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The IIA binding site of human serum albumin (HSA) preferentially binds hydrophobic organic
anions of medium size (e.g., aspirin, benzylpenicillin, warfarin, etc.) and bilirubin. This binding
ability is particularly important for the distribution, metabolism, and efficacy of drugs. In
addition, HSA can also covalently link to different IIA substrates owing to the presence of a
highly reactive residue, Lys199, which is strategically located in the IIA site. Herein, we present
results of three restrained molecular dynamics (MD) simulations of the IIA binding site on the
HSA protein. From these simulations, we have determined the influence that the ionization
state of the key residue, Lys199, and the nearby Lys195 has on the structure and dynamics of
the IIA binding site. When Lys199 is neutral the computed average distances for the most
significant interresidue contacts are in good agreement with those estimated from the X-ray
coordinates. The analysis of the solvent structure and dynamics indicates that the basic form
of Lys199 is likely connected to the acid form of Lys195 through a network of H-bonding water
molecules with a donor f acceptor character. The presence of these water bridges can be
important for stabilizing the configuration of the IIA binding site and/or promoting a potential
Lys195 f Lys199 proton-transfer process. These results suggest that both lysine residues
located in the IIA binding site of HSA, Lys195 and Lys199, could play a combined and
comparable chemical role. Our simulations also give insight into the binding of bilirubin to
HSA.

Introduction

Human serum albumin (HSA) constitutes ∼60% of
the mass of plasma protein with a typical concentration
of 5 g/100 mL in the circulatory system. Because of its
availability, stability, and ligand binding ability, the
metabolism and genetics of HSA have been extensively
studied for many years using a broad range of experi-
mental techniques.1,2 HSA is unique because of its
myriad of functions: the most important role of HSA is
its transport and delivery functions in the bloodstream
thanks to its exceptional ability to bind reversibly a
large variety of ligands. Remarkably, the abundance of
HSA and its carrier function are also crucial for the
distribution, metabolism, and efficacy of small-com-
pound drugs which are bound to HSA. In addition,
albumin accounts for 80% of the colloid osmotic pressure
of plasma, plays an important role in maintaining the
pH of extravascular fluids, and is of significance as a
protective agent, as a factor in lipid metabolism, and
in other miscellaneous functions.

The HSA consists of 585 amino acids and has a
molecular mass of 65 kDa. Its amino acid sequence is
characterized by a large percentage of cysteine residues
(6%). These residues, except one, are involved in 17
disulfide linkages, which are important in stabilizing

the HSA structure. HSA also contains a large number
of charged amino acids (31%). Curiously, there is only
one tryptophan residue in the protein, which has been
particularly advantageous in binding experiments with
fluorescence probes.1 The three-dimensional structure
of HSA remained largely unknown until the first crystal
structure of HSA at 2.8 Å resolution was reported in
1992.3 Since then several independent X-ray structural
determinations of HSA to a resolution of 2.5 Å have been
published.4,5 According to these X-ray analyses, the HSA
molecule has a high R-helical content (67%) and is a
heart-shaped molecule 80 Å on a side, with an average
thickness of 30 Å (see Figure 1). The tertiary structure
of HSA is composed of three repeating domains: domain
I (residues 1-197), domain II (residues 189-385), and
domain III (residues 381-585), which are characterized
by a common motif of 10 R-helices. Each domain is
divided into two subdomains (A, B) where the helices
h1-h4 in subdomain A are homologous to h7-h10 in
subdomain B. The partially overlapping regions of the
domains are a consequence of the helical continuation
from the C-terminal portion of the IB and IIB helices
to the N-terminal helices of IIA and IIIA (helices: h10I-
h1II and h10II-h1III), respectively.6

Albumin interacts with a broad spectrum of com-
pounds thanks to its three-domain design which pro-
vides a variety of binding sites.1,7 Most strongly bound
are hydrophobic organic anions of medium size, long-
chain fatty acids, and bilirubin. For small negatively
charged ligands (warfarin, aspirin, diazepam, ibuprofen,
benzylpenicillin, triodobenzoate, etc.), previous studies
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have shown that the principal binding regions are
located in subdomains IIA and/or IIIA.1 The fatty acid
molecules bind in long hydrophobic pockets capped by
polar side chains, distributed asymmetrically through-
out the HSA molecule.4 The binding of bilirubin, a
metabolite of heme and a potent antioxidant in mem-
branes, to HSA has been extensively studied.1,8 It is now
accepted that the high-affinity bilirubin binding site on
HSA corresponds to subdomain IIA.8 The IIA and IIIA
binding crevices correspond to the site I and site II
regions formerly observed in binding experiments with
fluorescence probes.9 The IIIA binding site appears to
possess the primary binding activity for HSA, whereas
IIA is more specialized. Both binding sites are structur-
ally characterized by the presence of a buried hydro-
phobic cavity capped by charged and polar residues.2,3

The ability of HSA to covalently bond to different
substrates is related to the presence of two highly
reactive residues, Lys199 and Tyr411, which are located
strategically in the IIA and IIIA binding sites. For
example, Lys199 can act as a nucleophile against
different IIA ligands. When aspirin binds to the IIA site
an esterase reaction occurs and the acetyl group is
transferred to the amino group of Lys199.10 Trinitroben-
zenosulfonate and related compounds rapidly transfer
the trinitrophenyl group to the amino group of Lys199.11

The Lys199 and penicillins can also covalently bind via
an aminolysis reaction between the â-lactam ring and
the ε-amino group thereby generating a penicilloyl-
containing peptide.12 Most importantly, these penicil-
loyl-albumin complexes, which have no antibacterial
activity, constitute the major antigenic determinant of
penicillin allergy.13 Penicilloyl groups have also been
detected on another five lysine residues of HSA includ-
ing Lys195. Interestingly, Lys195 is located relatively
close to Lys199 in the IIA binding site.14 Thus, although

the primary site of penicilloyl coupling corresponds to
the ε-amino group of Lys199, the combination of the
closely located functional groups of Lys195 and Lys199
could have possible structural and/or mechanistic con-
sequences.

Figure 2 shows a three-dimensional representation
of the residues constituting the local environment of
Lys199.5 In the IIA binding site there are a group of
hydrophobic residues (Phe211, Leu198, Trp214, Leu219,
Leu238, etc.), while the side chains of the hydrophilic
residues Gln196, His242, and Tyr150 constitute a polar
shell around the Lys199 residue (Tyr150 belongs to the
IB subdomain). The key residue, Lys199, is situated in
the vicinity of the hydrophobic pocket, its side chain
pointing toward the entrance channel of the binding
crevice. The other important lysine residue, Lys195, is
placed at the opening of the IIA cavity forming a salt
bridge with Glu292, which is close to other charged
residues such as Arg222, Arg218, etc. Although the
resolution of the reported crystal structures of HSA
(2.5-2.8 Å) has not allowed a determination of the water
content of this binding site, it is reasonable to expect
that some water molecules could be associated with the
pocket by means of H-bond contacts with the most polar
residues.

Clearly, the overall protonation state of Lys195 and
Lys199 will determine the mechanism of the chemical
reactions between HSA and ligands bound to the IIA
site. A central feature of the most likely mechanism(s)
requires the ε-amino group of the reactive lysine to be
deprotonated. This facilitates the nucleophilic attack of
this group on electrophilic substrates.15 Interestingly,
the neutral protonation state for Lys199 has been
supported by experimental results which show the
nonenzymatic reaction of glycosyl and arylating re-
agents with exceptionally nucleophilic lysine residues
such as Lys199. This chemical behavior is consistent
with an unusually low pKa of ∼8 for Lys199 which
favors a neutral protonation state.16

In this work we report restrained molecular dynamics
(MD) simulations of the HSA protein centered on the
Nú atom of Lys199. The influence of positive or neutral
configurations of the Lys195 and Lys199 residues on the
structural and dynamical properties of the IIA binding
site has been addressed by studying three different
protonation states. Contacts between functional groups
that could be essential elements of the mechanisms for
substrate binding and/or chemical reaction may become
accessible when the flexibility of the protein is taken
into account. These computer simulations have also
been valuable in garnering insights into the solvent
dynamics and the mechanism of potential proton trans-
fers in the IIA binding site. Particularly, the network
of water molecules around the Lys195 and Lys199
residues have been analyzed. Overall, the insights
obtained from the MD results could be useful in outlin-
ing reaction mechanisms for the formation of protein
conjugates involving the Lys195 and Lys199 groups of
HSA.

Methods

Three models representing different protonation states of
the IIA binding site were set up (see Chart 1). The first model,
L199N, corresponds to a hypothetical charge distribution of

Figure 1. Ribbon model of HSA derived from X-ray crystal-
lography (PDB ID code 1AO6). The R-helices constituting the
IIA subdomain are shown as solid cylinders. Lys195 and
Lys199 are represented by vdW spheres. This figure was
produced with the programs Molscript and Raster3D (refs 34
and 35).
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the IIA binding site in which the Lys199 amino group is
deprotonated while the charged residues Glu292 and Lys195
form an ionic pair. On the basis of the analysis of the
crystallographic structure, His242 was protonated at the
δ-position. The L199N model seems to be the simplest proposal
that agrees with available experimental evidence (see above).
The second model examined, L199P, is identical to L199N
except that Lys199 is protonated. In the third model, L195N,
Lys195 and Lys199 residues are unprotonated and protonated,
respectively. The rest of the ionizable residues were set to their
pH 7 protonation state. Starting coordinates for all of the
models were taken from the HSA molecule A in the 2.5 Å
crystal structure of Sugio et al.5 In addition, water molecules
were added within 25 Å of the Nú@Lys199 atom using the
LEAP module17 of AMBER 5.0.18 Na+ counterions were placed
by LEAP to neutralize the -15 (L199P) and -16 (L199N,
L195N) charges of the HSA models which arise from the amino
acid composition at pH 7. All of the counterions were placed
20 Å beyond the Nú@Lys199 atom. The resultant model
systems contained ∼10 000 atoms.

Energy minimization and MD calculations were carried out
using the ROAR 2.0 program19 with the parm96 version of the
all-atom AMBER force field.20 Removal of bad contacts in the
initial geometries was performed using a Limited Memory
BFGS minimizer21 which is included in the latest version of
ROAR. Following energy minimization, a 20 Å active zone
centered on the Nú@Lys199 atom was defined, and only
residues with at least one heavy atom within this sphere as
well as the cap water molecules were allowed to move during
the subsequent MD simulations (∼46% of the atoms were
moved). The solvent cap was restrained at the 25 Å boundary
by a harmonic potential with a force constant of 0.5 kcal/(mol
Å).

To ensure the stability of the MD trajectories for these
highly charged systems, the time step of the MD simulations
was 1.0 fs and the SHAKE algorithm22 was used to constrain
bond lengths at their equilibrium values. A nonbond pairlist
cutoff of 15.0 Å was used, and the nonbonded pairlist was
updated every 25 time steps. The temperature was maintained
at 300 K during the MD simulations using the Nosé-Hoover

Figure 2. (a) Arrangement of hydrophobic residues in the IIA binding site as derived from X-ray crystallography (PDB ID code
1AO6). (b) Polar residues around the key residue Lys199.

Chart 1
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chain algorithm for temperature coupling.23 For both the
L199N and L199P model systems, an equilibration period of
250 ps was followed by a 600-ps production run where
coordinates were saved for analyses every 50 time steps. The
corresponding MD simulation of the third model, L195N,
covered 1350 ps because solvent equilibration around Lys195
and Lys199 residues demanded a long equilibration period of
750 ps. During the initial 500 ps of equilibration of L195N,
the amino and ammonium groups of Lys195 and Lys199,
respectively, were interacting directly through a short H-bond.
However, the water molecules around Lys195 competed with
the ε-amino group to form H-bonds with the charged residue
Lys199, thereby weakening the Lys195‚‚‚Lys199 interaction.
After solvent equilibration was fully completed, Lys195 and
Lys199 acquired clearly defined first-hydration shells, which
remained stable for the rest of the simulation. The last 600
ps of the L195N trajectory was employed for analysis.

All of the results were analyzed using the Carnal module
of AMBER 5.0 and some specific trajectory analysis software
developed internally. To estimate the energetics for proton
transfer between the Lys195 and Lys199 residues, four dif-
ferent series of QM-MM minimizations24 were performed in
which the Lys195 or Lys199 residue was optimized while the
rest of the protein and water environment was held fixed.
Initial geometries were taken from snapshots extracted every
2 ps during the L199N and L195N simulations, resulting in
a total of 4 × 300 QM-MM calculations. In these calculations,
the PM3 Hamiltonian was used to describe the active lysine
residue and the AMBER force field for the MM region.
Hydrogen link atoms were placed at the C and N backbone
atoms to cap-exposed valence sites due to bonds which cross
the QM-MM boundary.25 The ROAR 2.0 program was also
used to carry out the QM-MM calculations.

Results

Root-Mean-Square Deviation and Flexibility of
the Subdomain IIA. The active region of HSA, whose
conformational space is sampled during the MD simula-
tions, includes nearly all of the residues constituting
subdomain IIA as well as some other residues of the
rest of the subdomains except those of IIIB. Subdomain
IIA comprises six R-helices linked by four disulfide
bridges (h1-S-S-h3, h3-S-S-h4, h4-S-S-h5, and
h5-S-S-h6) which contribute to stabilize the intrado-
main structure. Although the definition of domains and
subdomains is not rigorous, it is normally accepted that
residues within a domain interact more with one
another than they do with residues in different domains.
Therefore, we expect that the analyses of the MD
trajectories from our simulations will be useful to
characterize the inherent dynamic properties of subdo-
main IIA of HSA.

Figure 3 shows the time evolution of the root-mean-
squared deviation (rmsd) of the instantaneous struc-
tures from the initial crystal structure during the last
600 ps of the MD simulations. These plots indicate that
the three models evolve in an equilibrium state with
respect to the rms deviations, and they show moderate
structural fluctuations which are slightly greater in the
L199N model. The average rmsd values after equilibra-
tion for the protein atoms, the backbone atoms, and the
h1-h6 helices in subdomain IIA are given in Table 1.
In general, the three models did not deviate significantly
from the crystal structure, and their average rmsd
values (1.6-2.0 Å) are similar to those observed in other
protein simulations. The model L199P, in which both
Lys195 and Lys199 have a positive charge, gave the
lowest rmsd value (1.57 Å total, 1.03 Å backbone), while
the L199N and L195N simulations had greater total

rmsd values by 0.15 and 0.43 Å, respectively. A similar
trend was observed when the rmsd values were segre-
gated into the h1-h5 helices of the IIA subdomain. This
partitioning resulted in rmsd values of 1.0-1.5 Å for
the h1-h4 R-helices, whereas h5 had a rmsd value of
∼2.1 Å for the three models (see Table 1). The h5 helix
contains only six residues, and its greater deviation with
respect to the crystal structure can be well-understood
in terms of its solvent exposure. Interestingly, the h6
helix has an unusually high rmsd value of 2.78 Å in the
case of the L195N trajectory, whereas this small R-helix
has much lower rmsd values (1.33 and 1.54 Å) in the
L199N and L199P models (see below).

To gain insight into the fluctuations of subdomain IIA,
the rms flexibility (rmsf) was calculated by comparing
the instantaneous protein structure to the average one.
The rmsf values for the backbone atoms of subdomain

Figure 3. rms Deviation between the instantaneous com-
puted structures and the crystal structure for the IIA subdo-
main of HSA as a function of time. The bold curve corresponds
to the rmsd of the backbone atoms. For the average rmsd
values, see Table 1.
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IIA are close to the all-atom ones, thereby demonstrat-
ing the importance of backbone motion. The rmsf values
in Table 1 indicate that, when Lys199 is unprotonated
(L199N model), subdomain IIA with a rmsf of 0.75 Å is
more flexible than in the cases when Lys199 is proto-
nated (L199P and L195N) which have rmsf values of
0.65 and 0.68 Å, respectively. We also see in Table 1
and Figure 3 that the larger rmsf of the L199N model
is consistent with the larger fluctuations in its rmsd
relative to the crystal structure. It is worth noting that
for the three simulations, the larger R-helices (h1-h4)
have similar flexibilities of about 0.65 Å (L199N), 0.60
Å (L199P), and 0.55 Å (L195N).

By analyzing the rmsf values of the essential residue
Lys199 and other nearby groups (Lys195, His242,
Trp214, etc.), we see important changes in the flexibility
upon protonation/deprotonation of Lys195 and Lys199.
For example, when Lys199 is in its protonated form
(L199P and L195N), the resultant rmsf values (0.20
and 0.29 Å) are clearly lower than that observed in the
L199N simulation (0.42 Å). On the other hand, Lys195
has a similar flexibility of 0.50 Å in all of the models
examined (see Table 1). These changes in the confor-
mational mobility reflect the influence of solvent and/
or specific interactions between residues present in each
of the simulated protonation states (see below).

Size of the Hydrophobic Pocket. The X-ray struc-
ture of HSA identified 16 residues in the h1-h6
R-helices whose hydrophobic side chains constitutes the
inside wall of the IIA binding site (see Figure 2a). The
relatively large size and approximately ellipsoidal shape
of this hydrophobic pocket explain the ability of this
binding site to accommodate the hydrophobic part of
many classes of substrates. The rmsf values for the side
chains of the residues in the hydrophobic pocket ob-
tained from the different trajectories are 0.83 Å (L199N),
0.65 Å (L199P), and 0.76 Å (L195N). According to these
rmsf values, the L199N simulation yields a hydrophobic
pocket which is more flexible than that of L199P and
L195N.

To further estimate the dynamical flexibility and size
of the hydrophobic pocket, we also monitored the time
evolution of the Cγ@Leu203‚‚‚Cγ@Leu275 and Cγ@
Leu219‚‚‚Cγ@Leu260 distances (a, b). These geometrical
parameters were considered as an approximation to the
major axes defining the largest ellipsoidal section across
this hydrophobic pocket. In all the cases, the average
values for a and b show a reasonable agreement with
the corresponding X-ray values (see Table 2 and Figure
2a). The standard deviations of these axes show that
the global size and shape of the IIA hydrophobic pocket
remain quite stable along the MD trajectories. The
L199N model presents the largest cavity size although
the approximate size of the hydrophobic cavity depends
slightly on the protonation state being simulated.

It is interesting to note that the side chains of Phe211
and Trp214, which lie close to Lys199, complex via a
π-π stacking interaction. Because of its position, these
residues could significantly contribute to the binding of
a hydrophobic part of typical IIA ligands. It has also
been proposed that Trp214 plays an important struc-
tural role in the formation of the IIA binding site by
limiting solvent accessibility.3 The distance between the
center of mass of the corresponding aromatic rings and
the angle between the ring planes were examined to
characterize the Phe211-Trp214 interaction. We see in
Table 2 that the protonation state of Lys199 greatly
influences this interaction to the extent that the pres-
ence of a positive charge on the Nú@Lys199 atom
reinforces the π-π stacking interaction by reducing the
average distance between the aromatic rings and mak-
ing them more coplanar. On the other hand, the motion
of the aromatic rings is more accentuated in the L199N
simulation, which could affect binding processes to the
IIA site.

Interactions of Lys195 and Lys199 with Other
Residues. As discussed in the Introduction, it is well-
known that Lys199 is the primary reactive center for
HSA via nucleophilic attack on the carbonyl groups of
substrates such as aspirin and the penicillins. According
to the crystallographic data, the Nú@Lys199‚‚‚Nε2@
His242 contact has an equilibrium distance of around
4.0 Å, which suggests H-bond interactions. This contact
represents the closest interaction between the amino
group of Lys199 and its neighbor residues observed
experimentally. Hence, it has been proposed that the
low pKa of Lys199 arises from its interaction with the
imidazole ring of His242,2 while for Lys195, the crystal
structure clearly suggests the presence of a salt bridge
interaction with Glu292 (Nú@Lys195‚‚‚Oε@Glu292 dis-
tance of ∼3.6 Å). From this structural information, we
explored the likely conformations of these residues and
their dependence on the protonation state of Lys195 and
Lys199.

For the L199N trajectory, we found that, in agree-
ment with the X-ray data, the imidazole ring of His242
is stabilized via Nδ1-H‚‚‚O and Nε2‚‚‚H-N hydrogen
bond contacts with Gln196 and Lys199, respectively
(see Table 3 and Figure 4). The average value for
the Nδ1@His242‚‚‚Oδ@Gln196 and Nú@Lys199‚‚‚Nε2@
His242 distances were 2.9 and 4.3 Å, respectively, while
the lifetimes of these hydrogen bonds over the length
of the MD trajectories were 99.4% and 40.5%. These
values indicate clearly that the interaction between

Table 1. Summary of the rmsd and rmsf Values for
Subdomain IIA

L199N L199P L195N

rmsd (Å)
IIA 1.72 ( 0.10 1.57 ( 0.05 2.00 ( 0.06
IIA backbone 1.17 ( 0.08 1.03 ( 0.05 1.44 ( 0.07
helix h1 1.40 ( 0.14 1.16 ( 0.08 1.26 ( 0.07
helix h2 1.44 ( 0.22 1.09 ( 0.12 1.31 ( 0.11
helix h3 1.10 ( 0.07 1.49 ( 0.06 1.48 ( 0.10
helix h4 1.36 ( 0.13 1.15 ( 0.09 1.33 ( 0.09
helix h5 2.11 ( 0.19 2.05 ( 0.10 2.15 ( 0.13
helix h6 1.33 ( 0.13 1.54 ( 0.18 2.78 ( 0.17

rmsf (Å)
IIA 0.75 ( 0.09 0.65 ( 0.04 0.68 ( 0.07
IIA backbone 0.51 ( 0.08 0.43 ( 0.04 0.50 ( 0.06
helix h1 0.60 ( 0.13 0.58 ( 0.08 0.59 ( 0.10
helix h2 0.68 ( 0.10 0.58 ( 0.09 0.54 ( 0.12
helix h3 0.63 ( 0.08 0.54 ( 0.07 0.52 ( 0.08
helix h4 0.64 ( 0.11 0.57 ( 0.08 0.56 ( 0.08
helix h5 0.85 ( 0.29 0.54 ( 0.10 0.66 ( 0.10
helix h6 0.70 ( 0.17 0.75 ( 0.09 0.85 ( 0.13
Tyr150 0.19 ( 0.06 0.18 ( 0.06 0.21 ( 0.08
Lys195 0.46 ( 0.16 0.46 ( 0.18 0.50 ( 0.13
Lys199 0.42 ( 0.10 0.20 ( 0.03 0.29 ( 0.10
Phe211 0.35 ( 0.17 0.14 ( 0.05 0.21 ( 0.11
Trp214 0.20 ( 0.08 0.15 ( 0.05 0.14 ( 0.05
His242 0.19 ( 0.07 0.16 ( 0.06 0.32 ( 0.18
Glu292 0.57 ( 0.08 0.57 ( 0.13 0.57 ( 0.17
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His242 and the amino group of Lys199 is only of
moderate strength. Moreover, we observed that the
Nú@Lys199‚‚‚Nε2@His242 distance oscillates with a
deviation of (0.8 Å due to the effect of a competitive
interaction between the Nε2@His242 atom and the
hydroxyl group of the nearby Tyr150 residue. In con-
trast, the salt bridge between Lys195 and Glu292 is
occupied ∼100% during the L199N simulation. The
Nú@Lys195‚‚‚Oε@Glu292 salt bridge takes place through
a single short N-H‚‚‚O interaction in which the shortest
Nú‚‚‚Oε distance was 2.5-3.0 Å (the Glu ε-oxygen atoms
were interchangeable every 100-300 ps of simulation
time). The Lys195‚‚‚Glu292 salt bridge could play an
important role in increasing the stability of the entrance
channel into the IIA binding site.

The protonation of Lys199 in the L199P trajectory
significantly affects the nature of the interresidue
contacts for this lysine. In this case, the Nδ1@His242‚‚‚
Oδ@Gln196 contact was lost whereas the interaction
between His242 and Lys199 was clearly reinforced as
reflected by the computed Nú@Lys199‚‚‚Nε2@His242
average distance of 3.0 ( 0.2 Å (% occurrence ) 99.4%).
The strong interaction between His242 and Lys199
could be described as a short, strong H-bond,26 which
is likely favored by the presence of the hydrophobic
pocket which results in a local low polarity region
around Lys199. A second H-bond between Lys199 and
Gln196, which is present in 80% of the L199P simula-
tion, contributes to the stabilization of the positive
charge on the Nú@Lys199 atom. The salt bridge between
Lys195 and Glu292 was altered since the carboxylate
group preferentially forms a bidentate complex with the
ammonium group of Lys195 (see average distances in
Table 3). Interestingly, the aromatic ring of Tyr150
interacts with the positive charge of Lys199 through a
cation-π interaction.27 The R-NH3

+ group of Lys199
and the phenol group of Tyr150 form a complex in which
the nitrogen atom and the center of mass of the aromatic
ring were ∼3.6 ( 0.3 Å (the experimental distance is
7.2 Å) apart (see Figure 4). We note that the stabiliza-
tion predicted for cation-π complexes, which is normally
interpreted to first order as a directional charge-
quadrupole attraction, is underestimated by the all-

atom AMBER force field.28 Consequently, it is expected
that a cation-π interaction would also be present when
the Lys195-Lys199 pair is doubly protonated as in the
L199P model.

When Lys195 is neutral and Lys199 remains proto-
nated (L195N trajectory), we also observed differences
with respect to the L199N and L199P models. The
protonated amino group of Lys199 maintains the H-
bond interactions with His242 and Gln196 as previously
described for the L199P simulation. However, this
positively charged group interacts weakly through
cation-π binding with the aromatic ring of Tyr150 since
the average distance from the Nú atom to the center of
mass of the phenol ring (5.1 ( 0.5 Å) is now 1.5 Å
greater than that observed for the L199P trajectory.

Since Lys195 remains unprotonated in the L195N
simulation, the link between the h1 and h6 R-helices
through the Lys195-Glu292 salt bridge observed in the
other model systems disappears. The absence of this
structurally important ion pair in the L195N trajectory
correlates well with its greater rmsd with respect to the
crystal structure. This fact can also explain the high
rmsd value (2.8 Å) of the nine-residue h6 R-helix. The
carboxylate group of Glu292 preserves a weak interac-
tion with the Lys195 amino group, the corresponding
Oε1‚‚‚Nú distance being within typical H-bond distances
for 16% of the MD trajectory. The negative charge at
Glu292, in this case, is mainly stabilized via interactions
with solvent (see below) and with Arg218. No other
protein residues form a significant interaction with
Lys195.

Solvent Dynamics and Structure. It is well-known
that specific interactions between solvent molecules and
protein atoms can significantly affect the structure and
function of a protein.29 The reported crystal structures
of HSA at 2.5-2.8 Å resolution lack information about
the water network in the IIA binding site. Hence, our
simulations will provide insights into specific protein-
water interactions that are important toward our un-
derstanding of substrate binding and chemical reactivity
in HSA.

During the simulations, the water molecules located
in the IIA binding site hydrate the charged and polar

Table 2. Summary of the rmsf Values (Å) and Significant Distances (Å) between Residues Constituting the Hydrophobic Pocket of
the IIA Binding Site

L199N L199P L195N X-ray

rmsfa 0.68 ( 0.09 0.53 ( 0.07 0.63 ( 0.12
rmsf (side chain)a 0.83 ( 0.12 0.65 ( 0.09 0.76 ( 0.15
Cγ@Leu203‚‚‚Cγ@Leu275 25.61 ( 0.82 23.62 ( 0.50 24.58 ( 1.03 23.6
Cγ@Leu219‚‚‚Cγ@Leu260 7.79 ( 0.38 7.56 ( 0.27 7.60 ( 0.27 9.1
ring@Phe211‚‚‚ring@Trp214 6.24 ( 0.94 5.35 ( 0.38 6.12 ( 1.26 6.1
angle ring@Phe211‚‚‚ring@Trp214 31.36 ( 19.82 28.54 ( 11.20 23.99 ( 9.47 27.8

a rmsf values for Leu203, Phe211, Trp214, Ala215, Leu219, Phe223, Leu234, Val235, Leu238, Val241, Leu260, Ala261, Ile264, Ile271,
Leu275, and Ile290.

Table 3. Summary of Average Distances (Å) between Different Residues of the IIA Binding Site Evaluated from the Three
Trajectories

L199N L199P L195N X-ray

Nú@Lys199‚‚‚Nú@Lys195 6.73 ( 0.75 8.08 ( 0.59 7.75 ( 0.74 6.9
Nú@Lys199‚‚‚Nε2@His242 4.26 ( 0.82 3.00 ( 0.17 2.97 ( 0.18 3.7
Nú@Lys199‚‚‚Oδ@Gln196 4.60 ( 0.71 2.98 ( 0.20 3.20 ( 0.51 6.3
Nú@Lys199‚‚‚ring@Tyr150 6.30 ( 0.57 3.56 ( 0.30 5.06 ( 0.53 7.2
Nδ1@His242‚‚‚Oδ@Gln196 2.86 ( 0.15 4.44 ( 0.22 5.38 ( 0.35 2.9
Nú@Lys195‚‚‚Oε1@Glu292 3.80 ( 0.88 4.20 ( 0.96 4.94 ( 1.61 4.8
Nú@Lys195‚‚‚Oε2@Glu292 3.45 ( 0.83 4.35 ( 1.08 5.94 ( 0.99 3.6
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residues (i.e., Lys199, Lys195, Glu292, Tyr150, and
His242). We characterized the extent of water penetra-
tion and solvent ordering by calculating the pair dis-
tribution functions g(r) around the atoms of interest
(Nú@Lys195, Nú@Lys199, Oε@Glu292, etc.; see Table
4). In addition, we studied the nature of the water
bridges30 connecting the amino groups of Lys195 and
Lys199. In this case, a solvent H-bond is considered to
be present if both distance (e.g., O-O < 3.5 Å) and
angular (e.g., O-H‚‚‚O > 120°) criteria are satisfied
simultaneously.

For the L199N trajectory, the g(r) function for both
Nú atoms of Lys195 and Lys199 shows sharp peaks at
2.90 and 2.87 Å, which show a stable first solvation

sphere around these groups. Integration of the g(r) plot
out to the first minimum at ∼3.8 Å indicates that there
are four and two water molecules in the first solvation
layers for Lys195 and Lys199, respectively. The coor-
dination number for Lys199 is one-half of that typically
found for charged residues, which are solvent-exposed
(4-5). This is because Lys199 is located adjacent to a
hydrophobic pocket in the IIA binding site of HSA. The
g(r) functions centered on the Oε1 and Oε2 atoms of
Glu292 have a first peak at 2.7 Å with integrated values
of 1.7 and 1.5 Å, respectively. This reflects the strength
of the Nú@Lys195‚‚‚Oε@Glu292 salt bridge, which is
maintained through a single H-bond interaction. His242
and Tyr150 show low intensity peaks at 2.9 Å around
their Nε2 and Oη atoms, respectively. The integration
of these peaks give values of 1.1 and 0.5 Å, respectively,
thereby showing the presence of at least one long-lived
“deep” water hydrating these residues.

Interestingly, some of the water molecules hydrating
the Nú atoms establish a fluxional network of hydrogen
bonds which connects the protonated (Lys195) and
deprotonated (Lys199) amino groups during the L199N
simulation. The possible water bridges between these
groups can be categorized as sequential hydrogen bond-
ing, Nú-H‚‚‚(H2O)n‚‚‚Nú, and double-acceptor hydrogen
bonding, Nú-H‚‚‚(H2O)n‚‚‚H-Nú. We found that the
sequential networks were observed in 90.2% of the
analyzed snapshots while the percentage of occurrence
of double-acceptor H-bond networks is only 36.3%.

Figure 5 presents sequential water bridges from
Lys199 to Lys195 involving two, three, and four water
molecules. The number of bridging water molecules and
the average distances between the donor-acceptor
atoms indicate that the second hydration shells of
Lys195 and Lys199 overlap to form the organized
cluster of H-bonds connecting the donor (Nú@Lys199)
and acceptor (Nú@Lys195) ends. It should be noted that
the water bridges in Figure 5 are linear in terms of
graph theory terminology.31 For the L199N simulation,
the majority of linear water bridges consisted of three
water molecules (47.5% of snapshots). The two- and
four-water-molecule bridges are also quite favorable
(34.0 and 23.0%, respectively) while the extreme cases
of one- and five-water-molecule bridges are much less
likely (4.1 and 5.4%, respectively). We also note that
other branched water bridges normally coexist with the
linear ones.

As expected the water bridges were observed to
undergo fast rotational motions (i.e., exchange of the
H-bonds from water atom H1 to H2 (and vice versa)).
Simultaneously, other water molecules diffuse in and/
or replace existing water molecules in the bridge. Thus,
the calculated lifetimes for the most common water

Figure 4. Schematic drawing for the most significant inter-
residue contacts found during the L199N, L199P, and L195N
simulations. Average distances between heavy atoms and
standard deviations are given in Å.

Table 4. First Peak Position (Å) of the Atomic Radial
Distribution Function g(r)a

atom L199N L199P L195N

Nú@Lys199 2.87 (1.96) 2.89 (1.84) 2.88 (2.67)
Nú@Lys195 2.90 (4.39) 2.90 (5.07) 2.91 (4.11)
Oε1@Glu292 2.67 (1.69) 2.68 (3.19) 2.66 (3.13)
Oε2@Glu292 2.68 (1.50) 2.67 (3.56) 2.66 (2.53)
Nε2@His242 2.92 (1.10) 5.58 (2.06) 4.08 (1.30)
Oη@Tyr150 2.92 (0.50) 2.84 (0.62) 2.88 (0.80)
a Integrated values of g(r) until the first minimum are in

parentheses.
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bridges were quite short, ranging from 0.2 to 7 ps.
Nevertheless, we stress that the total (i.e., independent
of the water bridge length) probability of water bridge
formation along the L199N simulation remains very
high (90.2%). Therefore, it is clear that the bridging
water molecules play a fundamental role in stabilizing
the orientation of Lys195 and Lys199 in the L199N
model.

The number of sequential hydrogen networks from
Nú@199 to Nú@195 formed exclusively by donor f
acceptor H-bonds was large (as opposed to double-
acceptor hydrogen bond patterns). Indeed the percent-
age of the three- and two-water-molecule bridges, which
correspond to fully donor f acceptor H-bond bridges,
is 54.5 and 75.5%, respectively (29.4 and 28.0% in terms
of the number of snapshots). Overall, these results
strongly suggest that the solvent positioning and dy-
namics are adequate enough to promote proton-transfer
processes from the protonated Lys195 amino group to
the neutral Lys199 residue.

For the L199P simulation, the g(r) functions for the
Nú atoms were similar to those for the L199N case (see
Table 4). The previously described weakness in the

Lys195-Glu292 salt bridge during the L199P trajectory
can be correlated with the coordination number around
the Oε atoms of Glu292 (3 water molecules) compared
with that observed in the L199N simulation (∼1 water
molecule). Similarly, the strong interaction between
Lys199 and His242 is reflected in the absence of a first
hydration layer around the Nε2 atom of the histidine
residue (see Table 4). We also characterized the presence
of double-acceptor hydrogen bonding networks connect-
ing the charged Lys195 and Lys199. In this case, the
population of the three- and two-water-molecule linear
bridges amounts to 52.8 and 28.8%, respectively. Thus,
solvent also plays an important structural role in
stabilizing the configuration of these lysine positive
groups through the occurrence of organized H-bonds.29

For the third simulation (L195N), which is formally
connected with L199N through a Lys199 f Lys195
proton transfer, the observed solvent structure and
dynamics present unusual features. While the first
solvation layer of the Nú atom of Lys195 contains four
water molecules as in the L199N simulation, the
average number of water molecules around the posi-
tively charged Lys199 residue increases from 1.96 to
2.67. This can be interpreted in terms of an extra water
molecule located in the region of the hydrophobic pocket.
The hydration of His242 and Tyr150 is similar to that
described for the L199P simulation. Important changes
were revealed by the analysis of the water bridges which
link the acidic (Lys199) and basic (Lys195) groups.
Although the mean Nú@Lys199‚‚‚Nú@Lys195 separa-
tion increases by ∼1.0 Å (see Table 3), the total
abundance of sequential hydrogen bonding networks
was substantially lowered when a proton was trans-
ferred from Lys195 to Lys199. During the L195N
simulation, there were 45.5% snapshots showing water
bridges compared with the 90.2% value observed for the
L199N simulation. Also the number of water molecules
in the water bridges was greater as reflected by the
population of linear water bridges of three (9.6% of
snapshots), four (14.9%), and five (20.1%) water mol-
ecules. As expected, the probability of fully donor f
acceptor water bridges decreases as the mean length of
the water bridges increases. We observed that the
snapshots containing three-, four-, and five-water-
molecule bridges with a fully donor f acceptor character
are only 5.8, 2.7, and 1.4% of the total snapshots,
respectively. These changes in the water networks could
determine both the probability and the mechanism of
proton transfer from Lys199 to Lys195.

Energetic Analysis of Proton Transfer between
Lys195 and Lys199. To further compliment the geo-
metrical analyses of protein-protein and solvent-
protein interactions, we performed a series of QM-MM
calculations in which Lys195 or Lys199 was described
at the PM3 semiempirical level. The QM-MM energy
minimizations of these residues gave their average PM3
heats of formation. These enthalpy terms, which include
the environmental effects of the rest of the protein
residues and solvent molecules, are probably better
described as solvation enthalpies.32

To roughly estimate the relative stability of the
L199N and L195N models, we considered the enthalpy
change of the corresponding proton-exchange process as
expressed by the following relationship:

Figure 5. Arrangement of sequential H-bonding water bridges
connecting the Lys195 and Lys199 residues at specific snap-
shots taken from the L199N trajectory. Distances between
heavy atoms (Å) were obtained by averaging the geometry of
the two-, three-, and four-water-molecule bridges along the
entire L199N trajectory.
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where the indicated average heats of formation (kcal/
mol) were computed separately for each residue as
described in the Methods section. The global enthalpy
change, which is obtained by subtracting the mean
values, is -14.7 kcal/mol favoring the L195N state. This
energy difference is relatively small since it has a
magnitude similar to the fluctuations of the individual
energy terms for the charged residues. Therefore, from
this energetic analysis, we conclude that, in terms of
the intrinsic basicity of Lys195 and Lys199, the L199N
and L195N protonation states are close in energy. We
also note that entropic contributions could well-favor the
L199N model due to its larger flexibility. Therefore, it
may be reasonable to expect that both states are
energetically accessible and could be rapidly intercon-
verting through H-bond rearrangements and proton-
exchange processes.

Discussion
Comparison with the X-ray Structure. On the

basis of the differences observed in the rmsd values
corresponding to the three trajectories, the actual pro-
tonation state of the Lys195-Lys199 pair in the native
structure of the IIA binding site of HSA cannot be
clearly delineated. However, a comparative analysis of
the most important residue-residue contacts observed
in our MD simulations with those determined crystal-
lographically could give some insight into which model
system (L199N, L199P, or L195N) is most likely to
represent the IIA binding site.

With respect to the crystal structure of the IIA
subdomain, the largest total rmsd (∼2.0 Å) and the
largest rmsd of a single R-helix (2.8 Å for h6) were
observed in the L195N trajectory in which Lys195 and
Lys199 were described as neutral and positively charged
residues, respectively. As previously mentioned, this
observation appears to be a consequence of the absence
of the Lys195-Glu292 salt bridge in this simulation.
This salt bridge, which is clearly present in the crystal-
lographic configuration of HSA linking the h1 and h6
R-helices of the IIA subdomain, is probably an important
element in stabilizing the intradomain structure of this
region of HSA. From this structural deficiency, it is
reasonable to conclude that the L195N model is not a
good model for the X-ray structure of HSA.

The MD trajectories calculated for L199N and L199P,
which differ only in the protonation state of Lys199,
gave similar rmsd values for the IIA subdomain and for
specific R-helices (see Table 1). When Lys195 and
Lys199 were protonated (L199P), we noted that the
residue-residue contacts of both lysines were stable.
While Lys195 maintains a salt bridge interaction with
Glu292, which is in agreement with experimental data,
the stabilization of Lys199 via short H-bonds with
His242 and Gln196 and a cation-π interaction with
Tyr150 is not so compatible with experimental observa-
tion. Particularly, the absence of the cation-π interac-
tion in the experimental structure suggests that the
L199P model can be discarded as an appropriate
theoretical model for the IIA binding site. On the other

hand, Lys199 as a neutral residue (L199N) preserves
the main residue-residue contacts observed experimen-
tally and results in average distances for the most
significant contacts which are in good agreement with
those obtained from the X-ray coordinates (see Table
3). Thus, by comparison with the crystallographic
coordinates, our simulations suggest that the actual
protonation state of the IIA binding site corresponds to
that of the L199N model.

Other dynamical and structural aspects further sup-
port L199N as an accurate theoretical model for the IIA
binding site. As discussed above, for the L199N model,
the flexibility of the side chains of the residues consti-
tuting the IIA hydrophobic pocket is clearly greater than
that observed in the L199P and L195N simulations.
In particular, two important aromatic residues located
at the entrance of the hydrophobic pocket, Phe211 and
Trp214, are more flexible when Lys199 is deprotonated
and, therefore, potentially more suited to binding the
hydrophobic tail of substrate molecules. Thus, the
L199N model could facilitate the entrance and exit of
a broader spectrum of ligands due to the larger struc-
tural fluctuations of its hydrophobic pocket.

Chemical Reactivity of Lys199. As discussed in the
Introduction, Lys199 is thought to be a highly reactive
residue capable of attacking different IIA ligands through
nucleophilic substitution processes. The ability of Lys199
to react with glycosyl and arylating agents as well as
with acetyl salicylate and penicillins is consistent with
a pKa of ∼8 for Lys199. Our results add theoretical
support to these proposals because, besides comparing
favorably with the X-ray structure, the L199N model
is clearly in agreement with the observed chemical
reactivity of Lys199. Moreover, the neutral protonation
state of Lys199 results in a greater conformational
mobility that might favor the formation of a prereactive
HSA-substrate complex.

On the basis of the crystallographic data,2,3 the origin
of the low pKa for Lys199 has been ascribed to its
interaction with His242. However, the simulation L199N
demonstrates that the Nú@Lys199‚‚‚Nε2@His242 inter-
action is only of moderate strength, which seems insuf-
ficient to explain the pKa shift of Lys199. To further
understand this point, we examined the distribution of
charged residues around Lys199 for distances between
6 and 14 Å, which could influence the pKa through long-
range electrostatic interactions.33 We see in Table 5 that
numerous charged groups surround Lys199, the average
separation between Lys199 and positively charged
residues (Lys195, Arg218, Arg222, Arg197, and Arg257)
being slightly lower than that for the negative ones
(Glu292, Asp251, Glu153, Glu244, etc.). Furthermore,
all of the anionic groups are located on the protein
surface (i.e., in environments that resemble bulk sol-
vent), whereas only two arginine residues, Arg218 and
Arg222, are partially solvent-exposed while the remain-
ing arginines are buried in the hydrophobic core of HSA.
This asymmetric distribution of negatively and posi-
tively charged residues is in agreement with the affinity
of the IIA binding site for hydrophobic anionic sub-
strates of small size. Moreover, the local accumulation
of relatively buried positive charges around Lys199
could well-disfavor its protonated configuration thereby
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explaining its lower pKa. Further computational work
seems necessary to validate this interpretation.

Chemical Reactivity of Lys195. The characteriza-
tion of the structure and dynamics of the water mol-
ecules around Lys195 and Lys199 gives some insight
into the influence of solvent on the different models
L199N, L199P, and L195N. For the preferred L199N
model, our analyses demonstrate that the probability
of the basic form of Lys199 being connected to the acid
form of Lys195 through a network of H-bonding water
molecules is very high. Moreover, this water-mediated
link between lysine residues is dominated by three- and
two-water-molecule bridges with a donor f acceptor
character. On the one hand, these water bridges could
play an important structural role in stabilizing the
L199N configuration. On the other hand, it might be
expected that the solvent organization present in the
L199N model could facilitate a Lys195 f Lys199 proton
transfer. Moreover, because the two amino groups are
of similar basicity, the intrinsic energy barrier for proton
transfer could be low and tunneling could play a role in
the reaction. These results qualitatively suggest that
the L199N f L195N interconversion might be possible.

By estimating the heat of formation of the Lys195-
Lys199 pair influenced by the L199N and L195N
environments, the reaction energy for this pair of
residues upon proton exchange was found to be low and
of a similar magnitude to the fluctuations in the
computed energy. Of course, it should be taken into
account that this energy change is only a contribution
to the total energetics of the L199N f L195N inter-
conversion. For example, the loss of the Glu292-Lys195
ionic pair may disfavor the L195N configuration ener-
getically. Hence, obtaining a quantitative picture of this
proton transfer will require the inclusion of long-range
effects and the calculation of the total free energy
change associated with this process. Nonetheless, these
preliminary results indicate that the L199N f L195N
interconversion is likely not to be strongly disfavored.

The proton-transfer process converting L199N into
L195N could be an explanation for the ability of Lys195
to react with penicillins and other reagents.13 Our
simulations suggest that the acid-base pair formed by
the amino groups of Lys195 and Lys199 could be a major
feature of the structure and dynamics of the IIA binding
site. If these residues could undergo proton interchange

readily, it would be expected that both lysines could act
as nucleophiles as experimentally observed in the case
of penicillin binding to HSA. Nevertheless, the amino
group of Lys199 is closer to the hydrophobic pocket and
less solvent-exposed than that of Lys195; therefore,
Lys199 should react more efficiently against the hydro-
phobic organic anions typically bound by the IIA binding
site.

Implications for Bilirubin Binding to HSA. Very
recently, site-directed mutagenesis studies of HSA
(K195M, K199M, F211V, W214L, R218M, R222M,
H242V, and R257M) have been used to study the role
of various amino acid residues in the binding of biliru-
bin.8 Quite surprisingly, these studies showed that the
mutation of certain positively charged and aromatic
residues do not alter the affinity of HSA for bilirubin.
The authors have proposed that HSA has an unusually
high degree of flexibility that results in a situation in
which no single residue is critical in providing the free
energy of binding for bilirubin. However, previous
thermodynamic work on the bilirubin-HSA interaction
has shown that the negative ∆Gbinding (-11.0 kcal/mol)
is mainly provided by a enthalpy change (-13.5 kcal/
mol).1 These data have been interpreted in terms of the
predominance of electrostatic interactions between the
two carboxylate groups of bilirubin and key lysine or
arginine residues rather than hydrophobic forces be-
tween bilirubin and nonpolar residues in the binding
pocket.

The results of our MD simulations are useful in
further understanding why HSA mutants do not have
a strong effect on the affinity of HSA for bilirubin.
Assuming that the L199N model represents the struc-
ture of wild-type HSA, the mutation of the neutral
Lys199 residue into Met199 would not change the global
charge of the IIA binding site. Similarly, the mutation
of charged residues such as Lys195, Arg222, etc., could
also preserve the global charge of the binding site. This
would occur if the electrostatic effect of these mutations
(charged to neutral) would shift the pKa of Lys199
higher, which would then protonate Lys199 at physi-
ological pH and retain the overall charge of the active
site. Thus, the conservation of the global positive charge
in all of the mutant species studied experimentally could
facilitate the binding of bilirubin by short- and long-
range electrostatic interactions.

Conclusions

The MD simulations of the IIA binding site of HSA
reported herein have given us insights into the preferred
residue-residue contacts and solvent structure around
the highly reactive residues Lys195 and Lys199. Through
a comparison of the X-ray coordinates with our simu-
lated models for the Lys195-Lys199 pair, we conclude
that the L199N (Lys195 and Lys199 were protonated
and neutral, respectively) model is preferred. L199N
was selected because it explains the experimentally
observed residue-residue contacts and is also in agree-
ment with the proposed low pKa value for Lys199. In
this model, the water molecules around the active lysine
residues define a water bridge that might be important
for stabilizing the L199N configuration. It could also
facilitate a proton transfer between Lys195 and Lys199,
which leads to the L195N state. Although the lack of

Table 5. Summary of the Average Distances (Å) and Standard
Deviations from Selected Charged Residues to the Nú@Lys199
Atom during the L199N Simulation

atom
distance

positive residues atom
distance

negative residues

Nú@Lys195 6.73 ( 0.75 Cδ@Glu292 9.72 ( 0.69
Cú@Arg218 9.31 ( 0.62 Oε1@Glu292 9.88 ( 1.20
Nη1@Arg218 9.07 ( 0.69 Oε2@Glu292 9.53 ( 1.18
Nη2@Arg218 10.58 ( 0.62 Cγ@Asp251 9.12 ( 0.94
Cú@Arg222 9.98 ( 0.89 Oδ1@Asp251 9.08 ( 1.40
Nη1@Arg222 9.12 ( 0.83 Oδ2@Asp251 8.63 ( 1.04
Nη2@Arg222 9.86 ( 1.30 Cδ@Glu153 10.20 ( 0.62
Cú@Arg197 13.05 ( 0.66 Oε1@Glu153 10.80 ( 0.66
Nη1@Arg197 12.70 ( 0.69 Oε2@Glu153 10.64 ( 0.71
Nη2@Arg197 14.34 ( 0.67 Cδ@Glu244 13.83 ( 0.61
Cú@Arg257 10.11 ( 0.77 Oε1@Glu244 13.26 ( 0.64
Nη1@Arg257 10.98 ( 0.90 Oε2@Glu244 14.91 ( 0.67
Nη2@Arg257 9.56 ( 0.79 Cδ@Glu188 12.64 ( 0.53

Oε1@Glu188 12.04 ( 0.58
Oε2@Glu188 13.61 ( 0.66
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the Lys195-Glu292 ion pair eliminates L195N as a
representative model for the X-ray structure of HSA,
our simulations suggest that a configuration with
Lys195 in its basic (nucleophilic) form cannot be defini-
tively discarded. The L199N f L195N interconversion
might explain the reported nucleophilic ability of Lys195
against penicillin derivatives that are typical substrates
for the IIA binding site. Therefore, both lysine residues
located in the IIA binding site of HSA, Lys195 and
Lys199, could play a combined and comparable chemical
role.
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