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Eventos de reconhecimento molecular são questões chave em muitos processos biológicos. 
O experimento de STD NMR (ressonância magnética nuclear por diferença de transferência de 
saturação) é uma das técnicas usadas para se entender tais interações biológicas. Neste trabalho, 
foram investigadas as interações entre quatro antibióticos β-lactâmicos pertencentes às classes 
das cefalosporinas e penicilinas com a albumina de soro humano (HSA) através de STD NMR 
de 1H. Nossos resultados indicam que a interação entre o anel aromático destes antibióticos e 
HSA é responsável pela eficiência da ligação. Assim, as diferenças estruturais entre os tio-anéis 
de cinco dos seis membros das penicilinas e cefalosporinas parecem não influenciar as interações 
do antibiótico com a albumina.

Molecular recognition events are key issues in many biological processes. STD NMR (saturation 
transfer difference nuclear magnetic resonance spectroscopy) is one of the techniques used to 
understand such biological interactions. Herein, we have investigated the interactions of four 
b-lactam antibiotics belonging to two classes (cephalosporins and penicillins) with human serum 
albumin (HSA) by 1H STD NMR revealing that the interaction between the aromatic moiety and 
HSA is responsible for the binding efficiency. Thus, the structural differences from the five to 
six-membered thio ring in penicillins and cephalosporins do not seem to influence antibiotic-
albumin interactions.

Keywords: STD NMR, ligand-macromolecules interaction, albumin, β-lactam antibiotics

Introduction

Understanding the molecular processes that govern 
the behavior  and pharmacokinetics of drug-drug  and 
drug-plasma protein in vivo is of upmost interest with 
an increasing appreciation of the role of human serum 
albumin (HSA) on the effective activity of drugs at their 
site of action.1 Albumin possesses several different sites for 
interaction with small acids and neutral molecules. One of 
their most outstanding properties is its ability to reversibly 
bind to an incredible variety of ligands in blood, which is 
an important factor in the transport and release of various 
drugs and hormones.2 Therefore, drug-albumin complexes 
have been extensively studied with respect to drug storage, 
drug delivery control systems  and drug preservation 

from rapid metabolization.3 The most used methods for 
measuring plasma protein binding are equilibrium dyalysis, 
ultrafiltration and ultracentrifugation.4 These methods are 
highly reliable, however they require a very laborious 
experimental protocol with chemical modification of 
the amino acids in HSA to determine the binding sites, 
but fail in the identification of the drug epitope. This 
issue can be addressed using nuclear magnetic resonance 
(NMR) spectroscopic technique which is a powerful tool 
to probe and understand at molecular level weak binding 
processes that are in fast exchange on the NMR time 
scale.5 In doing so, NMR relaxation time measurements  
(T1 and/or T2) and STD (saturation transfer difference) 
NMR experiments are among the most suitable.6

We report herein the architecture  and topology of 
a binary complex of drug-albumin, based on 1H NMR 
spectroscopy using STD technique. This method exploits 
the small molecular changes in NOE (nuclear Overhauser 
effect) enhancements upon binding to pre-saturated 
macromolecules, running under physiological conditions 
of temperature and pH, and without labeling requirements. 
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The drugs used in these studies belong to two classes 
of b-lactam antibiotics, cephalosporins  and penicillins 
(Figure  1), which display broad spectrum action, are 
currently employed in clinical medicine and show relatively 
low affinities to albumins, which are difficult to characterize 
with most existing methods due to the short lifetime of the 
complex of antibiotic-albumin. 

Experimental

Materials

Both cephalosporins (Cephalexine and Cefaclor) were 
obtained from EMS (São Bernardo do Campo, Brazil). 
Amoxicillin (Amoxil®)  and Pencillin V (Pen-Ve-Oral®) 
were purchased from GlaxoSmithKline (Rio de Janeiro, 
Brasil) and Eurofarma (São Paulo, Brasil). Deuterated water 
(D2O, 99.9%) was obtained from Acros Organics and HSA 
(fraction V) from Sigma Aldrich.

Sample preparation

Each antibiotic was previously extracted with distilled 
water, filtered, lyophilized  and used without further 
purification. Antibiotic solutions (10 mmol L-1) were 
prepared in deuterated water (D2O, 99.9%), buffered at 
pH 7.4 (phosphate buffer saline). Albumin (90 µmol L-1) 
was added to the antibiotic solution and gently mixed to 
avoid foam formation. For the protein, the ligand ratios 
were 1:100 and ligand:ligand ratios 1:1.

Acquisition of NMR spectra

All NMR experiments were recorded at a temperature 
of 298 K with a spectral width of 10 ppm on a Varian 
INOVA-500 spectrometer operating at 11.74 T, observing 

1H at 499.89 MHz. The spectrometer was equipped with 
a 1H{13C/15N/31P} 5 mm PFG Penta Probe with inverse 
detection and linear pulsed gradient on z-axis. The 1H NMR 
chemical shifts are given in ppm related to the residual HDO 
signal at 4.68 ppm. For the pulse sequence PRESAT (water 
suppression using presaturation),7 Water package from 
Varian was used to selectively suppress the water signal.

In STD experiments, selective saturation of the protein 
was achieved by a train of Gaussian shaped pulses of 50 ms 
each, truncated at 1% and separate by a 1 ms delay. The 
duration of the presaturation of 2.55 s was adjusted using 
n = 150 cycles. With a T1 r-filter, 30-ms spin-lock pulse 
was utilized to remove residual protein resonances. All STD 
experiments were selectively saturated using the Gaussian 
train pulses at −0.5 ppm for the on-resonance (Ion) and at 
30 ppm for (Ioff) in which no protein signal was detected and 
for the STD control. The subtraction was performed after 
every scan by phase cycling. Spectrum processing was 
performed on a Sun workstation using VnmrJ software 
(Varian package). The STD NMR spectrum provides the 
epitope mapping with values obtained from the individual 
signal intensities in the STD NMR spectrum (Ion) and in the 
reference STD NMR spectrum (Ioff). The relative amount 
of saturation transferred is measured by A  = DI/Ioff  and  
normalized using the largest STD effect as reference (100), 
i.e., to that of the H-7 proton of 1 as determined from 
STD NMR spectra at a 100-fold excess.

Results and Discussions

1H NMR chemical shift variations of cephalosporins 
(1  and 2)  and penicillins (3  and 4) in the presence  and 
absence of HSA were the first evidence of formation of 
these antibiotic-albumin complexes (Tables 1 and 2). The 
interaction of 1-4 with HSA was delineated by applying 
STD NMR, an experiment based on NOE transference from 

Figure 1. Chemical structures of Cefaclor (1), Cephalexine (2), Amoxicillin (3) and Pen-V (4).
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the macromolecule to the ligand. It consists in applying a 
selective radio frequency pulse on the macromolecule. The 
magnetization is transferred to the entire macromolecule 
in less than 0.1 s by spin diffusion, this saturation is 
transferred to bound ligands and is detected in the free‑ligand 
solution. The ligand hydrogen most tightly bound to the 
macromolecule will receive the most intense magnetization-
transfer and the amplitude of these signals will accordingly 
change due to NOE effects.8 Therefore, NOE effects are 
observed for the protons in close contact with the protein, 
allowing direct observation of the ligand moiety involved in 
the protein-ligand interaction, i.e., the epitope. The saturation 
degrees were calculated by determining individual signal 
intensities in the STD spectrum (ISTD) and in the reference 
STD spectrum (Ioff).

5 The relative amount of transferred 
saturation is measured by A = ISTD/Ioff and normalized using 
the largest STD effect as reference.

The orientation of antibiotics 1 to 4 inside the HSA 
receptor was revealed by signal differences in the 
STD NMR spectra (Tables 1 and 2). As a rule, large STD 
effects were observed for the aromatic moieties of 1 to 4 
indicating that these protons have the most intimate contact 
with albumin. The other protons displayed secondary STD 
effects, placing them at a slightly longer distance from 
the protein interacting site. Among the cephalosporins, 

the substitution of methyl group in 2 by a chlorine atom 
in 1 caused a 50% enhancement in the H-2 proton signal. 
Likewise, among the penicillins, the change in R group 
caused a substantial decrease (ca. 50%) in H-3, H-5 and H-6 
proton signal intensities from 3 to 4. However, according 
to these STD NMR experiments, the structural difference 
between the six‑membered thio ring containing sulfur 
fused to β-lactam ring in cephalosporins and 5-membered 
thiazole ring of penicillin has no influence on the antibiotic-
albumin interactions.

Aiming at revealing interaction differences between 
HSA in a mixture of cephalosporins 1 + 2, a STD 
experiment was set up and it could be observed that 1 is 
more tightly bound to HSA than 2. The epitope map profiles 
show slight changes (Figure 2). However, in a similar 
experiment performed with a mixture of penicillins 3 + 4, 
the interaction differences between 3  and 4 with HSA 
were significant (as shown in Figure 3), with 4 much more 
tightly bound to HSA than 3. Signals between 3 to 4 ppm in 
Figure 3 are from antibiotic impurities and did not interfere 
in these analyses since they do not interact with albumin 
as shown on Figure 3c. 

In addition, a STD NMR experiment with all four 
antibiotics 1 to 4 and HSA was carried out and as expected, 
most signals overlapped due to the structural similarity. 

Table 2. 1H NMR spectral parameters of 3 and 4 in the presence and absence of HSA with their relative degrees of saturation

Hydrogen
3

d / ppm
3 + HSA
d / ppm

∆d A
Relative 
STD / %

4
d / ppm

4 + HSA
d / ppm

∆d A
Relative 
STD / %

CH3 1.34 1.44 0.10 0.019 24 1.41 1.44 0.03 0.064 31

CH3 1.35 1.44 0.09 0.019 24 1.44 1.46 0.02 0.072 35

3 4.07 4.16 0.09 0.063 80 4.15 4.18 0.03 0.131 63

5 5.41 5.37 0.04 0.075 95 4.68 5.47 0.79 0.174 84

6 5.42 5.39 0.03 0.076 96 5.44 5.52 0.08 0.167 81

13 and 17 6.89 6.95 0.06 0.079 100 6.96 6.96 0.00 0.203 98

14 and 16 7.28 7.34 0.06 0.060 76 7.33 7.34 0.01 0.201 97

15 − − − − − 7.10 7.04 0.06 0.207 100

The experiments were done at 298 K and pH 7.4 using 499.89 MHz in D2O, and residual HDO signal was used as reference at 4.68 ppm. The STD spectrum 
provided epitope mapping with values obtained from the individual signal intensities in the STD spectrum on resonance (Ion) and in the reference NMR 
spectrum off resonance (Ioff). The relative degrees of saturation were measured by A = (ISTD/Io) and were normalized using the largest STD effect as reference.

Table 1. 1H NMR spectral parameters of 1 and 2 in the absence and presence of HSA with their relative degrees of saturation

Hydrogen
1

d / ppm
1 + HSA
d / ppm

∆d A
Relative 
STD / %

2
d / ppm

2 + HSA
d / ppm

∆d A
Relative 
STD / %

2α 3.28 3.21 0.07 0.088 65 2.97 2.95 0.02 0.040 44

2β 3.73 3.65 0.08 0.089 66 3.40 3.36 0.04 0.031 34

6 5.08 4.98 0.10 0.116 86 4.96 4.91 0.05 0.065 71

7 5.65 5.56 0.67 0.115 85 5.56 5.51 0.05 0.074 81

Aromatics 7.44-7.48 7.33 0.11 0.135 100 7.44-7.46 7.38 0.06 0.091 100

CH3 − − − − − 1.78 1.74 0.04 0.043 47

The experiments were done at 298 K and pH 7.4 using 499.89 MHz in D2O, and residual HDO signal was used as reference at 4.68 ppm. The STD spectrum 
provided epitope mapping with values obtained from the individual signal intensities in the STD spectrum on resonance (Ion) and in the reference NMR 
spectrum off resonance (Ioff). The relative degrees of saturation were measured by A = (ISTD/Io) and were normalized using the largest STD effect as reference.
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However, the H-5  and H-6 protons from the penicillins 
(3,  4)  and the H-7 protons from the cephaloporins 
(1,  2) were well resolved, allowing individual binding 
information of 1, 2, 3 and 4 to HSA (Figure 4), revealing the 
order 3 < 2 < 1< 4, corresponding to 20, 52, 78 and 100%, 
respectively, of relatively bound ligand (normalized values).

The STD NMR technique used in those experiments 
proved its efficiency in detecting low binding affinity 
ligands even in mixtures of ligands with high structural 
similarities, revealing its power as a screening tool for 
detecting  and characterizing ligand binding. Albumins 
have more than one active binding site, consequently 

compounds 1-4 could interact with different regions of the 
protein. However, the results presented herein suggest that 
all four antibiotics compete for the same binding site of the 
albumin, displaying a similar epitope mapping.

Conclusions

The epitope maps of 1, 2, 3 and 4 to HSA determined 
in this study indicate that in all four antibiotics, the 
aromatic moiety plays an important role in drug-protein 
anchorage and showed that the change from five to six-
membered thio ring does not seem to influence those 

Figure 2. Epitope mapping of the cephalosporin mixture 1 + 2 with HSA. Absolute and relative degrees of saturation of the individual protons normalized to 
that of the H-7 proton of 1 as determined from STD NMR spectra at 100-fold excess are depicted in black and red numbers, respectively: (a) regular 1H NMR 
spectrum for penicillin mixture 1 + 2, (b) STD NMR spectrum control (off resonance) for cephalosporin mixture 1 + 2-HSA complex and (c) STD NMR 
spectrum for penicillin mixture 1 + 2-HSA complex.
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antibiotic-HSA interactions. We have further evaluated the 
relative binding stability of a mixture of these antibiotic  
(1, 2, 3, 4)-HSA complexes revealing that 4  (Pen-V) 
is the best binding drug followed by 2 (Cefaclor), 
3 (Amoxicillin) and 1 (Cephalexine). Moreover, apparently 
compounds 1-4 compete for the same active binding site. 
Apart from the fact that non-specific binding is one of the 
limitations of the STD technique, when used to compare 

results obtained with different ligands, the competition 
STD NMR methods are valuable and are important tools 
in drug discovery. This can be used for compound library 
screening to identify ligands with relative affinities and to 
derive structure-activity relationships, which are used to 
optimize the NMR hits into viable drug leads. Finally, STD 
competition experiments allow the determination of binding 
constants when employing titration experiments or one of 

Figure 3. Epitope mapping of the penicillin mixture 3 + 4 with HSA. Absolute and relative degrees of saturation of the individual protons normalized to that 
of the H-7 proton of 1 as determined from STD NMR spectra at 100-fold excess are depicted in black and red numbers, respectively: (a) regular 1H NMR 
spectrum for penicillin mixture 3 + 4, (b) STD NMR spectrum control (off resonance) for cephalosporin mixture 3 + 4-HSA complex and (c) STD NMR 
spectrum for penicillin mixture 3 + 4-HSA complex.
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Figure 4. (a) STD NMR spectrum of HSA and a mixture of 1 + 2 + 3 + 4, (b) STD NMR control spectrum (off resonance) of the mixture cited before. 
Spectra (c) and (d) correspond to amplification of circled regions in spectra (a) and (b) respectively and refers to H-7 (1), H7 (2), H-6 and H-5 (3), and 
H-6 and H-5 (4).

the employed compound has a known KD  (dissociation 
constant) and all compounds have the same binding site.8,9
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