+)-Ephedrine hemihydrate, (—)-pseudoephedrine, (4)-pseudoe-
phedrine, (4)-norephedrine, (—)-norephedrine, sotalol hydrochloride
and a;-Acid Glycoprotein from human plasma were purchased from
Sigma Aldrich (Basel, Switzerland), while (—)-ephedrine from Caelo
(Hilden, Germany). (+)-Methylephedrine and (—)-methylephedrine
were obtained from Fluka (Buchs, Switzerland). The buffer salts sodium
dihydrogenphosphate (anhydrous), disodium hydrogenphosphate, tri-
potassium phosphate, sodium azide and sodium chloride were pur-
chased from Sigma Aldrich (Basel, Switzerland), phosphoric acid 85%
and sodium hydroxide from VWR Chemicals (Darmstadt, Germany),
hepktakis-(2,3-di-O-acetyl-6-sulfo-)-B-cyclodextrin (HDAS-p-CD) from
Regis Technologies (Morton Grove, Texas, US), 0.1 M hydrochloric acid
solution from Bern Kraft (Duisburg, Germany) and deuterated water
from Deutero GmbH (Kastellaun, Germany), while Millipore water was
obtained from an in-house water purification system from Merck Milli-
pore (Darmstadt, Germany).

2.2. Instruments

pH measurements were performed with a pH meter from Metrohm
(Filderstadt, Germany). The samples were centrifuged with a centrifuge
5702 and incubated in a thermomixer, both from Eppendorf (Hamburg,
Germany). The CE system used was a P/ACE MDQ system from Beckman
Coulter (Brea, California, US) with a photodiode array detector.

2.3. Discontinuous ultrafiltration

As incubation medium a 30 mM sodium dihydrogen/disodium
hydrogen phosphate buffer, with 100 mM sodium chloride and a pH of
7.40 was used. The pH was adjusted with 0.1 M sodium hydroxide so-
lution. The ionic strength and pH of the buffer correspond to the phys-
iological conditions of the blood (Oehlmann, 1996). 180 uM AGP, 360
uM racemic mix of each drug derivative and 225 pM sotalol stock so-
lution were prepared by dissolving the required amount in incubation
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Fig. 2. Electropherogramm of the drugs used at a concentration of 100 uM and 50 uM internal standard; method parameters: 20.0 kV, 100 mM sodium dihyr-
ogenphosphate/phosphoric acid buffer pH value 3.0, 3 mM HDAS-B-CD, total capillary length 52 cm, effective capillary length 40 cm

buffer. Five drug-protein ratios were incubated and covered the range
from 0.8 to 1.5. The protein concentration was held constant at 80 uM
while the determined drug concentration differed in the range from 50 -
120 uM. Drug and protein stock solutions were mixed with the respec-
tive amount of incubation buffer in 1.5 ml Eppendorf tubes and incu-
bated at 37 °C for 30 min. After equilibration was reached the internal
standard sotalol was added in a final concentration of 50 uM. The so-
lution was transferred directly into the Amicon® Ultra 0.5 ml ultra-
centrifugation unit with a molecular cutoff of 3 kDa (Merck, Darmstadt,
Germany) and centrifuged for 5 min at 4400 rpg. After centrifugation,
the solution was filled into vials and assessed by means of capillary
electrophoresis (CE). This was performed in triplicate per drug-protein
ratio.

2.4. Capillary electrophoresis

A fused silica capillary from BGB Analytik Vertrieb (Rheinfelden,
Germany) with an internal diameter of 50 pM, a total length of 52 cm
and an effective length of 40 cm was chosen for the separation. The
background electrolyte (BGE) consisted of a 100 mM sodium dihy-
drogenphosphate/phosphoric acid (85%, w/w) buffer, adjusted to a pH
of 3.0 with 1.0 M sodium hydroxide solution, and 3 mM HDAS-BCD.
Samples were injected at a pressure of 10.0 psi for 5.0 s and separated at
room temperature in the cationic injection mode, using a constant
voltage of 20.0 kV for 20.0 min. The capillary was conditioned first with
1.0 M sodium hydroxide solution, second with 2.0 M hydrochloric acid
and third with Millipore water at a pressure of 30.0 psi, each for 10.0
min. Subsequently, the capillary was rinsed with BGE for 2 min and a
voltage of 20.0 kV for 20 min was applied. Before each sample injection,
the capillary was rinsed 2.0 min with 0.1 M hydrochloric acid, 2.0 min
Millipore water and 5.0 min with BGE at a pressure of 20.0 psi. Analytes
were detected at a wavelength of 194 nm. Data evaluation was per-
formed with 32 Karat Software 8.0 from Sciex (Darmstadt, Germany).

2.5. Saturation transfer difference NMR

The measurements were carried out on a Bruker III Avance spec-
trometer operating at 400.13 MHz equipped with a PABBI inverse probe
(Karlsruhe, Germany). The pulse frequency stddiffesgp.3 was used,

coupled with an excitation sculpting pulse frequency for water signal
suppression at 4.703 ppm. The scan count was 8 scans with 16 dummy
scans and a loop counter of 64. The spectral width was set to 15.98 ppm
and the transmitter offset to 4.70 ppm. The measurement temperature
was 300 K. The solvent used was a deuterated 30 mM phosphate buffer
containing 25 mM sodium chloride. For preparation, tripotassium
phosphate was weighed, dissolved in deuterium oxide, and adjusted to a
pD of 7.40 with deuterated hydrochloric acid. For stability to microbial
attack 0.02% sodium azide was added. 2.0 mM from each enantiomer
and 40 uM protein stock solutions were prepared by dissolving the
required amounts in the buffer. The ligand-protein solutions were pre-
pared by mixing the stock solutions with the respective amount of buffer
to obtain a ligand-protein ratio of 20:1. Protein concentration was held
constant at 15 pM. Each sample was measured at four different satura-
tion times from 1 to 4 s with a constant relaxation delay of 4 s. Data were
integrated and evaluated with TopSpin 4.0.9 from Bruker (Karlsruhe,
Germany).

2.6. Molecular docking

Docking studies with AutoDock (Morris et al., 1998) were executed
on the crystal structure of the human AGP A variant in complex with
amitriptyline (PDB code 3APV, chain A (Nishi et al., 2011)). Using MOE
(Molecular Operating Environment; Chemical Computing Group ULC,
Montreal, QC, Canada) ligand atoms as well as water molecules and
other small molecules were extracted, terminal residues were kept in the
charged form. Polar hydrogens were added with the program PRO-
TONATE of the AMBER software package (Case et al., 2005, 2008).
Kollmann charges and solvation parameters were assigned to generate
the PDBQS-files required for the calculation of the docking grids by
AutoGrid (60x60x60 grid points, spacing 0.375 A; centered on binding
site placing the grid center near atom OE2 of Glu-92). Ligand building,
addition of protons and energy minimization (gradient: 0.001 kcal/-
mol/A; MMFF94x forcefield) were performed with MOE. The docking
was carried out using the Lamarckian Genetic Algorithm (10x10° en-
ergy evaluations, population size of 350 individuals, max. 50.000 gen-
erations, 300 iterations in Solis and Wets local search, 50 GA runs)
which resulted in a very accurate reproduction of the experimentally
observed binding mode of amitriptyline (98% top poses with
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3. Results and discussion

3.1. Discontinuous ultrafiltration and capillary electrophoresis analysis

The procedure of DUF is characterized by mixing drug and protein
solution. After incubation, the formed drug-protein complex is centri-
fuged off while the free drug remains in the centrifugate. The free drug
concentration was determined by means of CE. HDAS--CD was chosen
as the chiral selector because good separations of ephedrine derivatives
and their enantiomers have already been shown in the past (Wedig et al.,
2002). In addition, a good separation of the sotalol enantiomers had to
be achieved because only the racemic sotalol is commercially available.
Sotalol hydrochloride was used as internal standard because it is re-
ported not to bind to APG (Belpaire et al., 1982; Israili and Dayton,
2001). To avoid possible binding of sotalol to AGP, the internal standard
was added just before centrifugation. As can be seen in Fig. 2, a sepa-
ration of all ephedrine derivatives as well as the sotalol enantiomers was
accomplished within 15 min.

The greater the excess of the drug concentration the more the
binding sites of the protein are occupied. The binding of a ligand to a
protein is based on an equilibrium reaction following.

ligand + protein = ligand — protein complex (@D)]

This reaction can be described by the affinity constant Ku¢, which is
the applied law of mass action to Eq. (1) (Du et al., 2016). To charac-
terize the affinity constant K, and the binding behavior, several
different drug-protein ratios must be incubated, and the free drug con-
centration measured. Either the protein concentration or the drug con-
centration is kept constant. In healthy humans, the plasma
concentration of AGP is between 10 and 20 uM (Bteich, 2019). Since the
drug excess would have been too large and no significant change in free
concentration would have been detected it was not possible to use a
physiological concentration of AGP in the DUF experiments. Therefore,
a AGP concentration of 80 uM was chosen. Lowering the drug concen-
tration was no option, as drug concentrations would have fallen below
the limit of quantification. The LOQs of the drug used can be found in
Table S1. LC-MS is also used in combination with ultrafiltration (Fab-
resse et al., 2020), as the better sensitivity allows work in physiological
conditions. However, CE was chosen because of its advantages in the
separation of enantiomers, as the stereoselectivity of protein binding
was to be investigated. In this study an approach was chosen to work in a
drug-protein ratio of 0.8-1.5 resulting in a constant protein

concentration of 80 uM. The fraction bound to the protein (fpound) is
calculated according to Eq. (2) and Eq. (3) by subtracting the concen-
tration of unbound drug (cfee) determined by CE in the sample from the
total concentration of drug (ctta)) used considering the concentration of
the internal standard and dividing the resulting bound concentration
(Cbound) of drug by ciotal-

Cbound = Crotal — Ciree (2)
Chound

fbound = (3)
Ctotal

Kaff constant can be determined using graphical approaches, e.g. the
Klotz or Scatchard plot (Klotz and Hunston, 1971; Scatchard, 1949). The
amount of drug which is bound per mole of protein can be expressed by r
which corresponds to the quotient of the bound drug concentration to
the total protein concentration (Cprotein)-

P )
Cpmlein

The Klotz plot makes use of the relationship between r and the free
drug concentration as a double-reciprocal approach. If there is only one
binding site, a linear graph is gained; if there are several binding sites, a
curve is obtained whose evaluation is much more complex. Fig. 3 shows
the linear Klotz plot of (—)-ephedrine as an example indicating the
presence of one main binding site.

Kaff is the quotient of the intercept with the slope of the determined
regression line while n, number of binding sites, is the reciprocal value
of the intercept (Klotz and Hunston, 1971). The enantiomers of E, PE,
and ME all showed a linearized Klotz Plot, while both NE enantiomers
could not be graphically analyzed. The diastereomers E and PE including
their respective enantiomers showed no significant difference in their
binding behavior. ME showed low protein binding with the dextroro-
tatory enantiomer showing even lower binding compared to E and PE.
Hardly any binding was found for both NE enantiomers. As was
mentioned earlier, one main binding site is present when a linearized
Klotz plot is obtained. For all derivatives except NE this is the case. An
overview of the obtained plots is given in Figure S1. To confirm the
result, Ky for each ligand-protein ratio and the resulting total Ka¢ as
average of each individual Ky was calculated by Eq. (5) with the
generated data and transformed into the pKag, which is the negative
decimal logarithm of K¢, for better usability. In the presence of only one
main binding site and selective binding, pKa¢ must be constant over the
different ratios (Volpp and Holzgrabe, 2019).
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Table 1

Comparison of pK,¢ calculated according to Eq. (5) as the average value of the
respective enantiomer, dissociation constant Ky, as reciprocal value of Ky, the
determined protein binding by means of DUF and its graphical evaluation by
means of Klotz plot with n being equal to the number of binding sites

Klotz plot
PKafr Kp % bound PKagr n
(+H)-E 3.62 + 0.02 240 M 25.0 + 0.9 3.29 1.82
(-)-E 3.65 + 0.03 221 uM 26.5 + 1.6 3.56 0.91
(+)-PE 3.71 £0.03 176 uM 29.1+14 3.46 1.45
(-)-PE 3.68 + 0.04 209 M 27.6 + 2.0 3.79 0.46
(+)-ME 3.34 +£0.03 429 uM 149 +1.0 3.63 0.68
(-)-ME 3.42 £ 0.03 383 uM 17.3 +£ 0.9 3.43 1.16
(+)-NE 2.96 + 0.14 956 yM 6.8+ 1.9 graphical evaluation
(—-)-NE 3.02 +£0.11 1087 uyM 7.7 £1.7 was not possible
Kar = Toouna X : %)
1 _ﬁmund Cpmtein

Figure S2 shows this was the case for the enantiomers of E, PE, and
ME, while the enantiomers of NE showed a larger scatter. The results
obtained with both methods are compared in Table 1. The ultrafiltration
units were tested for non-specific binding of the drugs. No significant
adsorption on the ultrafiltration device was observed. The minimal de-
viations were considered in the results presented. The values of the pKag
differ significantly but are of the same order of magnitude. Both ap-
proaches support the notion, that there is only one main binding site.
The protein binding of all tested drugs was less than 30%, which is why
it can be assumed that the binding of AGP is not clinically relevant.

3.2. Saturation transfer difference-NMR

STD-NMR is a well-established method in screening for possible
binding of small molecules to respective targets, e.g. proteins (Krishnan,
2005). The principle of STD NMR is based on the nuclear overhauser
effect. When a ligand binds to a protein, a proton of the protein can
interact with a proton of the ligand and transfer energy in form of
saturation. Saturating the protein’s protons with the aid of a specific
pulse, this saturation is transferred to the proton of the ligand in case of
binding. A completely saturated proton does not show a signal in the
spectrum any longer. Since the saturation is not completely transferred
to the proton of the ligand, an attenuated signal is obtained. By sub-
tracting on-resonance-spectrum (with saturation pulse) from
off-resonance-spectrum (without saturation pulse) a difference spectrum
is obtained. Different signals indicate ligand protons that are in prox-
imity to protons of the protein and thus were saturated by saturation
transfer through the protein. For each protein, the appropriate satura-
tion pulse must be found, depending on the chemical structure. Ideally,
the saturation pulse should not interfere with the signals of the ligand.
Three different saturation pulses were applied with 6.22 ppm, 1.97 ppm
and —1.00 ppm. Only the saturation pulse at —1.00 ppm did not inter-
fere, so it was chosen as the saturation pulse for the STD measurements.
The corresponding NMR spectra are shown in Figure S3. The drug excess
should be at least equal to 0.5 to 2 times of the dissociation constant Kp
to ensure adequate saturation (Mayer, 2001). Kp values were calculated
as reciprocal values from the previously determined K¢ values from the
DUF measurements and are shown in Table 1. Fig. 4 shows the 'H
spectra of (—)-E and AGP. The CH-N signal at 3.50 ppm of the ephedrine
derivatives overlapped with the signals from AGP and was therefore not
suitable for evaluation. The Hpenzy1 Signal at 5.00 ppm was canceled out
by the water suppression and could thus not be detected. The aromatic
protons are overlapping, thus individual analysis was not possible. The
exchangeable protons of the hydroxy group and the amine group were
not seen due to a deuterium exchange by the buffer used. An overlay
between an off-spectrum (black) and a difference spectrum (red) of a
mixture of (+)-E with AGP is displayed in Fig. 5.
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The STD factor is calculated according to Eq. (6) with the intensity of
each individual proton.

intensity g_ ., — intensity,, ..

STD factor = x 100 (6)

intenSityol'l'—rcs.

For epitope mapping, all STD factors are normalized to the strongest
one (Viegas et al., 2011). The STD factor intensity depends on the
saturation time, rebinding processes, drug and protein concentration
and binding kinetics, respectively (Walpole et al., 2019). With longer
saturation times, more intensive signals are obtained. The measure-
ments were performed at saturation times of 1, 2, 3 and 4 s. Plotting STD
factor against the saturation time, revealed an adsorption isotherm,
which can be described by Eq. (7). STD factor (ts) is the factor at a
certain saturation time, kg, the saturation rate constant, tg, the satu-
ration time and STD factorpy the maximum STD factor intensity.

STD factor(ty) = STD factory,, x (1 — e R x l‘“‘) (7

To account for ligand and protein concentration (cjigand respectively
Cprotein), the STD amplification factor (STD AF) is used instead of the STD
factor. It is calculated according to Eq. (8).

STD AF = STD factor x &4 (®)
Cprmein

As can be seen in Fig. 6, at a saturation time starting from 3 s, almost
complete saturation is reached for protons Hppeny1, N-CH3, and C-CHa. In
the rising part of the adsorption isotherm, the STD factor is still rela-
tively independent of the saturation time. Therefore, a saturation time of
2 s was chosen for epitope mapping.

In contrast to the DUF it was possible to use a physiological con-
centration of 15 pM AGP. Becker et al. showed that the influence of
nonspecific interactions by increasing the ligand excess does not
discriminate between the individual enantiomers (Becker and Larive,
2008). The higher the ligand excess, the more the STD factors of some
protons of the individual enantiomers converged. To investigate this
effect, different ligand excesses between 10:1 to 40:1 were tested. The
results are shown in Table S2. No influence of the ligand concentration
on the STD factor could be detected. A drug concentration of 300 uM
representing an excess of 20:1 showed good results for all investigated
drugs and was therefore used. Results are summarized in Table 2. In all
ephedrine derivatives, the aromatic protons Hpheny1 and C-CH3 from the
sidechain are the most affected ones. The alkyl substituents attached to
the amine show weaker effects. In E and ME, the substituent of the
dextrorotatory enantiomer showed a more intensive STD-factor while in
PE there is no significant difference between the enantiomers.

3.3. Molecular docking

Kaliszan et al. showed a proposal for the main binding site of AGP
(Kaliszan et al., 1995). According to their findings, the high affinity
binding pocket for basic substances is funnel shaped, with a negatively
charged anionic region at the inner end and lipophilic regions at the
edge and outer end. At the anionic area, mainly the positively charged
basic nitrogen interacts, while at the lipophilic regions, mainly aliphatic
and aromatic hydrocarbon interactions take place. The funnel shaped
pocket is also a steric restriction and thus enantiomers can bind differ-
ently. In 2008, Schonfeld et al. succeeded in characterizing the crystal
structure of the non-glycosylated protein. Variant F1*S has a third
domain in the binding pocket compared to variant A and thus a larger
opening which facilitates the entry of ligands and is a steric restriction.
However, both variants have the anionic region postulated by Kaliszan.
Previous experiments (Nishi et al., 2011) showed that variant A is
mainly responsible for binding basic substances, which is why the
docking experiments were carried out with this variant. The results of E
and PE can be seen in Fig. 7, the results of ME and NE can be found in
Figure S4. Despite structural differences, the same interactions were
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Fig. 6. Adsorption isotherm of the protons of (—)-E, application of the STD amplification factor = STD-AF at the saturation times 1, 2, 3 and 4 s with STD AF being
the obtained STD factor multiplicated with the ligand excess, A= Hppeny1, ll = C-CHs, X = N-CH3

Table 2

STD epitope maps for the used ephedrine derivatives at a concentration of 300 uM per ligand and a AGP concentration of 15 u M (values are expressed as a percentage

in comparison to the most intense normalized STD factor signal)

E PE ME NE

+) ) +) ) +) =) ) )
Hphenyl 93.6% 100.0% 100.0% 100.0% 100.0% 93.7% 100.0% 93.8%
C-CH3 100.0% 79.5% 85.2% 84.1% 96.8% 100.0% 86.1% 100.0%
N-CH3 79.2% 40.0% 60.8% 58.8% 72.9% 52.8% n.a. n.a.

b)

Fig. 7. Docking results of a) ephedrine and b) pseudoephedrine with variant A of AGP; yellow = (+)-enantiomer; pink = (—)-enantiomer. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 3
PK, values of the measured drug substances (Dong et al., 2015; Shalaeva et al.,
2008) and ratio of charged to uncharged species at pH 7.40

drug pKa ratio of charged to uncharged species at pH 7.40
pseudoephedrine 9.74 218:1

ephedrine 9.64 173:1

methylephedrine 9.40 100:1

norephedrine 9.12 52:1

found on all docked ligands. The phenyl ring shows van der Waals and
7-n interactions in the hydrophobic pocket. The amine function forms a
salt bridge to Glu92 and a cation n- interaction to His97. The hydroxyl
group is stuck between Arg90 and Glu92 and forms hydrogen bonds to
both sidechains. The respective enantiomers are present in the binding
pocket in a different orientation (cf. Fig. 7) but show the same in-
teractions. Based on the docking results, there is no difference in the
binding process between the enantiomers of each ligand.

Nevertheless, stereochemistry and molecule size can have an influ-
ence on binding. As already mentioned, the opening of the binding
pocket has steric restrictions, which is why some drugs can penetrate
more easily than others. In addition, a substituent on the basic nitrogen
increases the size of the molecule and thus makes penetration into the
binding pocket more difficult. However, the tested ligands measured
showed no significant differences between their enantiomers and
penetrated the binding pocket without restriction.

The influence of a substituent of the basic nitrogen is less decisive for
the molecular size than for the degree of protonation and the solvation of
the amine, which has a significantly influence on the binding. Nega-
tively charged and uncharged xenobiotics bind primarily to albumin,
while positively charged drugs bind preferred to AGP. Therefore, bind-
ing to AGP should be favored significantly by increased protonation. All
investigated ephedrine derivatives are weak bases (cf. Table 3 for exact
pK, values and ratio of charged to uncharged species at physiological pH
value).

The basicity of the drug substances decreases in the following order,
considering their respective substitution: PE > E > ME > NE. NE and ME
are least charged at physiological pH of 7.40 and thus should have a
lowered protein binding to AGP in comparison to E and PE. The pK,
value difference between the diastereomers E and PE is 0.1 and thus they
differ only slightly in their protonation and solvation. Still PE is more
charged than E at physiological pH. Comparing the results of the DUF
with basicity of the drugs shows the same pattern. While PE and E show
similar protein binding with PE being the more stongly bound ligand,
the protein binding decreases with declining basicity. ME thus has a
lower binding affinity than PE and E, and NE the lowest. An alkyl sub-
stituent of the basic nitrogen thus only influences the protein binding
not via its change in molecular size but via the change in basicity.

4. Conclusions

The binding behavior of various ephedrine derivatives to AGP was
successfully determined by means of DUF and STD-NMR and supported
by docking experiments. The decrease in protein binding correlates with
the decrease in protonation at physiological pH value. The more basic
the ligand is, the higher is its affinity to AGP. The docking experiments
showed three main interactions, van der Waals and n-n-interactions of
the phenyl ring, a cation interaction of the amine and hydrogen bonding
of the hydroxy group. The DUF, STD-NMR and docking experiments
showed no significant differences in the binding behavior between the
respective enantiomers. The binding of the ephedrine derivatives to AGP
is therefore not enantioselective.

European Journal of Pharmaceutical Sciences 181 (2023) 106333
Funding

This publication was supported by the Open Access Publication Fund
of the University of Wuerzburg.

CRediT authorship contribution statement

Sebastian Schmidt: Investigation, Methodology, Writing — original
draft, Visualization, Validation. Markus Zehe: Investigation, Method-
ology, Software, Visualization. Ulrike Holzgrabe: Conceptualization,
Resources, Writing — review & editing, Supervision.

Conflict of Interests

None of the authors of this paper does have a financial or personal
relationship with other people or organizations that could inappropri-
ately influence or bias the content of the paper.

Data availability

Data will be made available on request.

Acknowledgements

Many thanks to Dr. Curd Schollmayer for his help in the discussions
and the implementations of the STD-NMR measurements and Prof. Dr.
Christoph Sotriffer for his help regarding the docking experiments.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.ejps.2022.106333.

References

Becker, B.A., Larive, C.K., 2008. Probing the binding of propranolol enantiomers to al-
acid glycoprotein with ligand-detected NMR experiments. J. Phys. Chem. B 112,
13581-13587. https://doi.org/10.1021/jp8060366.

Belpaire, F., Bogaert, M., Rosseneu, M., 1982. Binding of p-adrenoceptor blocking drugs
to human serum albumin, to a 1-acid glycoprotein and to human serum. Eur. J. Clin.
Pharmacol. 22, 253-256. https://doi.org/10.1007/BF00545224.

Berezhkovskiy, L.M., 2007. On the calculation of the concentration dependence of drug
binding to plasma proteins with multiple binding sites of different affinities:
determination of the possible variation of the unbound drug fraction and calculation
of the number of binding sites of the protein. J. Pharm. Sci. 96, 249-257. https://doi.
org/10.1002/jps.20777.

Bteich, M., 2019. An overview of albumin and alpha-1-acid glycoprotein main
characteristics: highlighting the roles of amino acids in binding kinetics and
molecular interactions. Heliyon 5, €02879. 10.1016/j.heliyon.2019.e02879.

Case, D.A., Cheatham III, T.E., Darden, T., 2005. The Amber biomolecular simulation
programs. J. Comput. Chem. 26, 1668-1688.

Case, D.A., Darden, T.A., Cheatham, T.E., Simmerling, C.L., Wang, J., Duke, R.E., Luo, R.,
Crowley, M., Walker, R.C., Zhang, W., 2008. Amber 10. University of California.

Charifson, P.S., Walters, W.P., 2014. Acidic and basic drugs in medicinal chemistry: a
perspective. J. Med. Chem. 57, 9701-9717. https://doi.org/10.1021/jm501000a.

Cruz, J.R., Larive, C.K., 2012. Determination of the binding epitope of lidocaine with
AGP: minimizing the effects of nonspecific binding in saturation transfer difference
experiments. Anal. Bioanal. Chem. 402, 337-347. https://doi.org/10.1007/s00216-
011-5358-8.

Dong, Y.-.M., An, Q., Lu, N.--W,, Li, N., 2015. Development micellar HPLC method for
simultaneous determination of ephedrine, pseudoephedrine, and methylephedrine in
Ephedra Herb and traditional Chinese medicinal preparations. Acta Chromatogr. 27,
355-372. https://doi.org/10.1556/achrom.27.2015.2.11.

Du, X., Li, Y., Xia, Y.-.L., Ai, S.-.M,, Liang, J., Sang, P., Ji, X.-.L., Liu, S.-.Q., 2016. Insights
into protein-ligand interactions: mechanisms, models, and methods. Int. J. Mol. Sci.
17, 144.

Fabresse, N., Uteem, 1., Lamy, E., Massy, Z., Larabi, L.A., Alvarez, J.-.C., 2020.
Quantification of free and protein bound uremic toxins in human serum by LC-MS/
MS: comparison of rapid equilibrium dialysis and ultrafiltration. Clinica Chimica
Acta 507, 228-235. https://doi.org/10.1016/j.cca.2020.04.032.


https://doi.org/10.1016/j.ejps.2022.106333
https://doi.org/10.1021/jp8060366
https://doi.org/10.1007/BF00545224
https://doi.org/10.1002/jps.20777
https://doi.org/10.1002/jps.20777
https://doi.org/10.1016/j.heliyon.2019.e02879
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0005
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0005
https://doi.org/10.1021/jm501000a
https://doi.org/10.1007/s00216-011-5358-8
https://doi.org/10.1007/s00216-011-5358-8
https://doi.org/10.1556/achrom.27.2015.2.11
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0010
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0010
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0010
https://doi.org/10.1016/j.cca.2020.04.032

S. Schmidt et al.

Fournier, T., Medjoubi-N, N., Porquet, D., 2000. Alpha-1-acid glycoprotein. Biochim.
Biophys. Acta 1482, 157-171. https://doi.org/10.1016/50167-4838(00)00153-9.

Guo, B., Xia, Z., Chen, G., Yin, Y., Xu, H., 2003. Study on the interaction of ephedrine,
caffeine and acetaminophen with bovine serum albumin by capillary electrophoresis
with partial filling technique. Chin. J. Chromatogr .(Se Pu) 21, 367-370. https://doi.
org/10.3321/j.issn:1000-8713.2003.04.015.

Huang, Q., Zhang, A.-p., Hao, J., Yang, J.-y., Mao, H.-s., 2011. Study on the interaction of
ephedrine hydrochloride and pseudoephedrine hydrochloride with human serum
albumin by spectroscopy. JAST 04.

Israili, Z., Dayton, P., 2001. Human alpha-1-glycoprotein and its interactions with drugs.
Drug Metab. Rev. 33, 161-235. https://doi.org/10.1081/DMR-100104402.

Kaliszan, R., Nasal, A., Turowski, M., 1995. Binding site for basic drugs on «l-acid
glycoprotein as revealed by chemometric analysis of biochromatographic data.
Biomed. Chromatogr. 9, 211-215. https://doi.org/10.1002/bmc.1130090504.

Klotz, .M., Hunston, D.L., 1971. Properties of graphical representations of multiple
classes of binding sites. Biochemistry 10, 3065-3069.

Krishnan, V., 2005. Ligand screening by saturation-transfer difference (STD) NMR
spectroscopy. Curr. Anal. Chem. 1, 307-320. https://doi.org/10.2174/
157341105774573956.

Mayer, M., 2001. STD-NMR-Spektroskopie: Eine neue Methode zur Identifizierung und
Charakterisierung von Ligand-Rezeptor-Interaktionen. University of Hamburg.
Morris, G.M., Goodsell, D.S., Halliday, R.S., Huey, R., Hart, W.E., Belew, R.K., Olson, A.
J., 1998. Automated docking using a Lamarckian genetic algorithm and an empirical

binding free energy function. J. Comput. Chem. 19, 1639-1662. 10.1002/(SICI)
1096-987X(19981115)19:14%3C1639::AID-JCC10%3E3.0.CO;2-B.

Nishi, K., Ono, T., Nakamura, T., Fukunaga, N., Izumi, M., Watanabe, H., Suenaga, A.,
Maruyama, T., Yamagata, Y., Curry, S., 2011. Structural insights into differences in
drug-binding selectivity between two forms of human al-acid glycoprotein genetic
variants, the A and F1* S forms. J. Biol. Chem. 286, 14427-14434. https://doi.org/
10.1074/jbc.M110.208926.

Oehlmann, M., 1996. Bestimmung Der Blut-EiweBbindung von Suramin und Analogen -
Validierung Eines Rechnergesteuerten Verfahrens. University of Bonn.

Scatchard, G., 1949. The attractions of proteins for small molecules and ions. Ann. NY
Acad. Sci. 51, 660-672. https://doi.org/10.1111/j.1749-6632.1949.tb27297 x.

European Journal of Pharmaceutical Sciences 181 (2023) 106333

Schonfeld, D.L., Ravelli, R.B., Mueller, U., Skerra, A., 2008. The 1.8-A crystal structure of
al-acid glycoprotein (Orosomucoid) solved by UV RIP reveals the broad drug-
binding activity of this human plasma lipocalin. J. Mol. Biol. 384, 393-405. https://
doi.org/10.1016/].jmb.2008.09.020.

Shalaeva, M., Kenseth, J., Lombardo, F., Bastin, A., 2008. Measurement of dissociation
constants (pKa values) of organic compounds by multiplexed capillary
electrophoresis using aqueous and cosolvent buffers. J. Pharm. Sci. 97, 2581-2606.
https://doi.org/10.1002/jps.21287.

Sudlow, G., Birkett, D., Wade, D., 1975. The characterization of two specific drug binding
sites on human serum albumin. Mol. Pharmacol. 11, 824-832.

Till, A.E., Benet, L.Z., 1979. Renal excretion of pseudoephedrine in the rat. JPET 211,
555-560.

Tillement, J.-.P., Lhoste, F., Giudicelli, J., 1978. Diseases and drug protein binding. Clin.
Pharmacokinet. 3, 144-154. https://doi.org/10.2165/00003088-197803020-
00004.

Viegas, A., Manso, J., Nobrega, F.L., Cabrita, E.J., 2011. Saturation-transfer difference
(STD) NMR: a simple and fast method for ligand screening and characterization of
protein binding. J. Chem. Educ. 88, 990-994. https://doi.org/10.1021/ed101169t.

Volpp, M., Holzgrabe, U., 2019. Determination of plasma protein binding for
sympathomimetic drugs by means of ultrafiltration. Eur. J. Phar. Sci. 127, 175-184.
https://doi.org/10.1016/j.ejps.2018.10.027.

Walpole, S., Monaco, S., Nepravishta, R., Angulo, J., 2019. STD NMR as a technique for
ligand screening and structural studies. Methods Enzymol. 615, 423-451. https://
doi.org/10.1016/bs.mie.2018.08.018.

Wedig, M., Laug, S., Christians, T., Thunhorst, M., Holzgrabe, U., 2002. Do we know the
mechanism of chiral recognition between cyclodextrins and analytes? J. Pharm.
Biomed. Anal. 27, 531-540. https://doi.org/10.1016/50731-7085(01)00579-9.

Yang, J., Hage, D.S., 1994. Chiral separations in capillary electrophoresis using human
serum albumin as a buffer additive. Anal. Chem. 66, 2719-2725.

Yuasa, 1., Weidinger, S., Umetsu, K., Suenaga, K., Ishimoto, G., Eap, B., Duche, J.C.,
Baumann, P., 1993. Orosomucoid system: 17 additional orosomucoid variants and
proposal for a new nomenclature. Vox Sang 64, 47-55. https://doi.org/10.1111/
j.1423-0410.1993.tb02514.x.


https://doi.org/10.1016/S0167-4838(00)00153-9
https://doi.org/10.3321/j.issn:1000-8713.2003.04.015
https://doi.org/10.3321/j.issn:1000-8713.2003.04.015
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0014
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0014
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0014
https://doi.org/10.1081/DMR-100104402
https://doi.org/10.1002/bmc.1130090504
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0017
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0017
https://doi.org/10.2174/157341105774573956
https://doi.org/10.2174/157341105774573956
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0019
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0019
https://doi.org/10.1074/jbc.M110.208926
https://doi.org/10.1074/jbc.M110.208926
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0022
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0022
https://doi.org/10.1111/j.1749-6632.1949.tb27297.x
https://doi.org/10.1016/j.jmb.2008.09.020
https://doi.org/10.1016/j.jmb.2008.09.020
https://doi.org/10.1002/jps.21287
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0026
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0026
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0027
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0027
https://doi.org/10.2165/00003088-197803020-00004
https://doi.org/10.2165/00003088-197803020-00004
https://doi.org/10.1021/ed101169t
https://doi.org/10.1016/j.ejps.2018.10.027
https://doi.org/10.1016/bs.mie.2018.08.018
https://doi.org/10.1016/bs.mie.2018.08.018
https://doi.org/10.1016/S0731-7085(01)00579-9
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0033
http://refhub.elsevier.com/S0928-0987(22)00218-4/sbref0033
https://doi.org/10.1111/j.1423-0410.1993.tb02514.x
https://doi.org/10.1111/j.1423-0410.1993.tb02514.x

	Characterization of binding properties of ephedrine derivatives to human alpha-1-acid glycoprotein
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 Instruments
	2.3 Discontinuous ultrafiltration
	2.4 Capillary electrophoresis
	2.5 Saturation transfer difference NMR
	2.6 Molecular docking

	3 Results and discussion
	3.1 Discontinuous ultrafiltration and capillary electrophoresis analysis
	3.2 Saturation transfer difference-NMR
	3.3 Molecular docking

	4 Conclusions
	Funding
	CRediT authorship contribution statement
	Conflict of Interests
	Data availability
	Acknowledgements
	Supplementary materials
	References


