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The pH dependence of the HIV-1 protease inhibitor affinity was studied by determining the interaction
kinetics of a series of inhibitors at three pH values by surface plasmon resonance (SPR) biosensor analysis.
The results were rationalized by molecular mechanics based protocols that have as a starting point the
structures of the HIV-1 protease inhibitor complexes differing in the protonation states as predicted by
our calculations. The SPR experiments indicate a variety of binding affinity pH dependencies which are
rather well reproduced by our simulations. Moreover, our calculations are able to pinpoint the possible

K;y :,f?:i: changes in the charged state of the protein binding site and of the inhibitor that underlie the observed
Eigand binding affinity effects of the pH on binding affinity. The combination of SPR and molecular mechanics calculations
HIV-1 PR has afforded novel insights into the pH dependence of inhibitor interactions with their target. This work

raises the possibility of designing inhibitors with different pH binding affinity profiles to the ones
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Protonation states

Asp catalytic dyad

described here.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The affinity of a ligand for a protein is dependent on environ-
mental conditions, such as ionic concentration and pH, which
influence inhibitor protein interactions not only on a biochemical,
but also at a cellular level.! For this reason, the dependence of
inhibitor binding on pH could have important implications for drug
discovery. To study this issue, we use the protease of the human
immunodeficiency virus 1 (HIV-1 PR), as a benchmark. This en-
zyme is a very successful AIDS therapeutic target, because its inhi-
bition precludes the proteolytic cleavage of viral protein precursors

Abbreviations: HIV-1 PR, human immunodeficiency virus type 1 protease; BACE,
B-site APP cleaving enzyme; FRET, fluorescence resonance energy transfer; SPR,
surface plasmon resonance; NMR, nuclear magnetic resonance; RU, resonance
units; DS, discovery studio; CPIRpKj,, calculation of protein ionization and residue
pKa; DC, dielectric constant; EM, energy minimization; NOE, nuclear Overhauser
effect; CHARMM, chemistry at Harvard molecular mechanics; ABNR, adopted basis
set Newton Raphson; GBSW, generalized Born with simple switching; LBHB, low
barrier hydrogen bond; HB, hydrogen bond.

* Corresponding authors. Tel.: +34 8818 14402.

E-mail addresses: helena.danielson@biorg.uu.se (U. Helena Danielson), fredy.

sussman@usc.es (F. Sussman).
™ Present address: Beactica AB, Uppsala, Sweden.

0968-0896/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.bmc.2012.05.070

into functional units, and hence viral replication. In the process, the
HIV-1 PR has turned into the most studied member of the aspartic
protease family.?>

Usually, the inhibitor binding affinity to HIV-1 PR is determined
in assays performed at the optimum enzymatic pH (ca. 5.5), where
the enzyme is catalytically active. However, it is possible that HIV-
1 PR inhibitors may bind also at physiological pH if they are to be
useful as drugs, as has been suggested for BACE-1 inhibitors.! In
fact many HIV-1 PR inhibitors are less active in cell and animal as-
says than in the low pH tests used to screen the leads. Neverthe-
less, there are very few studies dealing with the pH dependence
of the binding affinity.*-® The emergence of surface plasmon reso-
nance (SPR) has open new venues for this endeavor since it avoids
the ambiguities and problems of the FRET based techniques,”®
precluding the need for a protocol based on a competitive regime
with a substrate, whose binding and catalysis may be pH depen-
dent. Members of our group have already used SPR techniques to
study different aspects of inhibitor binding to HIV-1 PR. In this line
of work we found that interaction kinetics rate constants rather
than inhibition constants can help explain structure activity rela-
tionships,® and that the inhibitor optimization can be guided by
the search of inhibitors with a high association and low dissocia-
tion constants.®
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The changes in binding affinity upon a pH change can be traced
back to variations in protonation states of the ionogenic groups in
the protein residues and inhibitors.

The many studies that have dealt with the protonation state of
HIV-1 PR have centered primarily on the Asp dyad (AspA25/
AspB25), the catalytic machinery of the enzyme.*519-12 Some of
the studies rely on the pD dependence of the NMR chemical shift
of the carboxyl carbons and/or H/D isotope effect upon the Asp car-
boxyl carbon chemical shift, like the ones used to study the com-
plexes with ligands (KNI-272 and DMP323).1%!! Recently, high
resolution X-ray and neutron diffraction studies on the HIV-1
PR—KNI-272 complex'? suggest that the dyad is monoprotonated
at pH 5.5, in contrast to the diprotonated state predicted by ab-ini-
tio quantum molecular dynamics calculations performed earlier on
the HIV-1 PR-pepstatin complex.!® Other studies base their results
either partially or totally on molecular mechanics or Poisson Boltz-
mann calculations.®

In this work we address the question of the pH dependence of the
binding affinity by evaluating the change in kinetic rate constants
(kon and ko) and the dissociation constant Kp, for a group of HIV-1
PR inhibitors of diverse chemical structure, by SPR experiments at
three different pH values. The results are rationalized by molecular
mechanics calculations that have as a starting point HIV-1 PR struc-
tures with the protonation states predicted by a Born approach to the
Poisson Boltzmann equation in a molecular mechanics framework.
Our results indicate upward pKj shifts in the Asp dyad values upon
binding, a result that was rationalized by the way in which the
molecular mechanics calculations represent the existence of low
barrier hydrogen bonds between the inhibitor and one of the carbox-
ylate side chains belonging to the Asp dyad.

Our calculations reproduce rather well the binding affinity
ranking due to a pH increase and provide a rationale for the exper-
imental results based on the pK, values of the ionizable groups of
the protein and the inhibitor. Furthermore, we predict that the
replacement of single atoms or groups of atoms in the inhibitors
studied here could lead to ligands with new binding affinity pH
dependent profiles.

2. Methods
2.1. SPR biosensor interaction analysis

In order to examine the effect of the pH on the binding affinity
we have determined the affinities of a variety of inhibitors at three
pH values (4.1, 5.1 and 7.4). An SPR-biosensor instrument (Biacore
S51, GE Healthcare, Uppsala, Sweden) was used for the interaction
studies. All experiments were carried out at 25 °C and immobiliza-
tion was performed at a flow rate of 5 pl/min. HIV-1 protease was
covalently attached to the carboxymethylated dextran matrix of a
CM5 sensor chip (GE Healthcare, Uppsala, Sweden) via primary
amines on the protein using standard amine coupling method. A
fresh mixture of 0.2 M N-ethyl-N'-[(dimethylamino)propyl]carbo-
diimide (EDC) and N-hydroxysuccinimide (NHS) was injected for
7 min to activate the carboxyl groups of the dextran matrix. HIV-
1 protease (~0.3 mg ml~! in 5 mM maleic acid, pH 6.0) was then in-
jected until sufficient amounts of protein were immobilized (1-
2 min). Directly following immobilization, EDC/NHS was again in-
jected for 7 min to stabilize the sensor surface.' Ten micromolar
Hepes, pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% (v/v) surfactant
P-20 (polyoxyethylene sorbatan; GE Healthcare, Uppsala, Sweden)
was used as running buffer during the immobilization procedure.
The same buffer with addition of 3% DMSO was also used for the
interaction studies at pH 7.4. Interaction experiments at acidic pH
used acetic acid buffers (10 mM acetic acid, 0.15 M NacCl, at pH
5.1 or 4.1) with addition of 3% DMSO and 0.005% surfactant P-20.

Interaction studies were performed with 3.7-300 nM nelfinavir
and 1.2-100 nM saquinavir (generous gifts from Medivir AB, Hudd-
inge, Sweden). Indinavir (Merck Sharp & Dohme Ltd Herts, UK) was
used as positive control at 90 nM, to monitor surface activity. The
inhibitors were injected in running buffer for 60-120 s at a contin-
uous flow of 90 ul min~!. Dissociation was monitored for 600 s.
The sensor surface was regenerated by an injection of 10 ul 1M
LiCl, 50% ethylene glycol at the end of each cycle. Three blank sam-
ples were also injected before, in the middle and after each concen-
tration series. A standard solvent correction procedure according to
the Biacore S51 methodology handbook (GE Healthcare, Uppsala,
Sweden) was included for every experiment.

2.2. SPR interaction data analysis

Binding responses were recorded in resonance units (RU) and
presented graphically as a function of time in sensorgrams. Biacore
S51 and BlAevaluation software (version 3.0.2, GE Healthcare, Upp-
sala, Sweden) was used to extract information from the sensor-
grams. By subtracting the response from a reference flow cell,
and including the solvent correction procedure, signals could be
corrected for differences in bulk refractive index and nonspecific
binding. An average response of the three blank injections was also
subtracted from the sensorgram in order to correct for small sys-
tematic distortions arising from differences between the enzyme
and the reference surfaces. A 1:1 Langmuir interaction model
accounting for limited mass transport!'> was globally fitted to cor-
rected sensorgrams of a series of six different inhibitor
concentrations.

2.3. Structure preparation for modeling

The inhibitors studied in this work are listed in Figure 1. They
include a variety of chemical motifs that range from those peptidic
inhibitors that emerged early in the search for drug leads like Ac-
pepstatin up to those that are currently being used clinically in
the treatment of AIDS like saquinavir, nelfinavir and indinavir.
The relevant pdb entries (1EBW, 1EBY,'® 5HVP,'” 1SDV,'®
2NMW!® and 3EKX) were downloaded, all hydrogens added and
the CHARMM force field?® atom types and charges assigned. The
structure of the complex between HIV-1 PR and inhibitor AO0OS8 is
not known. We were able to build it from the pdb entry 1AJX by
replacing the benzyl groups by 4-hydroxymethylbenzyl moieties
and orienting the side chains to avoid strong steric clashes.

2.4. pK, calculations

The pK, values for all titratable residues were calculated by the
protocol proposed by Spassov and Yan,?! implemented in Discov-
ery Studio?? and named calculation of protein ionization and resi-
due pK, (CPIRpK,). This protocol, which employs a generalized
Born approximation to reproduce solvent effects, allows for the
iterative determination of the pK, of interacting residues. The
internal and external dielectric constants (DC) used in these calcu-
lations were 10 and 80, respectively, the ionic strength 0.145, and
the energy cutoff for clustering was 0.5 kcal/mol. The protocol used
here for the prediction of the pK, value of ionizable residues, ap-
plies to all residues of the protein and to the amino acids that form
part of the inhibitor. Therefore, this algorithm was able to predict
the pK, values (and the protonation fraction at a given pH) for
the acidic amino acids in proteins and for the acidic residues in
those inhibitors that have peptidic fragments. Whenever the inhib-
itors contained ionogenic groups (like the amino groups in nelfina-
vir, indinavir and saquinavir, or the statin moiety carboxylate
group in Ac-pepstatin), the pK, values were evaluated for both
charge states of the inhibitor.
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Figure 1. Inhibitors studied in this work.

Since the module CPIRpK, does not evaluate the pK, values of
the inhibitors ionogenic groups, we have used the pK, values calcu-
lated in solution by the Epik module?® implemented in the Schro-
dinger suite of programs.?*

2.5. Affinity predictions

For our affinity calculations we chose the protonation states
predicted as the prevalent ones at pH 4.1, 5.1 and 7.4 on the basis
of the calculated protonation fraction for each residue by the pK,
predictor DS module. Whenever the pH fell very close to the pK,
value of a HIV-1 PR acidic residue, additional structures with the
alternative protonation states are needed in order to evaluate our
scoring function (see below). Given the large number of initial
structures to study, we choose a simplified method for treating
them, based on a multi-step molecular mechanics energy minimi-
zation (EM) protocol. The first part incorporated two EM protocols
devoted to optimize the proton position and the hydrogen bond li-
gand-protein network observed in the crystallographic structure.
In the first EM we fixed all heavy atoms, while in the second we
placed NOE constraints on the heavy atoms that participate as do-
nors and acceptors in hydrogen bonds between the ligand and the
protein. Each of the EM had two segments: the first one was an EM

steepest descent segment of 2000 steps, and the second one a stage
of 50,000 steps with an ABNR optimization protocol. The tolerance
gradient in all these calculations was 0.001 kcal/mol A2, For all the
EM calculations we used an implicit solvation term based on the
generalized Born approach with simple switching (GBSW),%> with
protein dielectric constant of 5. This value was chosen to take into
account implicitly the protein flexibility.®

For each of the optimized structures we obtained the binding
affinity scoring function using the following expression:

AGping = AGnm (P : L) — AGm (P) — AGm (L) + AGg, (P
: L) — AGgy(P) — AGg, (L) (1)

where AGyy, and AGg, indicate the molecular mechanics CHARMM
force-field?® and the GBSW solvation®> components, respectively,
for the protein-ligand complex (P:L), protein (P) and ligand (L).

All the EM and analysis calculations were performed with the
CHARMM suite of programs® in the 2400 processors Finisterrae
supercomputer facility available at the supercomputing center of
Galicia (CESGA).

As mentioned above, there exists the possibility that for a given
acidic residue, both the charged and neutral protonation states
would be highly populated. In that case, the final binding scoring
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function was obtained through a weighted binding scoring func-
tion for both protonation states.

AGping = X1AGpindg(0) + (1 — X1)AGpina(—1) 2)

Where AGpinga(0) and AGping(—1) are the scoring function values
when an acidic residue is protonated or charged, respectively. X; is
the protonation fraction for a specific residue, obtained from its pK,
value through the Henderson-Hasselbalch equation for a given pH.

2.6. Effect of the dielectric constant on binding affinities

It is known that the dielectric constant has a strong effect on the
calculated pK, values of the ionogenic groups.® In order to evaluate
the effect of this parameter on our results, we re-evaluated the pK,
values of the titratable residues for some of the complexes studied
at various dielectric constants ranging from the default value of 10
up to a final value of 20. As before, once the charge states of these
complexes were estimated (see Section 2.4), the binding affinities
for the complexes studied were obtained using the protocols de-
scribed in Section 2.5 with the new higher value of DC.

3. Results

3.1. Kinetic analysis and pH dependencies of inhibitor
interactions

The interaction kinetic parameters for saquinavir and nelfinavir
were determined at three different pH values (4.1, 5.1 and 7.4) (see
Table 1). The pH dependencies of the complete series of HIV-1 PR
inhibitors analyzed in this study is shown in Figure 2. The binding
affinity patterns upon a pH change differ greatly for dissimilar
inhibitors, as it has been reported earlier.” The new data for nelfi-
navir and saquinavir show that these inhibitors have similar pH
dependencies, but that the kinetics are shifted, with saquinavir
having 10-fold slower dissociation rates and slightly faster associ-
ation rates, resulting in higher affinities at all pH values.

In order to rationalize these experimental data, we calculated
the protonation states of the HIV-1 PR—inhibitor complexes at
the 3 pH values utilized in our SPR experiments, and then used
them to predict the binding affinity ranking due to a pH increase.
These results are presented below and discussed in a separate
section.

3.2. Prediction of pK, values for protein residues

3.2.1. Validation of the pK, prediction method

NMR has been the main tool for experimental determination
of the protonation state of the titratable residues in HIV-1 PR
complexes. The most extensive NMR studies have been carried
out on the HIV-1 PR bound to DMP323, a cyclic urea inhibitor.!!
In order to test our pK, predictor protocol we have calculated the
pK; values of the acidic residues in this complex. As shown in Ta-
ble 2, the protocol used here reproduces rather well the pK, val-
ues for acidic residues for the HIV-1 protease bound to inhibitor
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DMP323. Many of our calculated trends reproduce those observed
experimentally. For instance, our protocol predicts an upward
shift in the pK, value for the residues AspA25/B25 of the catalytic
dyad, with respect to the ones that have been determined for a
model Asp residue (pK, 4.1), in agreement with experiment.!!
Moreover, our calculations indicate that the residues Asp A29/
B29 become more acidic than the model compound in solution
(pK, 4.1), a trend that is also in agreement with that of the
NMR based results.

3.2.2. Effect of the inhibitor on the HIV-1 PR ionizable residues

Some of the inhibitors studied do not have ionizable fragments
(see inhibitors A008, A268 and A369) and thus the protein residues
pK; values can be calculated directly (see results in Table 3). Other
inhibitors studied here may be neutral or charged at a given pH va-
lue, depending on their environment found in the enzyme. Some of
them (i.e., indinavir and saquinavir) have more than one amino
group that could be protonated over a large range of pH values.
Hence it is necessary to have an estimate of the protonation pro-
clivity for all ionizable groups in an inhibitor, ahead of the protein
residue pK, prediction. For this sake, we have carried out the
charge assignment based on Epik pK, predictions for these inhibi-
tors in solution. For instance, indinavir and saquinavir have several
amino groups that could be protonated. Our predictions in solution
indicate that in saquinavir, the protonated amino group of the
quinoline (pK, <4.0) is much more acidic than the one that belongs
to the decahydroquinoline group (pK, ~10). Hence this latter ami-
no group will be the only one that may stay protonated at all of the
pH values used in this work. On the other hand, our pK, evaluations
of indinavir in solution indicate that the amino group that has the
higher probability of being protonated in our pH range is one that
belongs to the piperazine at the position closest to the pyridine
group. In order to shed light onto the effect of ligand charge on
the charge state of the protein residues we have calculated the
pK, values for all protein tritratable residues when bound to ioniz-
able inhibitors both in their neutral and charged states. The results
are shown in Table 4. Perusal of this table indicate that the charged
state of the ionizable residues in the protein will strongly depend
on the protonation state of the bound inhibitor for inhibitors with
ionogenic groups, an effect specially noticeable for Asp catalytic
dyad residues.

3.2.3. Effect of the dielectric constant (DC) on active site charge
states

As pointed out earlier, the DC value for the interior of the pro-
tein has a strong effect on the resulting pK; values of the ionizables
residues.® As shown before by Trylksa et al.® raising the DC of the
protein interior in the apo and some holo HIV-1 PR systems may
result in a decrease of the pK, values for the HIV-1 PR Asp dyad res-
idues. Hence there is the possibility that an increment in the DC
beyond the value of 5 may lead to HIV-1 PR with Asp dyads in
the monoprotonated states, in line with some X-ray crystallo-
graphic'? and NMR results.'°

Table 5 displays the pK, values for the Asp dyads of some of the
complexes studied here as a function of the DC values. Perusal of

Table 1
Interaction kinetic parameters for nelfinavir and saquinavir at pH 4.1, 5.1 and 7.1
Inhibitor pH kon (M~1s71) ko (s™1) Kp (nM)
Nelfinavir 7.4 817 x 10°£7.5 x 10° 28x10°+£3x107° 3.40£0.01
5.1 3.05 x 10+ 4.08 x 10° 9x103+9x10™* 2.99+0.27
4.1 1.66 x 10°£7.73 x 10° 53x10229x 1073 37.6+13.6
Saquinavir 7.4 1.02 x 106 £5.0 x 103 586 x 1074+9.5 x 1075 0.577 +0.095
5.1 441 x 10°+5.44 x 10° 273 x1072£299 x 1074 0.637 £0.153
4.1 2.78 x 106+ 7.1 x 10° 1.09 x 1072 £2.08 x 1073 4.13+£0.989

The values for the other inhibitors in this study have been published previously.” Errors are given as the standard deviation.
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Figure 2. Interaction kinetic plot (kon VS kog) for HIV-1 PR inhibitors at pH 4.1, 5.1
and 7.4. ko, and ko units are in M~!s~! and s, respectively.

this table indicates that, as expected, increasing the dielectric con-
stant lowers the pK, values for the Asp dyad residues across the
board, irrespective of the chemical structure of the inhibitor. Nev-
ertheless, as we shall see in the next section, the binding affinities
calculated with these HIV-1 PR active site charged states do not
reproduce as well the affinity trends upon a pH increase as the
ones obtained with the lower dielectric constant. (i.e., DC=5).

Table 2
Comparison of experimental and calculated pK, values for acidic HIV-1 PR side chains
when bound to DMP323

Residue Calculated Experimental®

pK, pK." PK,©
Asp A25 8.24 8.19 7.7
Asp A29 2.66 2.06 1.97
Asp A30 4.04 3.99 3.96
Asp A60 3.55 3.11 3.15
Asp B25 7.21 8.19 7.7
Asp B29 2.63 2.06 1.97
Asp B30 4.08 3.99 3.96
Asp B60 3.50 3.11 3.15
Glu A21 4.28 4.52 448
Glu A34 4.71 4.88 491
Glu A35 427 3.73 3.75
Glu A65 4.00 3.74 3.72
Glu B21 4.23 4.52 4.48
Glu B34 5.26 4.88 491
Glu B35 3.86 3.73 3.75
Glu B65 4.03 3.74 3.72

@ See Ref. 11 for details.

b The experimental pK, values were determined by fitting the pD dependent
chemical shifts using the carboxyl carbon data.

¢ The experimental pK, values were determined by fitting the pD dependent
chemical shifts using the next to carboxyl aliphatic carbon data.

Table 3

Predicted pK, values for acidic residues when bound to neutral inhibitors
Residue A008 B268 B369
Asp A25 8.64 10.23 10.24
Asp A29 2.77 3.01 3.51
Asp A30 4,78 4.06 4.08
Asp A60 3.66 3.50 3.60
Asp B25 7.25 6.91 6.70
Asp B29 2.49 3.02 3.84
Asp B30 412 391 3.69
Asp B60 2.77 3.60 347
Glu A21 4.41 430 4.25
Glu A34 4.82 5.17 5.23
Glu A35 4.18 4.13 4.15
Glu A65 3.73 3.67 3.65
Glu B21 4.46 4,26 4.26
Glu B34 5.01 5.01 4.98
Glu B35 3.79 3.77 3.95
Glu B65 3.87 3.80 3.77

3.3. Binding affinity pH dependence

3.3.1. Experimental results

Table 6 lists the Kp values obtained by SPR at the three pH val-
ues (4.1, 5.1 and 7.4) for all HIV-1 PR—inhibitor complexes studied
in this work. The experiments indicate that the HIV-1 PR inhibitors
can be classified into three groups, according to the effect of pH on
their interaction kinetics and affinities. The first group contains
inhibitors that lack any titratable groups (A008, B268 and B369).
Although the pH effects on association and dissociation rate con-
stants are different, their affinities are similar at pH 4.1 and 5.1,
but lower at 7.4. In the second group formed by Ac-pepstatin,
the affinity decreases with increased pH. Finally, the third group
of inhibitors (nelfinavir, saquinavir and indinavir) has a similar ef-
fect of pH on their interaction kinetics and affinities, with an in-
crease in affinity upon a pH increase from 4.1 to 5.1, but without
a further increase when pH becomes neutral (7.4).

3.3.2. Scoring function calculated values
In Table 6 we list also the scoring function values for each inhib-
itor at the three pH values which allowed us to rationalize the pH
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Table 4
Predicted pK, values for acidic residues when bound to inhibitors with titratable groups
Residue Indinavir Nelfinavir Saquinavir Ac-pepstatin
Charged® Neutral® Charged® Neutral® Charged® Neutral® Charged® Neutral®

Asp A25 7.21 7.29 6.15 7.36 5.61 6.56 8.67 8.77
Asp A29 2.19 242 2.10 2.23 2.84 2.94 2.79 2.80
Asp A30 3.66 3.76 4.40 475 429 437 4.74 4.75
Asp AGO 3.42 3.44 3.09 3.11 3.52 3.53 3.46 3.46
Asp B25 9.41 9.57 8.89 9.85 8.03 8.74 7.30 7.41
Asp B29 3.35 3.51 2.11 2.32 231 2.52 2.37 3.30
Asp B30 4.56 4.60 3.94 4.08 4.02 4.15 3.88 5.04
Asp B60 3.36 337 3.24 3.25 3.01 3.03 3.69 3.72
Glu A21 4.26 4.29 438 441 4.62 4.63 4.81 4.83
Glu A34 432 435 4.98 5.05 5.02 5.41 5.31 5.35
Glu A35 4.23 4.25 3.68 3.71 3.74 3.76 4.14 4.15
Glu A65 3.67 3.67 3.58 3.60 3.54 3.55 4.09 4.09
Glu B21 4.47 4.52 4.53 4.55 4.09 4.12 495 4.95
Glu B34 4.72 4.83 5.07 5.11 5.20 5.25 4.85 4.86
Glu B35 3.65 3.68 3.97 4.00 423 425 3.72 3.74
Glu B65 3.83 3.85 3.56 3.57 3.75 3.76 3.46 3.47

@ Inhibitor in the singly charged state.
" Inhibitor in the neutral state.

Table 5
Predicted catalytic dyad pK, values dependence on the protein dielectric constant

Inhibitor Catalytic dyad Protein dielectric constant®
10 12 15 18/20

A008 Asp A25 8.64 7.74 6.70 6.47

Asp B25 7.25 6.66 5.93 4.77
B268 Asp A25 10.23 8.86 7.67 6.87

Asp B25 6.91 6.20 5.50 5.02
B369 Asp A25 10.24 8.96 7.76 6.53

Asp B25 6.70 6.01 532 4.60
Saquinavir Asp A25 5.61(6.56) — — 4.07(4.83)

Asp B25 8.03(8.74) — - 5.63(6.14)

2 Numbers in parenthesis correspond to those obtained with the neutral
inhibitor.

binding ranking based on the charge state of the ligands and pro-
tein residues (see discussion).

As pointed out above, increased DC values lead to monoproto-
nated Asp dyads at the enzyme optimal pH for many HIV-1 PR—li-
gand complexes, in line with some NMR and neutron diffraction
results. Hence, in order to explore the effect of this variable, we cal-
culated the binding affinity for charge distributions at higher DC

value. Table 7 displays scoring function affinities for Ac-pepstatin
and nelfinavir at DC 18. As seen from this Table affinity prediction
calculations for instance for nelfinavir fare worse than those pre-
sented in Table 6. This outcome supports to some extent the charge
state of the ionizable residues used for the calculations presented
in Table 6, at a lower DC value.

4. Discussion

4.1. Effect of the inhibitor on the pK, of the HIV-1 PR ionizable
residues

Perusal of Tables 3 and 4 shows that the chemical structure and
charge state of the inhibitors have a profound influence on the pK,
values of the side chains of titratable residues. Nevertheless, there
are some commonalities amongst the protein residues pK, trends.
For instance, our calculations indicate that the largest pK, shifts,
with respect to the values of model compounds in solution, are
for the acidic residues that lie in the inhibitor binding pockets,
especially those that reside in S1/S1’ (e.g., those that belong to
the Asp dyad). These latter residues vary their pK, values by several
units upon change of inhibitor. By comparison, the other acidic res-

Table 6
Effect of pH on experimental and calculated affinity value
Inhibitor Scoring function (kcal/mol)? Kp (nM)?
pH 4.1° pH 5.1 pH 7.4° pH 4.1 pH 5.1 pH 7.4
A008 —79.85 —80.18 —78.75 1.83 1.84 6.95
(-79.98)
B268 —87.22 —87.46 —85.50 2.97 3.00 10.80
B369 —99.93 -101.42 —99.69 1.14 1.00 13.90
(-101.35)
Indinavir —100.76 (—92.82) 5.45 1.38 1.20
Indinavir (+) —88.55 -91.96 (-92.82)
Nelfinavir -91.5 —90.70 (—90.80) 37.6 2.99 3.40
Nelfinavir (+) —88.55 —89.12 -92.80
Saquinavir -92.38 -96.23 4.13 0.637 0.577
Saquinavir(+) -91.44 -92.49 -94.89
Acpepst -95.73 —88.80 —94.2 (-95.0) 208 759 8150
Acpepst (—) — -92.17 -91.84
2 Thick numbers indicate the protonation states that have similar trends to the experimental.

b

4 Data from Table 1 (nelfinavir and saquinavir) and Ref. 7.

Values in parentheses were calculated by weighting the affinities obtained by taking into account both protonation states for the residue Asp 30.
€ Values in parentheses were calculated by weighting the affinities obtained by taking into account both protonation states for the residue Asp 25.
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Table 7
Calculated binding affinity scoring funtion values in kcal/mol at DC 18
Inhibitor pH value
4.1 5.1 7.4
Nelfinavir Charged -98.81 -97.95 -96.93
Neutral -96.73 —96.84 -94.13
Ac-pepstatin Charged —108.59 -108.47 -104.62
Neutral —-109.02 -104.29 -102.93

idues that reside in S2/S2’ and S3/S3’ pockets display smaller but
noticeable changes, like for instance the downward pK, shift in
AspB30 when bound to the charged Ac-pepstatin. This trend can
be traced back to the binding site structure (see Fig. 3), which
shows that this residue is part of an intricate microenvironment,
making polar interactions with the C-terminal carboxylate of the
inhibitor and with the side chain of Lys B45. The overall predicted
shifts for all acidic residues follow similar trends to the ones ob-
served in NMR experiments for the HIV-1 PR—DMP323 complex.!!

On the other hand, NMR based protonation state assignment for
the Asp dyad when HIV-1 PR is bound to pepstatin A%’, are at var-
iance with our predictions for the Asp dyad when the enzyme is
bound to Ac-pepstatin. Our results indicate that the Asp dyad will
only be in the monoprotonated state at the highest pH (7.4), while
the NMR results support a single charged Asp dyad over a wider
range of pH values. The experimental support for the monoproto-
nated state was obtained from the analysis of >C NMR data, which
exhibits two distinct signals at 172.4 and 178.8 ppm that remain
unchanged in the pH range between 2.5 and 6.5, thus indicating
that the Asp dyad protonation state does not change in this pH
range. Of the two peaks, the one at low field is the only one that
undergoes an isotopic shift.?’” Nevertheless, these NMR results
seem to be amenable to more than one interpretation. Piana
et al.’® proposed a diprotonated Asp dyad based on an ab-initio
molecular dynamics assignment that includes the calculation of
13C chemical shifts and isotopic shifts. In their work, they show
that the only Asp dyad charged state that reproduces these NMR
observables is the neutral one, in agreement with our predictions.
For other inhibitors, like KNI-272, recent results of a high resolu-
tion X-ray structure, together with a neutron diffraction study!?
display the existence of electron density only next to the oxygen
of one of the Asp residues in the Asp dyad, supporting the existence
of a monoprotonated assignment for this system.

Asp B30

2.63
Lys B45

Figure 3. Microenvironment of the Asp B30 residue when bound to acetylpepst-
atin. Notice the closeness of the C-terminal carboxylate of the statine residue (STA)
of the inhibitor with the side chains of Asp B30 and Lys B45. Distances are in A.

The results shown here suggest that the Asp dyad charge state is
neutral at the pH value at which the enzyme is most active (i.e., 5—-
6), since the pK, values of their Asp residues are for the most part
above six. The results listed in Tables 3 and 4 predict that the Asp
dyad monoprotonated state is only prevalent at the highest pH va-
lue (7.4) when HIV-1 PR is bound to inhibitors B268, B369, indina-
vir, nelfinavir and saquinavir. As seen from these tables, the
complex where the Asp dyad becomes monoprotonated at the low-
est pH (5.6) is the one formed with saquinavir, when this ligand is
protonated.

We propose a possible explanation for this result based on the
existence of a low barrier hydrogen bond (LBHB) between a hydro-
xyl group located on the inhibitor’s isostere and the oxygen of a
carboxylate group that belongs to the Asp dyad (See below). One
of the defining characteriztics for a LBHB is the existence of a very
short hydrogen bond distance between donor and acceptor.?®
Already, in some of the earliest crystallographic structures of
HIV-1 PR complexes (eg., HIV-1 PR bound to Ac-pepstatin) it was
observed that the distance from the hydroxyl oxygen of the inhib-
itor to one of the oxygens of the side chain of an Asp dyad member
could be as short as 2.2 A,'7 raising the possibility of a LBHB
between these two atoms.

The existence of compact hydrogen bonds (HB’s), that provide
support for LBHB’s, have been confirmed by the X-ray and neutron
diffraction studies of ligand bound aspartic proteases, like in endo-
thiapepsin,?® and in BACE-1 bound to peptidic inhibitors,® sug-
gesting that LBHB’s may be a common feature for some aspartic
protease-inhibitor complexes. It has been posited that in LBHB's,
the proton that mediates the HB could undergo tunnelling, from
the energy-well located next to the hydroxyl oxygen to the one
next to the carboxylate oxygen.?® In such a system the proton
could be found at both positions (see Fig. 4, panel B), resulting in
the dispersion of the negative charge of the Asp residue. It may
be argued that the tunnelling in the LBHB populates the Asp dyad
diprotonated state, and hence it may be claimed that this charged
state could be a molecular mechanics compromise representation
of the entities implied by LBHB (Fig. 4).

Finally, the results presented in Tables 3 and 4 indicate that the
protonation states of the HIV-1 PR titratable residues will depend
strongly on the chemical structure and ionization state of each
inhibitor, a similar result to that obtained recently by us on
BACE-1, another member of the aspartic protease family which
has become an Alzheimer’s disease drug target.'

4.2. Binding affinity pH dependence

Table 6 lists the experimental as well as the inhibitor affinities
predicted by our scoring function. There are two issues that are
crucial for comparing the calculated affinities to the experimental
ones. The first one relates to the fact that in some cases the pK, val-
ues of some of the acidic residues present in the active site of HIV-1
PR (e.g., Asp 25, Asp 30) are very close to the pH values used in the
evaluation of the binding affinities. In that case these residues
could be highly populated both in their neutral and charged pro-
tonation states. For instance, as seen from Table 3, when HIV-1
PR is bound to inhibitor B369, the calculated pK, value for residue
Asp A30 is 4.08, leading to almost equal populations of ionized and
neutral charged states for this residue at pH 4.1. Another example
relates to the Asp dyad residues, which exhibits large pK, shifts to
values that are more typical for basic residues. In some cases (indi-
navir, nelfinavir) their pK; values are close to the highest pH value
studied (7.4), resulting also in similar populations at both charged
states for the Asp A25 residue. We take into account the existence
of multiple protonation states into the binding affinity scoring
function Eq. (2) (see methods section), which weights the scoring
value function for each possible charged state by their protonation
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Figure 4. (A) and (C) represent two of the three possible protonation states (mono- and di-protonated) for the Asp dyad, (B) is a schematic representation of a LBHB with the

possible proton positions enclosed by red and blue circles.

fractions. Taking into account both charged states in our binding
affinity calculation improves in some cases the binding ranking
affinity agreement with experimental results. For instance, taking
into account the multiple protonation states for Asp A30 increases
the binding affinity of B369 for HIV-1 PR at pH 4.1, bringing it clo-
ser to that of pH 5.1, in agreement with experiment. Also, as seen
from Table 6, taking into account the dual protonation state for Asp
A25 (pK,=7.3) helps to lower the calculated binding affinity,

105

bringing the ranking binding affinity of indinavir at pH 7.4 more
in step with experiment.

The other factor that has a strong effect on the binding affinity
ranking is the charge state of the inhibitor. As mentioned above,
our prediction for the pK, values of the inhibitors ionizable groups
indicate that, nelfinavir, indinavir and saquinavir have each one
amino group whose protonated state has a pK, value above 7, in
solution. Nevertheless, perusal of the active site in the ligand-pro-
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Figure 5. Comparison of the affinity at different pH values obtained by SPR experiments (lower panel) and those obtained from our calculated scoring function in absolute

values (upper panel). Values are in kcal/mol.
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tein structures indicates that the inhibitors’ amino groups do not
form hydrogen bonds or ion pairs with any protein polar groups.
This raises the possibility that the protonated amino group’s pK,
value in these inhibitors would be lower than the ones predicted
in solution, leading to a neutral ligand at lower pH value (when
bound) than in solution. In order to search for the actual amino
group protonation state in these inhibitors we have calculated
the scoring function binding affinity for a variety of amino group
protonation states, starting with those predicted by the Epik mod-
ule in the Schrédinger software suite.?* In the case of nelfinavir, the
scoring function results that rank binding affinities better are the
result of neutralizing the amino group at pH above or around 5.1.
This outcome supports the notion that the pK, value for the most
basic protonated amino group is around this value and suggests
a possible explanation for the increase in binding affinity when
the pH rises to 5.1. The neutralization of the ligand at pH 5.1 gen-
erates a more hydrophobic molecule with a lower desolvation pen-
alty (results not shown), a result that favors binding to the enzyme.

The inhibitor Ac-pepstatin has a carboxylate group in its C-ter-
minal end (see Fig. 1). The Epik calculations in solution predict that
this group has a pK, of 4.4. Hence, if this pK, is maintained upon
binding, this group will be neutral at pH 4.1 and charged at the
higher pH values. In order to probe these alternatives we have cal-
culated the protein pK, values for the two possible inhibitor charge
states, prior to the calculation of their binding affinities by our pro-
posed scoring function. As seen from Table 6, our results are in
good agreement with the experimental trends, when the above
mentioned carboxylate keeps its Epik calculated pK, value of 4.4.
The rationale for this outcome may reside in the polar microenvi-
ronment this group is located in (see Fig. 3).

In summary, when both issues (discussed above) that relate to
the multiple protonation states of the protein residues and the
inhibitor protonation state change at a given pH are taken into ac-
count, there is a fair correlation between the observed and calcu-
lated binding affinity trends, upon a pH increase. This correlation
is better visualized in Figure 5, which graphically display the
experimental and observed binding affinity trends.

The results described here raise the possibility of designing
inhibitors with different affinity pH dependencies. For instance,
we predict that replacement of the C-terminal carboxylate group
by a polar non-charged group like an amide may lead to an in-
crease (rather than a decrease) in affinity when the pH rises from
5.1 to 7.4 (see Table 6).

The experimental affinity trends amongst inhibitors, at a given
pH value, are not as well reproduced as those related to an increase
in pH (see Table 6). This may be related to the conformational en-
tropy penalty contributions from inhibitors that have substantial
structural differences. For instance, Ac-pepstatin is predicted to
have a higher affinity than A0OS8, in contrast to the experimental
trend (see Table 6). Perusal of the chemical structures indicate that
the latter inhibitor has a peptidic nature and has many more de-
grees of freedom than A0O08 and hence should ‘pay’ a much higher
entropic penalty upon binding to the enzyme. Including the con-
formational entropic terms should bring the predicted ranking
more in line with experiment.

5. Conclusions

In summary, the dependence of the binding affinity to HIV-1 PR
on pH was studied by determining the binding affinity of a series of
inhibitors at three pH values, by SPR experiments. The results were
rationalized by a molecular mechanics based protocol that requires
knowledge of the protonation states of all ionizable residues in the
HIV-1 PR—inhibitor complexes at the 3 pH values used in this
study. Hence, it is of the essence for our calculations to have a

robust pK; predictor. We have validated our algorithm by calculat-
ing the pK, values of all residues in the HIV-1 PR—DMP323 com-
plex and comparing the resulting values with those obtained
from NMR experiments. The results indicate that our calculations
reproduce rather well the experimental values, validating our pK,
protocol prediction.

Our calculations show that upon inhibitor binding, many iono-
genic residues display noticeable shifts from their standard values
in solution. The highest pK, increases are observed for the Asp dyad
residues. We hypothesize that LBHB’s between one of Asp dyad
carboxylate oxygens and a the isotere hydroxyl group are of the es-
sence in rationalizing the Asp dyad protonation states when the
HIV-1 PR is in the bound state and bring them in line with some
experimental observations.

For the most part, the binding energy differences observed by
SPR experiments upon a pH change are rather small. Nonetheless,
the calculated trends on binding affinity upon pH increase repro-
duce with few exceptions the ones observed in the SPR experi-
ments. Our binding affinity predictions support our protein
assignments. Moreover, we show that alternative protonation
states (that could be present by increasing the protein interior
DC) are not able to reproduce the experimental binding affinity
trends across the board, a result that lends support to our charge
assignment for ionizable residues. On the other hand, the binding
affinity trends from one inhibitor to another at a given pH are
not well reproduced, since our calculations lack a full evaluation
of entropic contributions.

Our calculations support the hypothesis that at a given pH,
some acidic residues contribute to the binding affinity to the en-
zyme through both neutral and charged states. Furthermore, our
results also indicate that the inhibitor’s titratable groups may
have a strong effect on the binding affinity trends by modifying
their protonation state upon a pH change. Finally, our studies
raise the possibility of designing novel inhibitors with alternative
binding affinity pH profiles, which we aim to pursue in further
studies.
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