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Abstract: Papain-like cysteine proteases are ubiquitous proteolytic enzymes. The protonated His199/
deprotonated Cys29 ion pair (cathepsin B numbering) in the active site is essential for their proper functioning.
The presence of this ion pair stands in contrast to the corresponding intrinsic residue pKa values, indicating
a strong influence of the enzyme environment. In the present work we show by molecular dynamics
simulations on quantum mechanical/molecular mechanical (QM/MM) potentials that the ion pair is stabilized
by a complex hydrogen bond network which comprises several amino acids situated in the active site of
the enzyme and 2-4 water molecules. QM/MM reaction path computations for the proton transfer from
His199 to the thiolate of the Cys29 moiety indicate that the ion pair is about 32-36 kJ mol-1 more stable
than the neutral form if the whole hydrogen bonding network is active. Without any hydrogen bonding
network the ion pair is predicted to be significantly less stable than the neutral form. QM/MM charge deletion
analysis and QM model calculations are used to quantify the stabilizing effect of the active-site residues
and the L1 helix in favor of the zwitterionic form. The active-site water molecules contribute about 30 kJ
mol-1 to the overall stabilization. Disruption of the hydrogen bonding network upon substrate binding is
expected to enhance the nucleophilic reactivity of the thiolate.

1. Introduction

Papain-like cysteine proteases are processive and digestive
enzymes found in a wide variety of living organisms, from
bacteria to humans.1 For many years these enzymes were
believed to be responsible for redundant “house-keeping”
activities and as such were considered to have little, if any, value
as drug targets. However, recent progress in identifying new
members of this class, as well as a better understanding of their
physiological roles, has altered this perception. It has become
clear that human lysosomal cysteine proteases fulfill specific
functions in extracellular matrix turnover, antigen presentation,
and processing events. As such they are involved in many
diseases and represent promising drug targets for osteoporosis,2

arthritis,3 cancer,4 and Alzheimer’s disease.2 In addition,
protozoan analogues of these proteases are now known to be
involved in a wide variety of parasitic infections such as malaria5

and African trypanosomiasis (“sleeping sickness”).2

Proteolytic activity of cysteine proteases depends on the thiol
group of a cysteine residue situated in the active site. In the
active enzyme an ion pair is established between this cysteine
residue and a nearby histidine. Figure 1 shows the active site
of the cysteine protease cathepsin B with the His199H+/
Cys29S- ion pair. The existence of this ion pair is no longer
disputed. In the late 1970s and early 1980s, its presence was
experimentally proven by potentiometric difference titrations,6

isotope effect measurements,7 and proton nuclear magnetic
resonance spectroscopy.8,9 Kinetic studies on different thiol
proteases showed that there are two ionizable groups involved
in the catalysis, one with a pKa value of around 4 and another
with a pKa around 8.5. The former is usually attributed to the
deprotonation of the Cys29 residue, whereas the latter is believed
to reflect the ionization of His199. In contrast, the intrinsic pKa

values of cysteine and histidine residues are about 8-9 and 6-7,
respectively. The observed large pKa shifts prove the strong
influence of the enzyme environment and show that the situation
in the active site can only be explained if the local enzyme
environment is accounted for in detail.† Institut für Organische Chemie, Universität Würzburg.
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Many residues around the active site are considered to be of
importance for the proper functioning of cysteine proteases.10

Early quantum chemical studies11,12 on gas-phase models of
papain proposed that the macrodipole of the helix near the active
site (L1-helix, Figure 1) facilitates the proton transfer from the
cysteine to the histidine residue and thus stabilizes the zwitte-
rionic form of the active site amino acids. While initially the
entire R-helix was thought to be involved in the stabilization
of the ion pair via its macrodipole, later studies indicated that
the first turn of the helix accounts already for about 80% of the
overall charge stabilization effect, possibly via hydrogen bond
interactions.13,14 Further indication of the importance of the
terminal hydrogen bonds has been provided by both mutagenesis
studies15 and Hartree-Fock calculations.16

Extensive studies of the energetics of ion pairs in proteins
with the use of empirical valence bond (EVB) theory and the
Langevin dipole (LD) model17,18 include work on the His-Cys
ion pair in papain. It has been established by this well-tested
methodology that the protein environment in papain inverts the
stability of the ionic and neutral forms relative to their order in
aqueous solution.17,19,20 Previous theoretical studies have char-
acterized the hydrolysis mechanism in much detail.21–27 These
include QM computations on small model systems21,22,24 as well

as a systematic QM/LD study of the reference solution reaction
providing free energy surfaces for the acylation and deacylation
steps.23 The catalytic mechanisms of cysteine proteases have
been explored by QM/MM calculations25–27 which incorporate
the influence of the whole enzyme. These QM/MM studies show
that the enzyme environment accelerates the hydrolysis by
stabilizing transition states and intermediates. However, they
neither address the effects which stabilize the ion pair in the
enzyme nor describe the switch to the nucleophilic mode since
they start from structures with the substrate present. Similar
problems arise for previous computations about inhibition
processes of cysteine proteases.28–31 Monte Carlo calculations16

indicate that solvent water molecules contribute to the stabiliza-
tion of the ion pair; however, their influence has not been
quantified, and their role in the activation is not known.16,32

In order to shed more light onto these important issues we
characterize the ion pair state and the transfer reaction of the
HD1 proton (Figure 1) from the His199 residue to the SG atom
of the Cys29 leading to the neutral state, by quantum mechanical
(QM), hybrid quantum mechanics/molecular mechanical (QM/
MM), and QM/MM molecular dynamics (QM/MM MD)
calculations on the cathepsin B enzyme. QM/MM methods33,34

are suitable because they allow us to describe the cleavage of
the ND1-HD1 covalent bond and formation of the HD1-SG
bond while accounting for the enzyme environment at the same
time. They divide the total system (enzyme and solvent) into
the active center and the rest. The active center comprises all
parts which are directly involved in the bond breaking/formation
processes and thus have to be described by QM approaches,
whereas the influence of the protein environment and the solvent
can be captured at the MM level. The QM and MM regions
interact by electrostatic and van der Waals terms.

The paper is organized as follows: In section 2, we briefly
describe the chosen computational methods and model systems.
In section 3, we present and interpret the computational results
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Figure 1. Active site ion pair in cathepsin B (His199H+ and Cys29S-) (right) together with its position within the enzyme (left). Notation for the atoms
of the active site is given.
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which help answer the much disputed questions about the factors
stabilizing the active site ion pair. We also address the switch
of the enzyme from the stabilized ion-pair state to the highly
nucleophilic active mode. Section 4 offers a summary of the
major findings.

2. Computational Methods and Model Systems

To obtain a reliable model of the active cathepsin B protease
the following procedure was used. We started from the cathepsin
B-E64c enzyme-inhibitor complex (1ITO35 X-ray structure)
and deleted the inhibitor moiety. To incorporate the influence
of the surrounding solvent, the system was solvated in a water
sphere with a radius of 50 Å. Seven sodium cations were added
at the outer surface of the solvent shell to make the system
neutral overall. The whole system was then submitted to a series
of consecutive constrained optimizations, MD runs (heating from
100 to 300 K and equilibration at 300 K; time step 1 fs; Verlet
leapfrog algorithm36), and further solvation until saturation with
regard to the number of water molecules was reached. In this
procedure the enzyme was allowed to “move” only during the
optimization and was held fixed during the MD runs. The outer
5 Å layer of water and the His199 and Cys29 residues of the
active site were kept fixed all the time. Finally, a 200 ps MD
run (NVT; 300 K; Berendsen thermostat;37 time step 1 fs; Verlet
leapfrog algorithm38) was performed in which all constraints
except those for the residues of the ion pair of the active site
(His199 and Cys29) were released. During this run snapshots
were taken every 40 ps. The five structures obtained after 40,
80, 120, 160, and 200 ps were used as starting structures in
QM/MM MD equilibration and production runs. We forbore
from using other cysteine protease X-ray structures without a
bound inhibitor (1HUC,39 1PPN,40 9PAP41) since close inspec-
tion of the active sites revealed no significant differences in
the geometrical arrangement of the ion pair and surrounding
residues compared to the 1ITO structure. Moreover, the active
site is modified also in these structures, e.g., by oxidation. The
preparation of the system was done by means of fully classical
MD simulations using the CHARMM force field and program
package.42

To limit the computational effort for the QM/MM MD
calculations the size of the system had to be reduced. This was
achieved by restricting the water layer around the protein surface
to a thickness of 12 Å. The counterions were kept and placed
at the new surface of the water sphere. During the simulations

the enzyme and a water layer of 3 Å around the enzyme were
allowed to move. The 9 Å thick “frozen” outer water shell was
used to create a boundary between the system and the sur-
rounding vacuum, preventing the mobile water molecules from
evaporating and thus providing a kind of effective boundary
potential. To simplify the simulation, all hydrogen atoms in the
system were replaced by deuterium; i.e., their mass was set to
md ) 2.014 au. The calculations were done using the ChemShell
program43 and the DL_POLY code.44 The AM145 semiempirical
method was employed in the QM part, and the CHARMM force
field, in the MM part. The active water molecules were only
allowed to undergo rotation and translation; i.e., their vibrational
motion was frozen. The QM region contained the residues of
the active site, His199 and Cys29. The His199 residue was
terminated at the CA position (see Figure 1) by replacing this
atom with a H link atom. The Cys29 residue was treated
analogously. At the QM/MM boundary the charge-shift scheme
was applied, and fixed MM point charges were included into
the QM Hamiltonian to provide electrostatic embedding of the
QM region. The reversible noniterative leapfrog-type integrator46

was used for integration of the equations of motion. The
simulated temperature was 300 K (NVT conditions), controlled
by a Berendsen thermostat37 (coupling time 0.1 ps) during the
10 ps long equilibration and by a Nosé-Hoover chain thermo-
stat47 (chain length of 4, characteristic coupling time of the
thermostat to the physical system of 0.02 ps) during the 20 ps
production phase. The time step was 1 fs.

QM/MM reaction path calculations were performed using
density functional theory (DFT) at the RIDFT48/B-LYP49/
TZVP50 level for the QM part and the CHARMM force field
for the MM part. DFT is well-known to describe many
properties with an excellent cost-benefit value.51–53 Nevertheless,
this is often based on an error compensation which does not
work in all cases,54–57 and indeed in many cases multireference
approaches are necessary to obtain reliable reaction paths.58–61
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Ahlrichs, R. Chem. Phys. Lett. 1995, 242, 652.

(49) (a) Becke, A. D. Phys. ReV. B 1988, 38, 3098. (b) Lee, C.; Yang, W.;
Parr, R. G. Phys. ReV. B 1988, 37, 785.
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For the present problem, however, our procedure was found to
be sufficiently accurate for the determination of the reaction
energy. The distance between the His199 ND1 atom and the
HD1 hydrogen (see Figure 1) was always used as a reaction
coordinate. In the QM/MM calculations the whole enzyme and
a water sphere of r ) 25 Å around the active site were included.
All QM/MM computations employed the ChemShell software43

using the TURBOMOLE program suite62 for QM and the
DL_POLY44 code for MM calculations. Geometry optimizations
were carried out with the hybrid delocalized internal coordinate
(HDLC) optimizer.63 In these calculations the outer atoms
beyond a sphere of r ) 10 Å around the inhibitor molecule
were kept fixed. The division into QM and MM parts remained
the same as in the AM1/CHARMM MD runs.

We emphasize that the present QM/MM reaction profiles are
based on the computed energies rather than free energies, for
the following two reasons. First, standard free energy calcula-
tions (e.g., by thermodynamic integration or umbrella sampling)
at the currently applied DFT/CHARMM level are extremely
demanding in terms of computational effort, and one would thus
have to resort to simpler semiempirical QM/MM methods27 or
to one of the more approximate free energy treatments that have
been proposed recently; see, e.g., refs 64-66. Second, we are
interested in the origin of the stability of the zwitterionic resting
state in the enzyme, and we thus focus on the underlying
potential energy surfaces which should be of prime importance
in this context at least in a qualitative sense, e.g., with regard
to the role of hydrogen bond networks.

The influence of particular moieties in the MM region (e.g.,
amino acid residues or water molecules close to the active site)
on the energy difference between the neutral and the zwitterionic
state was assessed by means of a charge deletion analysis,
through additional single-point QM/MM calculations in which
the atomic charges of the respective MM moieties were set to
zero.67–69

Additional information about the influence of single
residues was obtained from QM calculations on active-site
model systems. The standard gas-phase model contained the
amino acids His199, Cys29, Gln23, and Asn219 and two
additional water molecules, and smaller models were gener-
ated by removing selected residues. In these QM calculations,
His199 was represented by an imidazolium ion, Gln23 and
Asn219 were represented by acetamide, and Cys29 was
represented by its side chain and the peptide bond to Ser28
(i.e., amide group of the Cys29 backbone bound to acetyl).
Single-point QM computations were performed at optimized
QM/MM geometries. For the sake of comparison, some of
these QM calculations employed the COSMO70 continuum
solvent model (water, ε ) 78).

3. Results

The zwitterionic and the neutral form of the active site are
connected via a proton transfer from the His199 residue to the
thiolate group of the Cys29 residue. To study the stability of
the zwitterionic state we performed MD simulations in which
the potential energy is computed by a QM/MM approach
including the ion pair within the QM part. Figure 2 gives typical
geometrical arrangements for the active site in the zwitterionic
(top) and in the neutral status (bottom). Insight into the structural
changes occurring along the QM/MM MD trajectories can be
gained from Figures 3 and 4. They give the time dependence
of selected atomic distances which characterize the composition
of the hydrogen-bond networks within the active site. For all
systems the first 200 frames (10 ps) represent equilibration
within the Berendsen thermostat37 while the remaining 400
frames (20 ps) come from the production phase performed by
using the Nose-Hover thermostat47 (see above). Frames were
extracted from the QM/MM MD calculations every 0.05 ps. In
the QM/MM MD simulations, the proton transfer between the
His199 and Cys29 residues is allowed and is indeed observed
in two of the five trajectories (40 ps and 160 ps, Figure 4). The
transfer is indicated by the drop in the distance abbreviated as
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M., Eichkorn K., Elliott S., Furche F., Haase F., et al. TURBOMOLE,
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Comput. 2006, 2, 452.
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2004, 108, 12231.

Figure 2. Structural arrangement of the active site of cathepsin B together
with the nearby solvent water molecules and protein surroundings taken
from a typical frame of the 80, 120, and 200 ps QM/MM MD simulations
(top, zwitterionic state) and 40 and 160 ps (bottom, neutral state). The
hydrogen bond network between the sulfur of the Cys29 and the surrounding
water and enzyme atoms is shown. The amide groups of the enzyme
involved in H-bonds, as well as S- of Cys29, are given in ball-and-stick
representation.
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Figure 3. Time dependence of the hydrogen bond network between the sulfur of Cys29 and the surrounding water and enzyme atoms (for an explanation
of the legend see text) for the 80 ps (top), 120 ps (middle), and 200 ps (bottom) QM/MM MD trajectories. Distances to water molecules are presented as
distances between the sulfur of Cys29 and the oxygen atom of water. Other distances are between sulfur and hydrogen. No protonation of S- of Cys29
occurs.
8700 J. AM. CHEM. SOC. 9 VOL. 130, NO. 27, 2008
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His199 (Figure 4, black line) to about 1 Å. This His199 line
represents the distance between the sulfur center and the proton
located at the His199 residue at the beginning of the MD run.
In the remaining three trajectories, however, the zwitterionic
form remains stable (Figure 3). For these trajectories the value
for the His199 distance oscillates around 2 Å.

First we concentrate on the systems in which no proton
transfer appears (Figure 3: 80, 120, and 200 ps). The time
evolution of the corresponding H-bond networks is characterized
by the atomic distance variations given in Figure 3. It clearly
shows that in all three systems the negatively charged sulfur of
the Cys29 residue is stabilized by four to five strong and stable
hydrogen bonds. Their bond lengths are around 2 Å. The
negatively charged sulfur center always forms strong hydrogen
bonds to the His199 residue and to the amide group of the Cys29
backbone. Additionally, it forms bonds either to the Gln23

residue (80 and 120 ps, Figure 3 top and middle) or to the
Ala200 residue backbones (200 ps, Figure 3 bottom). Ap-
proximately two additional strong H-bridges are formed to
solvent water molecules. Please note that H-bonds to water
molecules are described by the distance between the S- and
the oxygen atom of water, since the water molecules are mobile
and can, by rotation, easily switch the hydrogen atom involved
in the H-bond. The actual H-bond distance is typically about 1
Å shorter than the associated SO distance plotted in the figures.

Beside these strong interactions, there are also somewhat
weaker hydrogen bonds (with distances of 3-4 Å) providing
additional stabilization for the deprotonated Cys29 residue.
These are usually formed with Trp30 and additional water
molecules. It is important to note that the potential hydrogen
bond donors (His199, Cys29 backbone, Gln23, Ala200, Trp30,
see Figure 4 top) are present in every direction around the Cys29

Figure 4. Time dependence of the hydrogen bond network between the sulfur of Cys29 and the surrounding water and enzyme atoms (Figure 2) for the 40
ps (top) and 160 ps (bottom) QM/MM MD trajectories. Distances to water molecules are presented as distances between the sulfur of Cys29 and the oxygen
atom of water. Other distances are between sulfur and hydrogen. Protonation of S- of Cys29 occurs.
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residue. Therefore, the thiolate residue can be stabilized regard-
less of the direction in which it moves. If it moves downward
in Figure 2 (top) it will be stabilized mostly by Gln23, His199,
and Cys29 (80 and 120 ps). If it moves upward the Ala200 and
Trp30 residues take over (200 ps).

In the trajectories of the 40 ps and 160 ps systems (Figure 4)
there is proton transfer from His199 to the sulfur of the Cys29
residue. In both systems proton transfer occurs during the
equilibration period (Berendsen thermostat37) where larger
potential energy fluctuations are possible. By looking at the time
evolution of the hydrogen bond distances in these two systems
(Figure 4) one notices that the pattern of 4-5 strong, stable
H-bonds is missing. This is also seen in Figure 2 (bottom). In
the 40 ps system, protonation of the S- takes place at the very
beginning. This QM/MM MD run starts with four H-bonds
(Ala200, Trp30, Cys29, and H2O), but the distance variations
are very large. Once the water molecule starts to drift away
(the brown line in Figure 4) no nearby hydrogen bond donor
can take over, and as a consequence the proton transfer takes
place and the H-bond network falls apart. The influence of the
water molecule leaving the H-bond network is even better
reflected in the 160 ps system. The collapse of the hydrogen
bond network in this case is obviously due to the water molecule
which starts to drift away after 5 ps (gray line in Figure 4).

These QM/MM-MD simulations underline the importance of
the hydrogen bonds between the Cys29 sulfur atom and the
surrounding enzyme residues and water molecules but cannot
deliver a quantitative picture. To quantify the various effects
and to isolate and analyze them, QM/MM and pure QM
calculations were performed.

The QM/MM computations employed the same partitioning
of the system as the QM/MM MD simulations; however, the
RIDFT48/B-LYP49/TZVP50 level of theory was used for the
description of the QM part. The distance between the His199
ND1 atom and the HD1 hydrogen (RND1-HD1, for atom notation
see Figure 1) was used as a reaction coordinate, and the
minimum energy path for the proton transfer was obtained by
fixing this distance to a given value while all other geometrical
parameters were relaxed. The DFT/CHARMM calculations
started from the final structure obtained in the 80 ps AM1/
CHARMM MD run; i.e., we concentrated on the situation in
which the thiolate forms stronger H-bonds to the His199 and
Gln23 residues and to the amide group of the Cys29 backbone.

In the QM/MM MD simulations the composition and the
nuclear arrangement of the first solvent layer changed consider-
ably when the proton transfer took place. In the zwitterionic
structure at least two water molecules form strong hydrogen
bonds to the negatively charged sulfur center of the Cys29
residue (Figure 2 top). As discussed the proton transfer is
induced by one water molecule moving away. For the neutral
state only one water molecule forms a bond to the thiolate, albeit
weaker than that in the zwitterionic system (Figure 2 top). This
behavior indicates that the RND1-HD1 distance is not the only
important coordinate in the course of the proton transfer reaction.
Preparatory computations indeed showed that a one-dimensional
description of the proton transfer starting from the zwitterionic
state is problematic since the arrangement of the two water
molecules changed abruptly leading to noncontinuous curves.
However, using the neutral states as starting points, continuous
curves were obtained if the positions of the water molecules
were carefully optimized in each step. To assess the importance
of the water molecules, the reaction path was first computed
with two water molecules in the direct vicinity of the sulfur of

the Cys29 residue (system 1, Figure 5, top), and then with only
one water molecule (system 2, Figure 5, bottom), by manually
moving the second one away from the sulfur center to the bulk
water. Note that both water molecules adopt quite different
positions and that the surrounding water shells differ to some
extent in systems 1 and 2. The numerical results are summarized
in Table 2 where the computed energies are given with respect
to the zwitterionic state. Figure 5 shows the computed reaction
profiles.

For system 1 (with two water molecules) the zwitterionic state
is 31 kJ mol-1 lower in energy than the neutral state. Upon
lengthening RND1-H1 from 1.08 Å to 1.45 Å in 0.1 Å steps, the
energy increases by about 7 kJ mol-1 per step. In this range
the increase in RND1-H1 leads to a decrease in RS-HD1 by about

Figure 5. Structural arrangement of the active site of cathepsin B with
two (top) and one (bottom) water molecules in the direct vicinity of the
sulfur of the Cys29 residue. The protein surroundings are also indicated.

Table 1. Selected Distances (in Å) of the Structural Arrangements
Depicted in Figure 2 (Top, Ionic State in QM/MM MD; Bottom,
Neutral State in QM/MM MD)a

state RND1-HD1 RS-HD1 RS-H(Gnl23) RS-H(Cys29) RS-H2O
1 RS-H2O

2 RS-H(Ala200)

ionic 1.05 2.02 2.19 2.31 2.98 3.38 3.57
neutral 4.26 1.44 4.48 2.60 3.89 5.27 4.13

a The values are averaged over the QM/MM MD runs. The definition
of the distances can be taken from Figures 2-4 and the text. SO
distances are given for hydrogen bonds involving water.
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the same amount showing that the proton moves on a straight
line between both centers. For RND1-H1 being larger than 1.45
Å, the energy does not change much, and the variation in RS-HD1

is much smaller indicating that the new covalent SH bond has
been formed so that a further increase of RND1-H1 simply
increases the distance between the newly formed thiol group
and the deprotonated His199 residue. The proton transfer is
accompanied by a weakening of the hydrogen bonding network.
This is seen in the elongation of the H-bonds RS-H(Gln23),
RS-H(Cys29), RS-H(Ala200) and of the distance to the more strongly
bonded water molecule. All increase by 0.1 Å or more. The
distance to the less strongly bonded water molecule increases
by about 0.4 Å implying that it does not contribute much to the
stabilization of the neutral system. Please note that the distances
given in Table 1 (AM1 approach) and those given in Table 2
(BLYP approach) do not differ significantly. This indicates that
already the semiempirical AM1 approach used in the QM/MM
MD simulation provides a reliable estimate of the strengths of
the hydrogen bonds.

To verify the influence of both water molecules on the
stabilization we also performed QM/MM computations in which
the second water molecule is shifted toward the bulk water so
that its influence on the active site becomes considerably smaller
(system 2). As expected, the energy difference between the
zwitterionic and the neutral state is lowered to about 19 kJ
mol-1. In these computations the hydrogen bonds between the
sulfur of the Cys29 residue and the enzyme proton donors are
similar to those computed for two water molecules (system 1).
Judging from the distances, the H-bond strength of the remaining
water is between the H-bond strengths of the two water
molecules in system 1: the RS-H2O distances for the zwitterionic
(neutral) state are 2.29 (3.07) Å in system 2 compared with
2.18 (2.29) Å and 2.80 (3.26) Å in system 1, respectively.

The stabilization of the zwitterionic form afforded by the
water molecules can be estimated from the computed QM/MM
reaction profiles (see Table 2 and Figure 6) and the QM/MM
MD simulations. A comparison of systems 1 and 2 shows that
the first and second additional water molecules stabilize the
zwitterionic state relative to the neutral one by about 19 and 12
kJ mol-1, respectively. Since the QM/MM MD simulations of

the zwitterionic state typically have even more water molecules
in the vicinity of the sulfur (2-4 on average), we estimate that
this state is actually even slightly more stable than indicated
by system 1, by around 32-36 kJ mol-1 relative to the neutral
state.

The influence of particular moieties of the enzyme on the
energy difference between the neutral and the zwitterionic state
can be assessed by a charge deletion analysis (see section 2).
The zwitterionic state is generally destabilized relative to the
neutral state when the electrostatic QM/MM interactions with
a moiety close to the active site are turned off by setting its
MM charges to zero. The corresponding energy changes (see
Table 3) were computed at the QM/MM optimized geometries
(see Figure 5, top panel). Consistent with the preceding results
from QM/MM reaction paths, the two water molecules are found
to stabilize the zwitterionic state electrostatically by 18 and 12
kJ mol-1, respectively. Other neighboring moieties provide a
similar electrostatic stabilization in the range 15-23 kJ mol-1:
in the case of the NH group of Cys29 and Gln23, this is due to
direct (hydrogen-bonding) interactions within the active site,
while the more distant Asn219 residue acts indirectly through
polarization of His199 (which accounts for about half of the
Asn219 effect, with the other half-coming from other interac-
tions, see entries 11 and 12). The total electrostatic stabilization
from the moieties discussed so far (entries 2-6 in Table 3)

Table 2. Selected Distances (in Å) and Relative Energies (in kJ
mol-1) for Points along the Reaction Paths for Proton Transfer
between the His199 and Cys29 Residues Obtained in QM/MM
Calculationsa

entry ∆E RND1-HD1 RS-HD1 RS-H(Gln23) RS-H(Cys29) RS-H(Ala200) RS-H2O
1 RS-H2O

2

System 1: QM/MM 2H2O
1 0 1.08 2.06 2.22 2.37 3.31 2.18 2.80
2 4 1.17 1.91 2.23 2.38 3.30 2.18 2.87
3 15 1.26 1.76 2.24 2.43 3.29 2.21 3.01
4 22 1.35 1.65 2.25 2.47 3.29 2.23 3.07
5 29 1.45 1.55 2.28 2.48 3.3 2.27 3.2
6 30 1.55 1.49 2.28 2.53 3.36 2.28 3.22
7 31 1.65 1.45 2.28 2.53 3.47 2.30 3.25
8 31 1.68 1.45 2.29 2.53 3.42 2.29 3.26

System 2: QM/MM 1 H2O
9 0 1.10 1.99 2.25 2.33 3.1 2.29
10 3 1.17 1.87 2.26 2.37 3.13 2.35
11 9 1.26 1.75 2.25 2.4 3.15 2.41
12 13 1.35 1.64 2.26 2.43 3.17 2.43
13 15 1.45 1.56 2.27 2.45 3.20 2.50
14 16 1.55 1.50 2.27 2.49 3.26 2.60
15 18 1.65 1.45 2.25 2.55 3.34 3.09
16 19 1.73 1.43 2.26 2.54 3.37 3.07

a For notation of the various distances, see Figures 1 and 5. Bold
numbers correspond to fully optimized structures.

Figure 6. Reaction profiles for proton transfer from His199 to the Cys29
residue in two systems (see text) calculated using the QM/MM method.
The energy is given relative to the structure with the active site in ion pair
form (His199H+/Cys29S-).

Table 3. Electrostatic Contribution ∆E (kJ mol-1) of Specific
Moieties to the Stabilization of the Zwitterionic State Relative to
the Neutral Statea

entry moiety switched off ∆E

1 none (system 1) 0
2 NH group of Cys29 20
3 H2O1 18
4 H2O2 12
5 Gln23 13
6 Asn219 23
7 complete L1 helix except Cys29 15
8 complete MM region 115
9 sum of entries 2-6 86
10 sum of entries 2-7 101
11 CO group of Asn219 9
12 remainder of Asn219 11

a Positive values indicate that the zwitterionic state becomes less
stable when the charges of the given moiety are set to zero in the charge
deletion analysis (see text).
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amounts to 86 kJ mol-1 and thus accounts for the major part
of the overall electrostatic stabilization by the complete MM
region (115 kJ mol-1), with about half the remainder being
provided by the rest of the L1 helix (15 kJ mol-1).

The charge deletion analysis (CDEL) thus confirms that the
two water molecules contribute substantially to the stabilization
of the zwitterionic state, but it also reveals important contribu-
tions from other residues. In addition, the analysis suggests that
the smallest sensible gas-phase model system should include
the QM region from the QM/MM calculations (His199 and
Cys29 side chain, see section 2) plus the neighboring moieties
(entries 2-6 in Table 3). This is borne out by gas-phase QM
calculations on this model system (Figure 7) and the bare QM
region (Figure 1) which yield energies of +4 and -81 kJ mol-1,
respectively, for the neutral relative to the zwitterionic state,
compared with +31 kJ mol-1 from the full QM/MM calculation.
Including the neighboring moieties at the QM level in gas-phase
model calculations thus stabilizes the zwitterionic state by 85
kJ mol-1, in almost perfect agreement with the value from
charge deletion analysis (86 kJ mol-1, see above), but still falls
short of the total stabilization achieved in the enzyme. When
the QM computations are done in combination with the COSMO
continuum solvation approach70 using a dielectric constant of
78 (water), we obtain energies of +22 and -8 kJ mol-1 for the
neutral vs the zwitterionic state of the model system and the
bare QM region, respectively.

Finally, we have carried out a series of single-point QM test
calculations on truncated gas-phase systems where some of the

neighboring moieties (entries 2-6 in Table 3) were removed
from the model system (Figure 7). The effects on the relative
stability of the neutral and zwitterionic state are generally
consistent with those found by charge deletion analysis (Table
3), but normally somewhat smaller: for example, the QM relative
energies change by 14, 11, 15, and 10 kJ mol-1 upon removal
of the NH group of Cys29, H2O1, Gln23, and Asn219,
respectively.

Combining the available results leads to the following picture.
In contrast to expectations based on the “normal” pKa values
of HisH+ (pKa ) 6-7) and of CysSH (pKa ) 8-9), all
simulations indicate that the zwitterionic form of the active site
(Cys29-S · · ·H+-His199) is more stable than the neutral form
(Cys29-SH · · ·His199). The reverse energy ordering results from
a strong hydrogen bonding network involving active-site
residues (NH group of Cys29, Gln23, Ala200, and Trp30) and
2-4 water molecules, two of which form strong hydrogen bonds
to the thiolate. The NH backbone group of Cys29 and the residue
of Gln23 each contribute 15-20 kJ mol-1 to the stabilization
of the zwitterion (CDEL, QM), while the two strongly bonded
water molecules contribute about 30 kJ mol-1 (QM/MM,
CDEL), one being somewhat more important than the other (18
vs 12 kJ mol-1). Hence, there is a cage-like network around
the negatively charged sulfur atom which will stabilize it
regardless of the direction in which it moves (QM/MM MD).
Apart from this hydrogen bonding network, the interaction of
Asn219 with the His199 imidazole ring provides an indirect
stabilization by about 10 kJ mol-1 (CDEL, QM), and the L1
R-helix without Cys29 contributes about 15 kJ mol-1 (CDEL).
The latter value may be taken as an estimate for the effect of
the helix macrodipole, which is clearly non-negligible but of
similar magnitude as others (e.g., less important than the
combined effect of the two water molecules).

Why does the strongly stabilized thiolate center become
reactive once a substrate enters the active site? We have not
studied this process computationally, but the present and
previous theoretical work22,25–27 suggests the following scenario.
When the substrate enters the active site cleft, it will dislodge
the water molecules that are situated inside and it will also
disrupt the hydrogen bonds of the S- thiolate to the His199
and Gln23 side chains and to the NH group of its own backbone
since it interacts noncovalently with these amino acids. The loss
of the stabilizing hydrogen bond network is expected to enhance
the nucleophilic reactivity of the thiolate toward the nearby
carboxyl carbon of the substrate. 22,25–27

4. Summary and Conclusion

In the present work QM, QM/MM, and QM/MM MD
approaches were used to study the effects stabilizing the active
site ion pair of cysteine proteases and, in particular, to investigate
the proton transfer from the ND1 center of the His199 residue
(Figure 1) to the sulfur (SG center) of the Cys29 residue. QM/
MM MD computations show that the ion pair is stabilized by
a complex hydrogen bonding network involving the S- thiolate,
the His199 and Gln23 residues, the NH backbone groups of
Cys29, Ala200, and Trp30, and 2-4 water molecules. These
hydrogen bond donors form a cage stabilizing the thiolate
regardless of the direction in which it moves. In each case the
interactions with His199, Cys29, and at least two water
molecules are important. If the thiolate moves upward (see
Figure 2) it is additionally stabilized by Ala200 and Trp30. If
it moves downward these latter interactions get weaker and the
hydrogen bond to Gln23 takes over. The QM/MM MD

Figure 7. Model system for QM calculations. Top: Zwitterionic state,
comprising His199 (represented by methylimidazolium ion), Cys29 (with
amide group of backbone), Gln23 (represented by acetamide), Asn219
(represented by acetamide), and two water molecules. Bottom: Correspond-
ingly for the neutral state.
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simulations also show that the drifting away of a single water
molecule already destabilizes the ion pair so much that the
proton transfer may take place, leading to the neutral state.

A quantitative assessment of the various effects is obtained
by QM/MM and QM computations. They indicate that the
enzyme environment stabilizes the ion pair by more than 100
kJ mol-1 compared with the gas phase and by around 40 kJ
mol-1 compared with the ion pair in aqueous solution (QM
region in COSMO environment). Most of the stabilization in
the enzyme comes from the active-site hydrogen bonding
network involving Cys29, Gln23, H2O1, and H2O2, with some
additional contribution from Asn219 and from the macrodipole
of the L1 R-helix. According to the QM/MM results, the
zwitterionic form is about 30 kJ mol-1 more stable than the
neutral form in the enzyme.

The present data, together with other computations,27,31,71

suggest a plausible explanation for the efficiency of the
subsequent nucleophilic reaction. Once the substrate enters the
active site cleft, it will disrupt the stabilizing hydrogen bonding
network around the thiolate such that the negatively charged

sulfur center becomes effectively more nucleophilic. This will
facilitate the acylation step of the hydrolysis which is also known
to be accelerated by electrostatic transition state stabilization.27

Acknowledgment. Financial support by the DFG (Deutsche
Forschungsgemeinschaft) (B.E., T.S.: SFB630: TPA4, TPC3; B.E.,
R.F., and T.S.: SPP 1178) and the VolkswagenStiftung (B.E., R.F.,
and W.T.) is gratefully acknowledged. Dedicated to Professor Dr.
Peter Luger on the occasion of his 65th birthday.

Supporting Information Available: Cartesian coordinates of
optimized QM regions and full refs 42 and 62. This material is
available free of charge via the Internet at http://pubs.acs.org.

JA711043X
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