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Abstract
Feierberg, I. 2003. Computational Studies of Enzymatic Enolization Reactions and In-
hibitor Binding to a Malarial Protease. Acta Universitatis Upsaliensis. Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Science and Technology 816. v
+ 47 pp. Uppsala. ISBN 91-554-5554-9 ISSN 1104-232-X

Enolate formation by proton abstraction from an sp3-hybridized carbon atom situated
next to a carbonyl or carboxylate group is an abundant process in nature. Since the
corresponding nonenzymatic process in water is slow and unfavorable due to high intrinsic
free energy barriers and high substrate pKas, enzymes catalyzing such reaction steps must
overcome both kinetic and thermodynamic obstacles.

Computer simulations were used to study enolate formation catalyzed by glyoxalase I
(GlxI) and 3-oxo-∆5-steroid isomerase (KSI). The results, which reproduce experimental
kinetic data, indicate that for both enzymes the free energy barrier reduction originates
mainly from the balancing of substrate and catalytic base pKas. This was found to be
accomplished primarily by electrostatic interactions. The results also suggest that the
remaining barrier reduction can be explained by the lower reorganization energy in the
preorganized enzyme compared to the solution reaction. Moreover, it seems that quan-
tum effects, arising from zero-point vibrations and proton tunnelling, do not contribute
significantly to the barrier reduction in GlxI. For KSI, the formation of a low-barrier
hydrogen bond between the enzyme and the enolate, which is suggested to stabilize the
enolate, was investigated and found unlikely. The low pKa of the catalytic base in the
nonpolar active site of KSI may possibly be explained by the presence of a water molecule
not detected by experiments.

The hemoglobin-degrading aspartic proteases plasmepsin I and plasmepsin II from
Plasmodium falciparum have emerged as putative drug targets against malaria. A series
of C 2- symmetric compounds with a 1,2-dihydroxyethylene scaffold were investigated
for plasmepsin affinity, using computer simulations and enzyme inhibition assays. The
calculations correctly predicted the stereochemical preferences of the scaffold and the ef-
fect of modifications. Calculated absolute binding free energies reproduced experimental
data well. As these inhibitors have down to subnanomolar inhibition constants of the
plasmepsins and no measurable affinity to human cathepsin D, they constitute promising
lead compounds for further drug development.

Isabella Feierberg, Department of Cell and Molecular Biology, Uppsala University, Bio-
medical Centre, Box 596, SE-751 24 Uppsala, Sweden

Printed in Sweden by Uppsala University Universitetstryckeriet Uppsala 2003.
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NMR Nuclear magnetic resonance
LBHB low-barrier hydrogen bond
H-bond hydrogen bond
KIE kinetic isotope effect
ZPE zero-point energy
MD molecular dynamics
MC Monte Carlo
FEP free energy perturbation
LIE linear interaction energy
HIV human immunodeficiency virus
QM/MM quantum mechanics/molecular mechanics
QM/FE quantum mechanics/free energy
DFT density functional theory
EVB empirical valence bond
GlxI glyoxalase I
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HIPC-GSH S -(N -hydroxy-N-p-iodophenylcarbamoyl)-glutathione
KSI 3-oxo-∆5-steroid isomerase
TI Pseudomonas testosteronii
PI Pseudomonas putida
TIM triosephosphate isomerase
DHAP dihydroxyacetone phosphate
GAP glyceraldehyde 3-phosphate
Plm I plasmepsin I
Plm II plasmepsin II
Cath D cathepsin D
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Chapter 1

Introduction

While you are reading these words, your eyes are transferring signals to your brain
that interprets them, your lungs are breathing, your fingernails are growing and
your digestive system is metabolizing your latest meal. All these biological activ-
ities, as well as life itself, would not be possible to uphold without an enormous
and delicately regulated system of different types of enzymes. Enzymes are pro-
tein molecules that specialize in making chemical reactions faster, which means
that the have catalytic function. Compared to the same reactions in absence of
enzyme, acceleration of 1017 times can be achieved [1], and probably even more,
since all enzymatic and corresponding nonenzymatic reactions were by no means
characterized in 1995 when this number was published.

Each enzyme molecule has a three-dimensional structure that is especially tai-
lored to fit its mechanism. Since molecular biology is tightly associated with
chemistry, and chemistry is closely linked to physics, finding out the physical prin-
ciples behind enzyme catalysis and how these are related to the structures is a
central issue for the general understanding of biological processes.

Thanks to the advance of techniques in structural biology, for instance X-ray
crystallography and NMR spectroscopy, it is now possible to visualize structures
of enzymes and other molecules at atomic resolution. Together with site-directed
mutagenesis and state-of-the-art enzymology, structure-function relationships have
become easier to study. However, in some cases experimental techniques are too
crude and sometimes the biochemical questions asked are not especially well-suited
for experimental treatment. The research field of theoretical biochemistry has thus
evolved as an important complement to wet-lab experiments. Using a reliable
theoretical model, in silico results may help in the interpretation of experiments
as well as in making predictions.

Our work consists of theoretical treatment of biochemical issues. We have used
methods that were derived from quantum mechanics, statistical mechanics, ther-
modynamics, Newton’s laws of motion and classical electrostatics, and applied
them to three-dimensional models of protein structures. Our models were valid-
ated by comparison to experimentally derived biochemical data, such as rate con-
stants and binding affinities.
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One of the projects in this thesis aims at understanding mechanisms of enzyme-
catalyzed enolization reactions. These take place in many biochemical pathways
as diverse as metabolism of lipids in microorganisms, photosynthesis in plants and
the citric acid cycle in humans. In the absence of enzymes these reactions would
be unacceptably slow. We were interested in investigating whether these enzymes,
which have different types of structures but still catalyze the same type of reaction,
have any general physical features in common that govern their catalytic function.
This project is described in Chapter 4 of the summary and in I–IV.

In some cases it can be useful to sabotage the activity of enzymes by using
inhibitor molecules that bind tightly to an enzyme and prevent its usual function.
For instance, infections can be treated with drug molecules that are inhibitors of
essential enzymes for the infecting organism such as a virus, bacterium or parasite.
One critical point when developing drugs is that many human enzymes are very
similar to their parasitic counterparts. In an unfortunate case, the same inhibitor
will also inhibit the human enzyme. Thus, great care must be taken to develop
inhibitors that are specific for their targets.

High affinity and target specificity are the two main objectives in the second
project, which aims at developing new inhibitors against enzymes that are es-
sential for the malaria parasite Plasmodium falciparum. The parasite, which is
transmitted by mosquito bites, is responsible for several million lethal malaria
cases every year.

Long-term disease prevention is a central issue in the battle against malaria.
Mosquito nets impregnated with insecticides are already being used and future
strategies will hopefully involve mass vaccination programs. Nevertheless, infected
malaria patients will need treatment until the disease is eradicated from earth.
Since resistance against existing antimalarial drugs is increasing, there is a need
for new drugs. We have intervened at this point, by developing inhibitors of
an enzyme that is involved in hemoglobin digestion in the red blood cells of the
infected human. The work is described in Chapter 5 of the summary and in V
and VI.

Before the presentation of the two projects, in Chapter 2 of the summary a short
introduction to catalytic mechanisms of enzymes is given, and Chapter 3 contains
an overview of the methods that were used.
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Chapter 2

Catalytic function of
enzymes

2.1 Potential energy surfaces, free energy profiles
and reaction rates

Often in computational chemistry, the Born-Oppenheimer approximation applies,
which states that the wavefunctions of atomic nuclei and electrons can be sepa-
rated. Since electrons move very fast, they are assumed to instantaneously adapt
to every nuclear rearrangement. The potential energy of a molecular system can
thus be described as a function of the coordinates of atomic nuclei, forming a mul-
tidimensional potential energy function, often called a potential energy surface [2].
For a chemical reaction, reactants and products states are found in minima on
the surface and transition states correspond to saddle points. The difference in
potential energy between a reactants state and its corresponding transition state
is an activation barrier.

To validate a computational result one should compare the theoretical model to
experimental data such as rate constants. However, a rate constant is a kinetic
property, and it directly depends on a free energy barrier rather than a potential
energy barrier. The relation between the rate constant k of a chemical reaction
step and its free energy barrier ∆G‡ can be described by Eyring’s rate equation

k =
κkbT

h
e−∆G‡/RT C0(1−m) (2.1)

where κ is the transmission factor and its value is between 0 and 1, kb is the
Boltzmann constant, T is the temperature, h is the Planck constant and R the gas
constant. C0 is a concentration factor, usually 1 M, that defines the standard state,
and m is the order of the reaction. The exponential factor of Equation 2.1 is the
probability that the system reaches the transition state from the reactants state.
The transmission factor κ is the probability that a molecule with forward velocity
along the reaction coordinate in the transition state will proceed to form products
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instead of being reflected back into the reactants state. Classical transition state
theory assumes that κ = 1 but this is not necessarily the case. The maximal rate
of a reaction, according to Equation 2.1, is thus kbT/h, which is approximately
6.2 · 1012 s−1 at 300 K. In addition, equilibrium constants Keq can be expressed in
terms of free energy differences, using the relation

Keq = e−∆G0/RT (2.2)

where Keq between two states is related to the standard free energy difference ∆G0

between the two states. An example is the association of a protein and a ligand,
where the association constant can be related to the binding free energy using
Equation 2.2. Equations 2.1 and 2.2 are direct results from statistical mechanics
and transition state theory. For a derivation, see [3].

Using measured rate constants and equilibrium constants, free energy profiles
can be constructed for chemical reactions (see Figure 2.1), where the reactants,
transition state and products all correspond to a number of different configurations
on the potential energy surface. Free energy profiles and binding free energies can
also be calculated, as described in Chapter 3.

2.2 How to decrease activation free energy barri-
ers

To study the catalytic effect of an enzyme, a reasonable way to proceed is by
comparing the rates, or free energy barriers, of the enzyme-catalyzed reaction
and the corresponding nonenzymatic reaction in solution. An enzyme-catalyzed
reaction can be described by a three-step process, where the substrate first binds
to the active site of the enzyme. Thus, there should be some affinity between the
two molecules. Secondly, the reaction takes place with an overall turnover rate-
constant kcat, and last the products dissociate from the enzyme. kcat will be most
influenced by the step with the highest activation free energy barrier, which is the
rate-limiting step of the reaction.

To illustrate the effect of an enzyme on the free energy barrier of a chemical
reaction, a free energy diagram of a hypothetical one-step reaction in solution and
enzyme is shown in Figure 2.1. Here, the free enzyme, substrate and products
are denoted by E, S and P, respectively. The states for the enzyme-substrate,
enzyme-transition state and enzyme-product complexes are denoted ES, ES‡ and
EP, respectively, while the transition state of the nonenzymatic reaction is S‡. The
binding free energies of the S and P to the enzyme are indicated by ∆Gb,s and
∆Gb,p, respectively and the barriers of the nonenzymatic and enzyme-catalyzed
reaction are ∆G‡

w and ∆G‡
e, respectively. The total barrier reduction accomplished

by the enzyme on the chemical reaction step is thus given by ∆∆G‡ = ∆G‡
w−∆G‡

e.
The overall equilibrium constant of substrate and product in solution is given by
Equation 2.2 using ∆G0, which is the standard reaction free energy of the nonen-
zymatic reaction. The Michaelis constant KM is a measure of the binding con-
stant for all enzyme-bound species (substrate, intermediates and product). Under
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Michaelis-Menten kinetics for a one-step reaction 1/KM corresponds to ∆Gbind

[4]. The specificity constant kcat/KM is then related to the free energy difference
between the ES‡ and E + S states.

‡

‡

‡ ‡

free energy
E + S

ES

ES

E + S
EP E + P

G0

Gb,s

reaction coordinate

Gw

Ge

Gb,p

Figure 2.1: Schematic free energy diagram of a nonenzymatic and an enzyme-catalyzed
reaction.

The activation free energy barrier of a chemical reaction step can be lowered in
two ways. If the relative positions of the reactants and products states (S and P
or ES and EP in Figure 2.1) are shifted, the height of the barrier will follow. This
is a manifestation of the Hammond postulate, which states that the structure of
the transition state is closer to that of the state with the higher energy [5]. Conse-
quently, lowering the free energy of the products, the free energy of the transition
state will be lowered, too. This effect can be achieved either by shifting the re-
actants state to a higher free energy level (so-called ground-state destabilization)
or by stabilizing the products state by moving the products to a lower free en-
ergy level. The other possible way to lower the free energy barrier is by intrinsic
transition state stabilization, which shifts only the transition state to a lower free
energy. However, the issue of how these effects are accomplished in the active
site of an enzyme is still under investigation by experimental and computational
biochemists.

Numerous proposals about the physical principles underlying the catalytic func-
tion of enzymes have been put forward, including entropy effects [6], concentra-
tion factors like proximity [6], ground-state destabilization factors such as strain
and desolvation [6], transition state stabilization due to electrostatic preorganiza-
tion [7, 8], electrostatic stabilization of charged high-energy intermediates [9] and
quantum-mechanical factors like tunnelling [10]. The following listing is not in-
tended to give a complete description of all proposals, but rather to give a taste.
Some of the suggestions will be referred to in later chapters.
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The Circe effect

A form of ground-state destabilization was proposed where substrate binding en-
ergy is used to catalyze reactions by binding strongly to the nonreacting parts of
the substrate, helping the system partly up the energy barrier [11]. For instance,
it was suggested that the extremely efficient enzyme orotodine monophosphate
decarboxylase uses binding energy to place the reacting part of the substrate,
including the carboxylate, in a position where it is destabilized by unfavorable
interactions with the enzyme [12].

Electrostatic stabilization

It was suggested that proteins are better solvents for polar transition states and
high-energy intermediates than water and thus stabilize these as compared to
water [13]. The origin of electrostatic stabilization has been suggested to have
contributions from reduction of reorganization energy [8], a topic discussed below.

Entropy

That enzymes make use of entropic effects to accelerate chemical reactions is also
frequently suggested [6, 11]. Conformational restraining of reacting fragments by
the enzyme active site is proposed to decrease the contribution from the activation
entropy to the activation free energy as compared to the nonenzymatic reaction
in solution, which allows full flexibility of the reacting fragments.

Low-barrier hydrogen bonds

It has been proposed that formation of a low-barrier hydrogen bond (LBHB)
during an enzyme-catalyzed reaction may provide up to 20 kcal/mol of transition
state stabilization [14]. As opposed to a traditional ionic hydrogen bond (H-
bond), where the proton is clearly located on the proton donor group, a low-barrier
hydrogen bond (LBHB) is a short, strong and highly covalent interaction where the
proton is situated between the heavy atoms. The double-well potential of the ionic
H-bond is effectively a single-well potential for the LBHB, since the barrier is lower
than the lowest vibrational energy level in each ground state (shown schematically
in Figure 2.2).

Preorganization

Solvent molecules that surround a chemical reaction reorganize around reacting
fragments during the rearrangement of charges that takes place in, e.g., proton
transfer reactions. The reorganization energy associated with this process con-
tributes significantly to the free energy barriers in aqueous solution. The replace-
ment of water molecules by the preorganized and more rigid groups in the enzyme
active sites, which solvate the transition state more optimally than water, is sug-
gested to lower the reorganization energy [7, 8].
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H ADDH A D HA

energy

ZPE

energy

ZPE

ionic H-bond low-barrier H-bond

D-A distance typically 2.6-3.4 Å D-A distance typically <2.5Å

Figure 2.2: Potential energy functions of an ionic H-bond and an LBHB. The zero-point
energy level is indicated by ZPE. The negative charge in the LBHB is spread out across
the interacting atoms (not shown in the picture).

Strain

This proposal postulates that the enzyme exerts strain on the substrate, distorting
it towards the transition structure by compression or angle bending. The strain is
released at the transition state, which means that the enzyme pushes the reactants
complex partly up the energy barrier. Accordingly, strain is a form of ground-state
destabilization [11].

Tunnelling

The wavefunction of a light particle extends into classically forbidden regions and
results in an increased probability function in this region. Light particles such
as electrons and hydrogen atoms have a significant chance of tunnelling through
energy barriers which are thin enough [3]. It has been proposed that enhanced am-
plitudes of certain vibrational modes in enzymes increase tunnelling probability by
making the energy barriers thinner [15], for instance in the alcohol dehydrogenase
catalyzed reaction [10].

2.3 Kinetic isotope effects

Since the isotopic content of a molecule does not influence its electronic config-
uration, it is assumed that reaction mechanisms, transition state structures and
curvature of potential energy surfaces remain essentially identical upon isotopic
substitution. However, it is a known fact that reaction rates may change and the
ratio between two such rates is called a kinetic isotope effect (KIE). If a bond to
the isotope is broken or formed in the reaction, the measured KIE is a primary
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KIE, and it is significant if the reaction step is rate limiting. Also secondary KIEs
(where the isotope is not directly involved in the reaction), equilibrium isotope ef-
fects and solvent isotope effects can be of interest. KIE experiments are primarily
used to identify rate-determining steps, reaction intermediates and the nature of
transition states [16]. KIEs have contributions from the whole molecular partition
function, including rotation, zero-point vibrations and higher vibrational levels, as
well as from the tunnel effect [17]. For primary KIEs involving isotopes of hydro-
gen at temperatures where biochemical experiments are usually carried out, the
zero-point energies and tunnelling contributions are the most significant.

Consider a proton transfer from one molecule A-H to another. If the bond
is entirely broken in the transition state, one of the vibrational modes of the
reactants is lost in the transition state together with its zero-point energy, and
replaced by motion along the reaction coordinate. The activation barrier for the
proton transfer is then the difference between the transition state energy and the
ZPE of the A-H molecule.

Within a harmonic oscillator approximation of the chemical bond with force
constant f , the ZPE depends on the atomic masses m1 and m2 as

ZPE =
h

4π

√
f

µ
where µ =

m1m2

m1 + m2
(2.3)

Since a bond to a light particle such as hydrogen (H) has a larger ZPE than
that involving a heavier isotope such as deuterium (D), the activation barrier is
lower for the light isotope (see Figure 2.3). Thus, less extra energy is needed to
reach the transition state for the A-H reaction than for the A-D reaction, yielding
a smaller activation free energy and a faster process. Also when the bond is not
entirely broken in transition state, but retains its vibrational mode, a KIE will be
seen, since the force constant of the transition state vibration is lower than that
of the ground-state vibration (see Figure 2.3).

This semiclassical model, which includes zero-point energies but not tunnelling,
predicts the Swain-Schaad relationship for the primary KIEs of hydrogen (H),
deuterium (D) and tritium (T) transfer, on the basis of their masses [18].

ln KIE(H/T)
ln KIE(D/T)

= 3.3 (2.4)

A fraction significantly larger than 3.3 is often interpreted as evidence of quantum
mechanical tunnelling [10]. The tunnelling probability decreases with increasing
particle mass and barrier width. Thus, a heavy isotope, such as deuterium, can
only tunnel at a thinner barrier, which corresponds to a higher energy, than hy-
drogen [17]. In addition to the Swain-Schaad relationship, nonlinear Arrhenius
plots are often used as indicators of tunnelling [10].
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reaction coordinate

energy

A-H ZPE

A-D ZPE

D tunnelling
H tunnelling

classical

semiclassical

tunnelling

H
D

TS vibration

Figure 2.3: Schematic energy diagram of a proton transfer with ZPE and tunnelling
corrections. The A-H bond has a smaller dissociation energy than the A-D bond, due
to its larger ZPE. In addition, H may tunnel through the barrier at a lower energy than
D, as illustrated at the top of the barrier. The activation energy, indicated by vertical
arrows, is highest for the classical model, and somewhat lower for the semiclassical model
that includes the zero-point energies in the reactants and transition state. The model
where also quantum-mechanical tunnelling correction has been included has the lowest
activation energy.
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Chapter 3

Computational biochemistry
methods

There are a number of theoretical approaches that describe the energetics and
dynamics of molecular systems and chemical reactions, ranging from computa-
tionally expensive ab initio quantum chemistry to purely statistical methods. Be-
tween these extremes, there are various levels of approximation of the quantum
mechanical energies. For complicated biological molecules one must often resort
to numerical solutions and approximations of the quantum mechanical potential
energy surfaces. Simulations are usually carried out to sample molecular configu-
rations on the potential energy surfaces and then thermodynamic averages can be
calculated through the statistical mechanics framework.

An analytical representation of the potential energy allows one to make cal-
culations on large proteins with explicit solvation within reasonable time. Such
potential energy functions use parameters from force-fields that have been assigned
empirically, from spectroscopic studies and/or quantum chemical calculations [2].
A number of force-fields have been developed, and a typical example of what a
potential energy function can look like is given by Equation 3.1.

Upot =
1
2

∑
i

kb,i(bi − b0,i)2+
1
2

∑
i

kθ,i(θi−θ0,i)2+
1
2

∑
i

kφ,i(1+cos (niφi − δi))

+
1
2

∑
i

kξ,i(ξi − ξ0,i)2 +
1

4πε0

∑
i>j

qiqj

rij
+

∑
i>j

Aij

r12
ij

− Bij

r6
ij

(3.1)

The first to fourth terms denote the sums over all bonds, three-atom angles, tor-
sional angles and planarity angles in the system. Bonds and three-atom angles and
planarity angles are treated as harmonic potentials while torsional angles have pe-
riodic potentials. kb,i, kθ,i, kξ,i and kφ,i are the force constants for the harmonic
and periodic functions, and b0,i, θ0,i and ξ0,i are the reference bond lengths and
angles, respectively. ni is the multiplicity of the torsional angle i and δi is its
phase shift. The fifth term is the sum over all electrostatic interactions between
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all nonbonded atom pairs i and j, given as Coulomb interactions between pairs
of point charges qi and qj at a distance rij . Short-range repulsion and disper-
sion forces are treated by a sum of atom pair interactions, in this case modelled
as Lennard-Jones potentials in the sixth term. The parameters Aij and Bij are
constants that vary between each atom pair type and rij is also here the distance
between atom i and j. Many-body interactions are usually not explicitly treated
by pair potentials.

3.1 Molecular dynamics simulation

A molecular dynamics (MD) simulation calculates the propagation of a molecular
system as a function of time, using Newton’s second law of motion and a discrete
time step δt. The acceleration �ai of the atom i with mass mi is expressed as

�ai =
�Fi

mi
(3.2)

The force �Fi is calculated from the potential function Upot (e.g. given by Equa-
tion 3.1) by �Fi = −∇iUpot. An algorithm is then used to calculate the trajectory,
i.e. the consecutive positions �ri of each atom i at each time point t. An example
is Verlet’s algorithm

�ri(t + δt) = 2�ri(t) − �ri(t − δt) + �ai(t)δt2 (3.3)

which is a result of a Taylor expansion of the position �ri around the time point t
[19]. Thermodynamic, structural and time-dependent properties can be calculated
using MD. A number of technical aspects must be taken care of properly when
running MD, such as choosing the ensemble in which to simulate, the size of the
time step, cutoff radii and the treatment of long-range electrostatics [2]. MD was
used to sample molecular configurations in the molecular systems studied in I–VI.

3.2 Monte Carlo simulation

In Monte Carlo (MC) simulations, sampling of configurations is done indepen-
dently of time. Therefore time-dependent properties such as diffusion constants
cannot be calculated using MC. However, the simulations produce a correct Boltz-
mann distributed ensemble of configurations for the desired temperature T [2].
Thermodynamic properties can be calculated from MC simulations since the er-
godic hypothesis states that the ensemble average is equivalent to the time average
of a thermodynamic observable for a time period that approaches infinity. It is
the experimental time average that one aims to reproduce or predict with the MC
simulation.

MC simulations are initiated from a starting configuration i with potential
energy Ui. Then a new configuration i + 1 of the system is proposed. The
new configuration is accepted if Ui+1 ≤ Ui. Otherwise, it is accepted only if
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n < e−(Ui+1−Ui)/RT , where n is a uniformly distributed random number n be-
tween 0 and 1. If the move is rejected, a new random configuration is chosen and
the procedure is repeated. This procedure of acceptance and rejection is called the
Metropolis algorithm and is the most popular MC method [2]. MC simulations
were performed in centroid path integral calculations (see Section 4.2.2, II and
IV).

3.3 Calculation of protein-ligand binding affini-
ties

The binding process of a receptor molecule A and a ligand L forming the com-
plex A–L can be described by

A + L ⇀↽ AL (3.4)

where the standard free energy of binding, ∆Gtextbind, reflects the relative con-
centrations (or more correctly chemical activities) of free ([A] and [L]) and bound
([A–L]) ligand and receptor by the following relation.

∆Gbind = −RT lnKbind = −RT ln
[A–L]
[A][L]

C0 (3.5)

Here, three methods to calculate ligand-receptor binding free energies are de-
scribed. For a review on the topic, see [20].

3.3.1 Free energy perturbation

The free energy perturbation method (FEP) can be used to predict changes in
receptor-ligand binding free energies due to a small mutation on a ligand or on the
receptor. An example is given in Figure 3.1, which shows a thermodynamic cycle of
ligands L1 and L2 binding to a receptor R with binding free energies of ∆Gbind,L1

and ∆Gbind,L2, respectively. We are interested in calculating the relative binding
free energy ∆∆G = ∆Gbind,L2−∆Gbind,L1, although the process of protein-ligand
binding is difficult to simulate. However, since free energy is a state function, the
relation ∆Gbind,L1 + ∆GL1→L2,bound = ∆Gbind,L2 + ∆GL1→L2,free holds. Thus,
the changes in free energy upon transformation of L1 to L2 in the free and bound
states gives us ∆∆G. Using FEP these transformations can be simulated and the
free energies associated with these transformations can be calculated.

The FEP formula yields the free energy difference between two systems (with L1
and L2, respectively) that are described by two different potential energy functions
UA and UB [21]. By sampling configurations of the system using the potential UA

and simultaneously evaluating their energies using both UA and UB the free energy
difference between the two states can be calculated by Zwanzig’s formula [22]

∆G = −RT ln〈e−(UB−UA)/RT 〉A (3.6)

where 〈〉A denotes the arithmetic average of the exponential term, when sampling
configurations using potential UA.
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R+L1 R-L1

R+L2 R-L2

Gbind,L1

Gbind,L2

GL1->L2, free GL1->L2, bound

Figure 3.1: Thermodynamic cycle of the ligands L1 and L2 binding to the receptor R.

For the calculations to converge, the potentials UA and UB should be similar.
However, for two ligands that differ by, say, a methyl group, this is not the case.
To solve this problem one can use a number of sufficiently similar intermediate
potentials, Um = (1−λ)UA+λUB where 0 < λ < 1. Between two such consecutive
potentials enough overlapping conformational space can be sampled, and thus the
change in free energy between the two end states can be calculated in small steps.
Summation of the free energies given by Equation 3.6 upon simulation of each
intermediate step gives the total free energy change.

FEP also useful for calculating other kinds of free energy changes. For instance,
in III, FEP is applied to estimate the influence of a water molecule in the active
site of an enzyme on the pKa of an amino acid residue (see Section 4.3). FEP is
also used in combination with the empirical valence bond (EVB) method described
in Section 3.4.1.

3.3.2 The linear interaction energy method

An approach that simulates only the corners of the thermodynamic cycle in Fig-
ure 3.1, and which is used to calculate absolute binding free energies, is [23, 24].
According to the LIE method, the binding free energy of a receptor-ligand complex
can be described by

∆Gbind = α(〈V vdW
l–s 〉p − 〈V vdW

l–s 〉w) + β(〈V el
l–s〉p − 〈V el

l–s〉w) + γ (3.7)

where nonbonded ligand–surrounding (l–s) polar (electrostatic) and nonpolar (van
der Waals) components of the interaction energies are denoted by the superscripts
el and vdW, respectively, while the subscripts p and w describe the ligand in
complex with the solvated protein and free in water, respectively. The averages
are calculated from conformational sampling of the free ligand in water and of
the solvated complex, using e.g. MD or MC. A reasonably well-docked protein
ligand complex must be used in order to get reliable results. The constant β
originates from linear response theory and its value depends on the nature of the
ligand [25]. The α coefficient, on the other hand, is an empirical parameter. The
first term in Equation 3.7 reflects the nonpolar solute-solvent interactions and
hydrophobic effect as well as entropy contributions. For some complexes it can
also be necessary to introduce a nonzero constant γ in order to reproduce absolute
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experimental binding free energies [26]. The LIE method has been used to predict
affinities of inhibitors to e.g. HIV-1 protease [27], dihydrofolate reductase [28],
human thrombin [26] as well as for protein-protein interactions [29]. In V and VI,
the LIE method is used to calculate binding free energies for a set of new inhibitors
for plasmepsin II from a malaria parasite, and in III it is used to predict the affinity
of a water molecule to the active site of ketosteroid isomerase (see Section 4.3).

3.3.3 Empirical scoring functions

When large virtual libraries of molecules are screened for affinity to some receptor,
the preferred method is often automated docking and scoring. The docking is usu-
ally performed with computer programs that treat the ligands as flexible molecules
with torsional angles but keep the receptor rigid [30]. However, methods that take
into account conformational flexibility have been developed lately, see for instance
[31]. Each docked complex is evaluated by a scoring function that estimates the
receptor–ligand binding free energy ∆Gscore

bind . A number of scoring functions are
available, such as those presented in [32, 33]. The scoring function developed by
Eldridge et al. [32] was used in V and has the form

∆Gscore
bind = ∆GH-bondNH-bond + ∆GmetalNmetal

+ ∆GlipoNlipo + ∆GrotNrot + ∆G0 (3.8)

Here, NH-bond denotes the number of ligand–receptor H-bonds, based on distance
and angle criteria for the atoms involved. Nmetal is the number of interactions
between the ligand and metal ions in the receptor. Nlipo is the number of interac-
tions between lipophilic groups in the ligand and receptor and Nrot is the number
of rotatable bonds in the ligand that are considered frozen due to interactions with
the receptor. The various ∆G constants have been determined using a number of
ligand-receptor complexes for which the structures and affinities are known [32].

3.4 Calculation of chemical reaction energetics

Simulation of enzyme reactions requires that the quantum mechanics of chemical
bond breaking and making is properly described, that the propagation between the
reactants, intermediates and products can be mapped and that the environment
around the reacting groups, such as protein, solvent and cofactors, is included
in a realistic manner. Finally, to obtain the free energy profile of the reaction,
an average over system configurations should be computed. For instance, differ-
ent quantum mechanical/molecular mechanical (QM/MM) methods, where the
reacting system is treated quantum mechanically and the surrounding is treated
with a force-field are useful for simulation of chemical reactions [34, 35]. Here, we
have used the empirical valence bond (EVB) method which calculates a quantum
mechanical free energy surface using classical force-field simulations.
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3.4.1 The empirical valence bond method

Empirical Valence Bond (EVB) calculations are particularly useful for comparing
enzyme-catalyzed reactions with the corresponding nonenzymatic reactions [36,
37], since they allow direct comparison of the energetics of a certain reaction
taking place in different environments, such as water and solvated protein. EVB
has been used successfully to study reaction mechanisms catalyzed by a number of
different enzymes (see, e.g., [38–41] and I-IV) and also in an “artificial enzyme”
[42]. In the EVB formalism, a reaction described by a number of valence bond
states (including reactants, products and all intermediate states) can be described
by a Hamiltonian matrix. The energy εi of state i is described by the diagonal
Hamiltonian element Hii

εi = Hii = H(i)
rr + H(i)

rs + H(i)
ss + α(i) (3.9)

where the first term describes the potential energy within the reacting fragments
(i.e. the atoms whose charge distribution is affected by the chemical reaction)
where the reaction takes place), the second term describes the interactions of the
reacting fragments with the surrounding, and the third term describes the energy
within the surrounding. The last term is the free energy of formation for the whole
system. All terms except α(i) can be described by force-field-like potential energy
functions. The breaking and formation of chemical bonds is modelled with Morse
potentials.

The quantum mechanical coupling between two adjacent states i and j is de-
scribed by the off-diagonal Hamiltonian element Hij . To obtain α(i) and off-
diagonal Hamiltonian elements a calibration procedure is usually carried out (see
below).

In practice, the propagation of the reaction coordinate can be driven by an
FEP simulation. Thus, for a two-state EVB simulation, the mapping potential
Em = (1 − λm)U1 + λmU2 is used. Then the ground state potential energy Eg,
which is the potential energy as a function of the reaction coordinate, is obtained
as the lowest eigenvalue of the equation

H�Ci = Eg
�Ci (3.10)

and the eigenvector �Ci gives the relative contributions of the two diabatic states
H11 and H22 to the ground state potential. For a two-state EVB simulation we
get

Eg =
H11 + H22

2
− 1

2

√
(H11 − H22)2 + 4H2

12 (3.11)

Eg is thus calculated together with H11 and H22 in each MD step (or with the
desired interval). The free energy profile as a function of the reaction coordinate
X is finally obtained by

∆G(X) = ∆G(λm) − kT ln〈δ(X − X ′)e(Eg(X)−Em(X))/RT 〉m (3.12)

where the first term is the change in free energy calculated for the mapping po-
tential (obtained from Zwanzig’s formula). The average 〈〉m is the arithmetic
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average from the contributions to the reaction coordinate value X when sampling
configurations on the mapping potential Em.

The reaction coordinate is defined as the energy gap between the two diabatic
potentials H11 and H22. In contrast to methods that use a geometrically con-
strained reaction coordinate, the EVB method implicitly takes into account non-
equilibrium solvation effects [43]. A typical free energy profile obtained by EVB
is shown in Figure 3.2 together with the diabatic free energy functionals.

-30

-20

-10

0

10

20

30

40

50

-250 -200 -150 -100 -50 0 50 100 150 200

G
G(X)

G‡
G0

G

varies with H12

X= -
Figure 3.2: A typical free energy profile ∆G(X) obtained from an EVB simulation. The
two free energy functionals G1 and G2 correspond to states H11 and H22, respectively.
The free energy barrier and reaction free energy are denoted by ∆G‡ and ∆G0, respec-
tively. The relative minima of G1 and G2 are shifted with the calibration parameter
∆α12, and the adiabatic coupling parameter H12 determines the distance between the
diabatic and adiabatic functions.

3.4.2 The calibration procedure

By running simulations of the corresponding nonenzymatic reaction (usually in
aqueous solution) for which experimental data is available, the parameters α(i)

and Hij can be obtained. In our implementation, α1 is set to 0 and α2 is as-
signed the value ∆α12 = ∆α(2) − ∆α(1). Hij can have a constant value, or be
an exponential or Gaussian function of a chosen interatomic distance, such as
Hij = Aije

(µij(rxy−r0)−ηij(rxy−r0)
2), where Aij , µij , ηij and r0 are constants and

rxy is a distance between a suitably chosen atom pair, such as the proton donor–
acceptor distance in a proton transfer reaction. The calibration parameters are
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simultaneously changed until the calculated profile coincides with the experimental
free energy barriers and reaction free energies. To calculate the free energy profile
of the reaction in the enzyme, the proper values of ∆αij and Hij are inserted
into Equation 3.11 and Equation 3.12. As seen in Figure 3.2, ∆αij influences the
relative vertical positions of G1 and G2, while Hij influences the distance between
the free energy profile and the diabatic functionals G1 and G2.

3.5 Centroid path integral calculations

Quantum effects arising from zero-point energy vibrations and tunnelling are im-
plicitly included in an EVB surface that has been calibrated against experimental
data. Thus, it can be interesting to calculate their influence of the free energy pro-
file explicitly. An explicit calculation of these effects can also be useful to check
the validity of the calibrated EVB surface for an enzyme reaction. Fortunately,
the path integral representation of the quantum mechanical partition function is
identical to that of a “necklace” of P “beads”, or quasiparticles, that are con-
nected by harmonic spring potentials with a minimum at zero spring length (see
Figure 3.3). The center of mass of the necklace is called the centroid.

The centroid path integral simulation method allows atoms to be “quantized”
by expressing their potential energy as such necklaces. The quantum mechanical
nuclear motion on the classical trajectory and its contribution to the ground-state
potential can thus be calculated explicitly [44].

The effective quantum mechanical potential for such a quantized particle can
be expressed as

Uq =
mP (kBT )2

2h̄2

P∑
i=1

(�xi − �xi−1)2 +
1
P

P∑
i=1

Ucl(�xi) (3.13)

where each bead has the mass m/P , and m is the mass of the corresponding
classical particle. Bead i experiences the potentials of the bonds to its nearest
neighbors as well as a fraction of the classical potential, Ucl, of the surrounding
system. In addition, it feels the potential from bead i of all other quantized
atoms. The force constant of the bond between two beads is mP (kBT )2/h̄2. In
the classical limit where m and/or T is high, the force constant rises and the
necklace is confined to a small region in space. At low temperatures and small
masses, the necklace is more spread out in space.

In our implementation, configurations on the EVB/FEP mapping potential are
simulated by classical MD simulations. One or more of the classical particles are
chosen to be quantized. In each step of the MD trajectory a number of configu-
rations of the free necklaces are sampled using MC, so that only the first term of
Equation 3.13 affects the spatial distribution of the quasiparticles.

The centroid, denoted by x, is confined to the coordinates of the classical particle
but its configurations are otherwise independent of the classical system. The free
energy profile that explicitly includes the quantum effects is then calculated using

∆G(X) = ∆G(λm) − kT ln〈δ(X − X ′)〈e(− β
P

∑
j [Eg(�xj)−Em(x)]/RT 〉fp〉m (3.14)
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X

xi+1

xi

Figure 3.3: A schematic picture of a quasiparticle necklace configuration. The quasi-
particles i and i + 1 are indicated as well as the centroid x.

where the sum runs over all beads and the average 〈〉fp is taken over the free par-
ticle necklace distributions. The ground-state potential Eg(�xj) is calculated using
Equation 3.11 where H11 and H22 are the Hamiltonians for the whole system
where the quantized atom is represented by bead j. Using the same trajectory for
both the classical and the quantized system allows one to capture small quantum
effects. Here, centroid path integral simulations were used in calculations of quan-
tum effects and KIEs in glyoxalase I, as described in II. For other examples, see
[45–47].
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Chapter 4

Enzymes that catalyze
enolization

4.1 Background

The photosynthetic fixation of CO2 in plants and cyanobacteria [48], the intercon-
version of intermediates in the glycolytic pathway of eukaryotes [49], the racem-
ization of glutamate for the building of cell walls in bacteria [50] and many other
essential chemical reaction pathways in nature have something in common. They
all involve an enzyme-catalyzed proton abstraction step from an sp3-hybridized
carbon atom next to a carbonyl or carboxylate group on the substrate. The pro-
ton transfer produces a transient intermediate, which may be an enolate or enol
(see Figure 4.1). Such proton transfer steps, forming enolate intermediates, are
the main point of interest in this chapter. To facilitate the nomenclature, the
reaction step will be referred to as “α-proton abstraction”, “enolization” or “eno-
late formation” throughout the following text, while the enzymes catalyzing these
reactions will be denoted “enolization enzymes”. A selection of these enzymes is
shown in Table 4.1.

The corresponding nonenzymatic process in water is slow and unfavorable, due
to high intrinsic free energy barriers [9] and high substrate pKas [51]. A linear
free energy relationship, based on kinetic and thermodynamic data on α-proton
abstraction from acetone by various bases suggests that the intrinsic free energy
barrier of this type of reaction is over 15 kcal/mol (see figure in [9]). Thus, eno-
lization enzymes must overcome both kinetic and thermodynamic obstacles.

Enolization enzymes catalyze a wide range of overall reaction types and available
X-ray structures show a diversity of folds and active site composition. All enzymes
in the enolase superfamily, which consists of more than 60 enzymes [52, 53], use
carboxylic acids as substrates and have divalent metal ions in their active sites,
which may help to stabilize the enolate intermediates [53]. Other enolization
enzymes that depend on metal ions are glyoxalase I (see below) and ribulose-
1,5-bisphosphate carboxylase/oxygenase (rubisco) [54], and their substrates are
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Figure 4.1: The keto-enol equilibrium. R1, R2 and R3 are arbitrary chemical groups.

aldehydes. Triosephosphate isomerase has no metal ion but instead a positively
charged amino acid residue in its active site [55]. On the other hand, 3-oxo-∆5-
steroid isomerase (see below) and citrate synthase [56] do not possess any positive
active site charges at all, but have groups in their active sites that may help to
stabilize the enolate intermediate by hydrogen bonds.

Enzyme Function,
organism

Substrate
(pKa)

Cata-
lytic
base

Active
site
groups

kcat

(s−1)

3-oxo-∆5-
steroid
isomerase [57]

steroid
metabolism,
microorganisms

5-androstene-3,17-
dione
(12.7 [58])

Asp H-bonds 27900
[59]

Enolase [60] glycolysis,
eukaryotes

2-phosphoglycerate
(> 34 [51])

Lys 2 Mg2+,
Lys

78 [60]

Glyoxalase I
[61]

detoxification
of 2-oxo-
aldehydes,
eukaryotes,
prokaryotes

methylglyoxal
glutathione
hemithioacetal
(∼ 13.5, see I)

Glu Zn2+ 1500
[62]

Mandelate
racemase [63]

mandelate
pathway,
microbes

R/S -mandelate
(∼ 29 [64])

Lys,
His

Mg2+ 654
[63]

Triose-
phosphate
isomerase [49]

glycolysis,
eukaryotes

dihydroxyacetone
phosphate
(∼ 17.2 [9])

Glu Lys,
H-bonds

600
[65]

Citrate
synthase [56]

citric acid
cycle,
eukaryotes

acetyl-CoA (∼ 21
[66])

Asp H-bonds 100
[67]

Table 4.1: A selection of enzymes that catalyze enolate formation. For mandelate
racemase, the kcat refers to the R substrate.

It was initially suggested that enzyme-catalyzed α-proton abstraction occurs
concertedly with protonation of the enolate oxygen by a general acid residue on the
enzyme [68]. In this way formation of the unstable enolate would be avoided and
instead an enol intermediate would be formed. Others then proposed that ion pair
interactions with the enolate intermediate are responsible for the catalytic effect
[69]. In line with this, on the basis of EVB calculations on the triosephosphate
isomerase catalyzed reaction, it was suggested that also neutral polar groups, which
may have H-bond interactions with the enolate intermediate, can participate in
the electrostatic stabilization of the intermediate [9].
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Another general strategy has also been proposed, where formation of a low-
barrier H-bond (LBHB) between a general acid residue and the developing eno-
late oxygen would be responsible for the rate-enhancement by providing up to
20 kcal/mol transition state stabilization [14]. Such an LBHB would be formed
when pKa matching occurs between proton donor and acceptor [14]. Formation
of an LBHB in a nonpolar environment could be favorable, since delocalization
of one negative charge over three atoms would be more stable than a localized
charge in an ordinary ionic H-bond. Indeed, unusually strong H-bonds have been
detected experimentally for the FHF− ion in the gas phase [70]. Typically, highly
deshielded protons in NMR spectra and short H-bond distances in X-ray struc-
tures of enzymes are interpreted in favor of LBHB formation (see for instance [71]).
However, no unambiguous evidence has yet been presented of the importance of
LBHBs in the catalytic function of enzymes, which a controversial issue promoted
by some [72–76] and criticized by others [77–80]. The proposals for the catalytic
function of enolization enzymes are summarized in Figure 4.2.
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Figure 4.2: Different mechanism proposals for enzymes catalyzing enolization reactions.
The top mechanism suggests that a general acid protonates the enolate oxygen concert-
edly with α-proton abstraction, forming an enol intermediate. The second mechanism
from the top suggests LBHB formation concertedly with α-proton abstraction. In the
bottom row, three possible means of electrostatic stabilization (by a metal ion, a charged
residue and H-bonds) of the enolate intermediate are depicted.

We were interested in examining how enolization enzymes with different active
site composition solve the task of accelerating enolate formation in their respective
reactions. The EVB method is well suited for this purpose, since the same EVB
model is used for both the enzymatic and the nonenzymatic reaction in solution.
When substituting the surrounding solvent with the solvated enzyme, the direct
effects of the enzyme are obtained.

In addition, explicit calculation of reorganization energies is possible (see IV
and [9]) as well as explicit treatment of quantum effects ([81], II and IV). The
simulations can monitor individual interactions such as H-bonding patterns as well
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as the details of reaction steps that are not rate-determining. It is also possible
to simulate the effect of mutations and one can test different reaction mechanisms
and conditions, for instance alternative protonation states in the enzyme. Using
an analytical force-field representation of the system, configurations of the entire
enzyme–substrate–solvent system are sampled and free energies can be calculated.

We used EVB to study enolate formation catalyzed by glyoxalase I (see I, II
and IV) and 3-oxo-∆5-steroid isomerase (see III and IV). Also the TIM catalyzed
reaction has been investigated with the EVB method [9] (see IV).

4.2 Glyoxalase I

The 2-oxoaldehyde methylglyoxal is a toxic side-metabolite from glycolysis, which
leads to cell death at too high concentration. The glyoxalase system, consisting
of the two enzymes glyoxalase I (GlxI) and glyoxalase II (GlxII), catalyzes the
transformation of methylglyoxal into nontoxic D-lactic acid. Glyoxalases have
been identified in both prokaryotes and eukaryotes in many different cell types,
and are considered to be ubiquitous [82].
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S-D-lactoylglutathione

methylglyoxal

GlxII

D-lactic acid

GSH+

H2O

Figure 4.3: Conversion of methylglyoxal into D-lactic acid catalyzed by the glyoxalase
system. The asymmetric carbon of the hemithioacetal is labeled with a star. GSH
denotes the reduced glutathione cofactor.

Although the glyoxalases can use a number of different substrates, emphasis
will be given here to the reaction with methylglyoxal. The overall reaction of the
glyoxalase system, shown in Figure 4.3, starts with the addition of methylglyoxal
and reduced glutathione (GSH) to make a racemic hemithioacetal in the active site
of the enzyme. The cofactor glutathione (GSH) is the tripeptide γ-L-glutamyl-L-
cysteineglycine and the formation of the hemithioacetal is spontaneous. GlxI then
catalyzes the isomerization of the hemithioacetal and S -D-lactoylglutathione, and
thus both substrate enantiomers are converted into only one product stereoisomer.
GlxII subsequently catalyzes the hydrolysis of this molecule to nontoxic D-lactic
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Figure 4.4: The proposed rate-limiting step of the GlxI-catalyzed reaction. A basic
group on the enzyme abstracts the α-proton, yielding an enolate intermediate.

acid and free glutathione [82].
Human GlxI, which is a homodimer of 43 kDa, has one active site per monomer

and needs a divalent metal ion per active site for activity. The natural cofactor ion
is Zn2+, but other metal ions also yield a functional enzyme [82]. This contrasts
to many other enzymes that have specific metal ion requirements [83]. An X-ray
structure was solved of human GlxI complexed to the transition state analogue
S -(N -hydroxy-N -p-iodophenylcarbamoyl)-glutahtione (HIPC-GSH) [84]. The ge-
ometrical properties of this molecule are similar to those of the proposed enediolate
intermediate, having a planar arrangement of the transition state-like moiety. The
active site in the X-ray structure shows that the metal ion is coordinated by a glu-
tamine, a histidine and two glutamates (Glu99 and Glu172) as well as the two
inhibitor oxygens. The two zinc ligands Glu172 and Glu99 are placed symmet-
rically on each side of the inhibitor plane. However, in this X-ray structure, the
carboxylate of Glu172 is displaced so that it is not in direct contact with the metal
ion.

Mutagenesis studies together with the X-ray structure these results indicate that
Glu172 and Glu99 are the bases responsible for α-proton abstraction from the S
and R substrate isomers, respectively [84, 85]. H/D KIE experiments suggest that
the abstraction from the substrate is (partially) rate-limiting [82].

A reaction scheme can be constructed where these two residues perform all nec-
essary proton transfers to yield product from both stereoisomers of the substrate,
using enediol and enediolate intermediates. However, it does not offer an expla-
nation to the stereochemical preferences of product formation. To resolve this
question a reaction mechanism was recently proposed by Creighton et al. where
GlxI catalyzes the conversion of the R to the S substrate before proceeding with
the actual product formation [61]. The work behind I and II attempts to explain
the energetics of the α-proton abstraction by Glu172 from the S substrate using
computer simulations. Since this step is proposed to be rate-limiting, the calcu-
lated free energy barrier could be directly compared to the kcat of 1500 s−1 of the
wildtype enzyme [62].

4.2.1 The effect of metal ion substitution

The free energy profile of the rate-limiting step was calculated for the GlxI-
catalyzed reaction with Zn2+, Mg2+ and Ca2+ as metal ions using the EVB
method. The calculated free energy barriers of about 13 kcal/mol for the reaction
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with Zn2+ and Mg2+, agree with experimental results, and a slightly higher barrier
was obtained for the reaction with Ca2+ (see Figure 3 in I). The main source of
the approximately 9 kcal/mol barrier reduction turned out to be a reduction of the
pKa difference between the substrate and Glu172, making the enzyme-catalyzed
reaction step approximately thermoneutral with Zn2+ and Mg2+. This effect can
be attributed to the electrostatic interaction between the reacting fragments and
their surrounding, which is highly dominated by the metal ion. Accordingly, a
smaller effect on the reaction free energy was obtained with the larger Ca2+ ion.

That the enzyme stabilizes the intermediate state has not yet been measured
experimentally. However, EVB, QM/MM and QM/FE calculations on enolization
reactions catalyzed by several enzymes, e.g. triosephosphate isomerase [9, 86], cit-
rate synthase [87, 88] and 3-oxo-∆5-steroid isomerase (see III and IV), all suggest
a mechanism through intermediate stabilization by the enzyme. To our knowledge,
the only work on GlxI that does not agree with this picture is that of Himo et al.,
who performed B3LYP DFT calculations on a small model system of GlxI in a low
dielectric continuum, and obtained an energy barrier that agrees with experiment
without significant stabilization of the intermedate state [89].

4.2.2 Quantum effects on the free energy barrier

Proton transfer reactions are quantum mechanical phenomena. It is thus inter-
esting to elucidate the magnitude of quantum effects, arising from zero-point vi-
brations and tunnelling, in the GlxI-catalyzed reaction step and their effect on
the free energy barrier. The centroid path integral simulation method described
in Section 3.5 was used together with the EVB surface of the above mentioned
proton transfer between the S -substrate and Glu172 (see II). The results indicate
that the quantum effect on the free energy barrier of both the enzyme-catalyzed
and nonenzymatic reaction is about 2.5 kcal/mol. Thus, it seems that the ex-
tent of quantum effects was not affected by the enzyme, and that the initially
parametrized EVB surface captured these quantum effects.

To validate the model, primary H/D and H/T KIEs were calculated for the
proton transfer in both the nonenzymatic and enzyme-catalyzed reactions, and
the calculated H/D KIE agrees well with experimental data.

4.3 Ketosteroid isomerase

The enzyme 3-oxo-∆5-steroid isomerase (KSI), which participates in steroid me-
tabolism, catalyzes enolization without the need of metal ions. Instead, it seems
to provide enough transition state stabilization of the α-proton abstraction step
by hydrogen bond interactions only [57, 90]. The two-step isomerization of 5-
androstene-3,17-dione (“substrate”) and 4-androstene-3,17-dione (“product”) is
outlined in Figure 4.5 and KSI has been isolated and well-characterized from Pseu-
domonas putida (PI ) and Pseudomonas testosteronii (TI ). The reaction starts
with proton abstraction at the C4 carbon of the substrate (pKa 12.7 [58]) and the
proton is then delivered to the C6 carbon of the dienolate intermediate, forming
the product (pKa 16.1 [58]) [57].
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The two enzymes have 34% sequence identity, and very similar kinetic properties
and active site structures. Here, the numbering of residues is done according to
the PI KSI sequence. Site-directed mutagenesis, NMR spectroscopy and X-ray
crystallography studies strongly suggest that the proton-abstracting base and acid
is the active site residue Asp40 and that Tyr16 and the protonated Asp103 play an
important role in stabilization of the dienolate intermediate, by providing H-bond
interactions to the intermediate [57, 59, 91, 92]. Also interacting with the Tyr16
hydroxyl is the sidechain of Tyr57, which in turn interacts with the hydroxyl of
Tyr32. Apart from these residues, the active site of KSI is lined mainly by nonpolar
groups [93, 94].
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Figure 4.5: The isomerization of 5-androstene-3,17-dione and 4-androstene-3,17-dione
catalyzed by KSI.

Interestingly, the pKa of Asp40 in TI KSI is only 4.75 in the enzyme complexed
with substrate and 4.57 in the free enzyme [95]. How this low pKa can be main-
tained in the mainly nonpolar active site is an issue that we have addressed in
our work. From an experimentally derived free energy profile for the TI enzyme
and considering the pKa of Asp40, it is apparent that the enzyme can decrease
the pKa of the substrate by about 8 units, which is probably accomplished by
stabilization of the dienolate intermediate. How this is accomplished, and how
much this pKadecrease contributes to the total catalytic effect, is also interesting
to us.

It has been proposed that low-barrier hydrogen bonds (LBHBs) are involved in
the stabilization of the intermediate and that this explains the catalytic power of
the enzyme. Specifically, the ionic H-bond between Tyr16 and the intermediate
oxygen was proposed to be an LBHB [96]. Also a catalytic dyad mechanism has
been proposed where Asp99 and Tyr16 are sharing a proton in an LBHB interac-
tion, and this interaction should increase the electrophilicity of Tyr16, promoting
its ability to donate a hydrogen bond to the dienolate intermediate [97]. The first
of these LBHB proposals was investigated here.

The starting points for these studies, which are presented in detail in III and IV,
are the X-ray structures of the Asp40Asn mutant of PI KSI in complex with the
transition state analogue equilenin at 2.5 and 2.0 Å resolution [93, 94] and with
the hydrated form of the substrate at 2.5 Å resolution [94].
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4.3.1 On the low pKa of Asp40

The X-ray structures of the Asp40Asn mutants of complexed KSI suggest that
the wildtype catalytic base is placed so that its carboxylate group is situated
perfectly to be the proton-shuffling base and acid [93, 94]. When in this position,
the Asp40 oxygen proximal to the substrate has neither any polar interactions
with H-bonding groups on the enzyme, nor with water. The distal oxygen, on
the other hand, is in contact with solvent and in PI KSI it also has an H-bond
interaction with the Trp120 sidechain nitrogen. (In TI KSI the corresponding
group is a phenylalanine.)

Inspection of the active site in the X-ray structures reveals a cavity large enough
to accommodate a water molecule, which would be satisfying H-bonds of both
Tyr57 and the proximal oxygen of Asp40. Theoretically, placing a water molecule
close to an ionizable residue would stabilize its charged form. We were interested in
finding out the influence of such a water molecule in the enzyme–substrate complex
on the pKa of Asp40, and whether this could explain the high acidity of Asp40
compared to what is expected for a residue buried in a nonpolar environment.
Thus, we employed the free energy perturbation method (see Section 3.3.1) on
the thermodynamic cycle shown in Figure 4.6. Two simulations were performed
where the charge of Asp40 was gradually turned off with and without this active
site water present, yielding ∆Gwat, and ∆Gno wat, respectively.

KSI + substrate

O O

KSI+substrate

O O

KSI+substrate

O O

KSI + substrate

O O

O
HH O

HH

Gno wat

Gwat

GneutralGcharged

Figure 4.6: The thermodynamic cycle used to elucidate the influence of the water
molecule (top) on the charged (left) vs uncharged (right) form of Asp40 in the KSI-
substrate complex.

According to this FEP calculation, ∆Gwat−∆Gno wat≈ 7 kcal/mol which means
that charging Asp40 is 7 kcal/mol more favorable when the active site water is
present. Although the actual deprotonation was not considered here, the present
stabilization roughly corresponds to a 5 pKaunit decrease of Asp40 upon introduc-
tion of the water molecule. An LIE calculation was also performed to estimate the
binding affinity of the water molecule to the active site in the reactants state. The
result predicts a slight affinity (−0.7 ± 0.5 kcal/mol). Thus, the water molecule
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both has some affinity to the cavity and reduces the pKa of Asp40 substantially.

4.3.2 Calculation of the free energy profile

Using the EVB method, the free energy profile of the KSI-catalyzed reaction was
calculated, both with and without the active site water molecule (and with explicit
solvation of the system). The results are shown in Figure 3 in III together with
the experimental free energy profile for the TI enzyme [98]. The energetics of
the initial step are better reproduced by the simulation with the active site wa-
ter, while the simulation without the water molecule agrees better for the second
step. The lower activation free energy barrier of the first step in the simulation
without the water molecule could possibly be considered as a manifestation of the
destabilization of the reactants state, as predicted by the FEP simulation.

For the initial enolization step in both mechanisms, about 60% and 40% of the
barrier reduction was found to originate from dienolate stabilization and reduction
of reorganization energy, respectively. The simulations also confirm that H-bonds
donated to the dienolate by Tyr16 and Asp103 are the main contributors to its
stabilization.

4.3.3 Investigation of the low-barrier hydrogen bond

The present EVB model reproduced the experimentally observed rate-enhance-
ment of enolization by ordinary hydrogen bonds modelled by the force-field-based
potential function. However, formation of an LBHB between Tyr16 and the dieno-
late intermediate has been suggested to account for the catalytic efficiency of KSI
[96].

Thus, we wanted to investigate whether the interaction between Tyr16 and the
dienolate intermediate is stronger than in a normal ionic hydrogen bond, and
whether pKa matching between the groups occurs in the enzyme, since this is
a prerequisite for LBHB formation. In solution, both groups have essentially
matched pKas of about 10 [90]. An EVB simulation of the proton transfer between
Tyr16 and the dienolate both with and without the active site water molecule was
performed and calibrated against experimental data for the corresponding proton
transfer in solution [99]. In the enzyme, a pKa mismatch between Tyr16 and the
dienolate is introduced, with the favored proton location on the tyrosine, and the
barrier of proton transfer is comparable to that of the solution reaction. Thus, our
results indicate that formation of an LBHB between the dienolate intermediate and
Tyr16 is unlikely. The smallest pKa mismatch and highest barrier is interestingly
found for the system with the active site water molecule, reflecting its stabilizing
effect on the ionic tyrosine.

4.4 Triosephosphate isomerase

Triosephosphate isomerase (TIM), which has been referred to as a perfect enzyme
[100], catalyzes a step in the glycolytic pathway. The substrate, dihydroxyacet-
one phosphate (DHAP), is reversibly converted to glycerylaldehyde 3-phosphate
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(GAP) with nearly diffusion-controlled kinetics [4]. The mechanism of the reac-
tion catalyzed by TIM has been studied extensively both experimentally (see, e.g.
[100–104]) and theoretically (see, e.g. [9, 86, 105, 106]) and it is generally agreed
upon that the first step in the reaction, shown in Figure 4.7, is α-proton abstrac-
tion from the substrate (pKa 17.2 [9]) by the enzyme residue Glu165 [49]. The
corresponding nonenzymatic reaction step in solution has a free energy barrier of
about 25 kcal/mol [9]. His95 and Lys12 are positioned to form favorable inter-

OOH

H OPO3

2-

Glu165

OHO

Glu165

-OO

OPO3

2-

OOH

H
H

enediolate
intermediateDHAP

Figure 4.7: The initial step of the TIM-catalyzed reaction.

actions with the intermediates during the reaction, while Glu165 is located as to
abstract the α-proton [55]. Also several other polar residues and a water molecule
are present in the active site.

EVB calculations have previously been performed on the entire reaction mech-
anism of TIM [9], although the main focus here is on the energetics of the initial
proton abstraction from DHAP by Glu165. The results from the calculations,
shown in IV, indicate that ∼ 9 of the ∼ 14 kcal/mol transition state stabiliza-
tion can be attributed to stabilization of the intermediate, and that the rest of
the barrier reduction can be explained by a reduction in reorganization energy
when exchanging water for enzyme. The change in substrate intramolecular en-
ergy, “strain,” upon enediolate formation was also calculated in both the enzyme
and solution reactions, and it was concluded that the enzyme does not exert extra
strain on the substrate, which has been suggested [107]. Instead, the results in-
dicate that electrostatic interactions between the enediolate and the surrounding,
especially Lys12, but also neutral polar groups on the enzyme account for the
stabilization of the intermediate (see [9] and IV).

4.5 Summary and conclusions

Enolate formation is abundant in nature and the enzymes that catalyze such chem-
istry show a variety of overall reactions, substrate specificities, folds and active site
composition. Nonenzymatic α-proton abstraction from the aldehyde or carboxy-
late substrates in solution is thermodynamically and kinetically very unfavorable,
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due to high substrate pKas and high intrinsic free energy barriers. A number of
general strategies that these enzymes employ to catalyze enolate formation have
been proposed, involving concerted protonation of the enolate oxygen, formation
of LBHBs and electrostatic stabilization of the enolate. We performed EVB calcu-
lations on the enolate formation step in the reactions catalyzed by three of these
enzymes, of which the first is dependent on an active site metal ion (GlxI), the
second has no active site charges (KSI) and the third has a positively charged
amino acid in its active site (TIM).

For the GlxI catalyzed reaction, the results indicate that the metal ion cofactor
plays an essential role for the enzymatic rate-enhancement by providing electro-
static interactions with the enolate intermediate so that the enolate formation step
becomes essentially thermoneutral. According to the calculations, the reduction
in reaction free energy provides ∼ 7 of the totally ∼ 9 kcal/mol reduction of the
free energy barrier. Although quantum effects arising from zero-point vibrations
and tunnelling contribute significantly to the energetics in both the nonenzymatic
reaction in solution and in the enzyme, they do not contribute significantly to the
enzymatic reduction of the free energy barrier. To fully understand the mecha-
nism of GlxI further simulations need to be undertaken, especially regarding the
stereospecificity of the reaction.

For the KSI catalyzed reaction, the catalytic effect was found to originate from
the lowering of substrate pKa in combination with a significant decrease in reor-
ganization energy compared to the nonenzymatic solution reaction. The lowering
of the substrate pKa was found to be due to electrostatic interactions (H-bonds)
between active site residues and the reacting fragments. The EVB results also
indicate that formation of a suggested LBHB between the dienolate oxygen and
Tyr16, which would stabilize the intermediate, is unlikely.

In the active site of KSI, a water molecule that had not been detected exper-
imentally was found in the simulations. As it apparently stabilizes the charged
form of the catalytic base Asp40 by several kcal/mol, this could be a possible ex-
planation of the low pKa of the catalytic base. An X-ray structure of the wild-type
enzyme in complex with a substrate or intermediate analogue would certainly be
very suitable to further study of this issue. As far as we know, no previous work
has suggested an explanation to the low pKa of Asp40.

The free energy barrier reduction on the enolate formation step in the TIM
catalyzed reaction was again found to be mainly due to the reduction in reaction
free energy, corresponding to a reduction in pKa difference between the substrate
and the catalytic base. The charged active site Lys12 was found to be mainly
responsible for this intermediate stabilizing effect, although H-bonds between the
dienolate and other residues also played an important role. The results also in-
dicate that TIM does not exert strain on the substrate to catalyze this reaction
step.

A common picture emerges, based on these studies, with reduction of the
pKa difference between the substrate and the catalytic base accounting for the
main part of the rate enhancement. In all three studied cases, it seems that elec-
trostatic interactions between the enolate and the active site groups (metal ions,
charged residues and/or H-bonds) provide enough stabilization for the high-energy
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enolate intermediates. Also the reduction in reorganization free energy upon ex-
changing solvent for enzyme gives a significant contribution to the catalytic effect.
For KSI, this effect was almost as significant as the stabilization of the intermedi-
ate.

To complete the picture of enzyme-catalyzed enolate formation, it would be
useful to study the reactions of an additional number of enzymes, including the
enolase superfamily, which use very unacidic carboxylate substrates [52, 53].
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Chapter 5

Designing a drug against
malaria

Every year around two million people die from malaria, and it is estimated that
nearly half of the world population lives in malaria-endemic areas. About 90% of
the children in the tropical parts of Western Africa are infected [108]. In total,
several hundred millions of people are afflicted by the disease.

The protozoan Plasmodium falciparum accounts for nearly all lethal malaria
cases, while also P. vivax, P. ovale and P. malariae cause the disease in hu-
mans. The parasites, are transmitted to humans by mosquitoes of of the Anopheles
species [108]. Lately, the genomes of both Anopheles gambiae [109] and P. fal-
ciparum [110] have been sequenced. This will hopefully promote development of
antimalarial vaccines, drugs and efficient means to prevent disease transmission
as well as lead to the identification of new drug targets. The current antimalarial
drugs on the market have limitations such as severe side effects, low bioavailability
and resistance [111]. Thus, there is a need for the development of new drugs that
overcome these problems.

The P. falciparum parasites invade host liver cells upon infection, where they
multiply. The parasites are then released from the liver and invade erythrocytes
(red blood cells). In the intraerythrocytic stage P. falciparum degrades up to
75% of the host hemoglobin in its acidic (pH ∼ 5 [112]) food vacuoles, using the
free amino acids a source of nutrition [113].

The hemoglobin degradation process is catalyzed by several proteases. The
resulting peptides are then transported out to the cytoplasm for final degradation
into free amino acids [113]. The two aspartic proteases plasmepsin I (Plm I) and
plasmepsin II (Plm II) are involved in the initial steps of hemoglobin digestion
in the food vacuole and inhibition of this process in cell culture kills the parasite
[114], indicating that the hemoglobin degradation pathway could be a potential
drug target. A number of plasmepsin inhibitors have previously been identified
[115–121].

In a collaboration with medicinal chemists and a pharmaceutical company, in-
hibitors against the P. falciparum plasmepsin I and II have been investigated
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using experiments and computer simulations. The Plm II active site structure is
very similar to that of the human protease Cathepsin D (Cath D) [115], so care
must be taken to develop a drug molecule that inhibits the plasmepsins but does
not affect Cath D. The X-ray structure of Plm I has not been solved yet, although
the 73% sequence identity indicates high structural homology with Plm II [112]. It
is thus tempting to hypothesize that a compound may be developed that inhibits
both plasmepsins but is inactive on Cath D.

Since the modelling work was done exclusively on Plm II, focus will be given to
this enzyme. The details of our work are given in V and VI.

5.1 Active site structure of Plm II

Plm II is synthesized as the inactive zymogen proplasmepsin II. The zymogen
is connected to the membrane of the endoplasmatic reticulum that transports
the molecule to the food vacuole. Cleavage at the N-terminus then takes place,
releasing the mature Plm II into the vacuole [122].

Several X-ray structures of P. falciparum Plm II have recently become available.
The first one to be solved was that of the complex with the common aspartyl
protease inhibitor pepstatin A, which was solved at 2.7 Å resolution and has the
pdb code 1SME [115]. Very recently, the same complex was solved (1M43) at
2.4 Å resolution [123] as well as three more structures of the enzyme in complex
with different inhibitors (1LEE [124], 1LF2 [124], 1LF3 [125]) and a structure of
uncomplexed Plm II [124].

The monomeric enzyme is folded into two domains, which show a pseudo twofold
symmetry and are in contact at the bottom of the binding cleft, where the two
catalytic aspartates Asp34 and Asp214 are situated [115]. The sequences around
the aspartates, Leu33-Asp-Thr-Gly-Ser37 in the N terminal domain and Val213-
Asp-Ser-Gly-Thr217 in the C terminal domain, are similar to each other in terms
of backbone structure and hydrogen bonding pattern. These sequences as well
as the Met75-Val82 “flap” that covers the active site, are characteristic features
of aspartyl proteases, although some variation of the residues occurs among the
members in this protease family. The flap is suggested to open in order for the
substrate to bind and then close prior to peptide hydrolysis [126], which is thought
to proceed through a tetrahedral intermediate at the carboxylate of the scissile
peptide bond Figure 5.1. Comparison of the uncomplexed Plm II structure with
those in complex with inhibitors revealed a more open binding cleft of the former,
indicating binding with induced fit [124].

The binding cleft of Plm II consists of several subsites lined with hydrophobic
residues. Ususally, binding pockets of proteases and the corresponding ligand moi-
eties are defined according to the positions of the natural substrate sidechains, as
described by Schechter and Berger [127]. The substrate peptide chain is numbered
starting on each side of the scissile bond. In the N to C direction, the residues
are named P1′, P2′ and so on, while in the C to N direction they are named P1,
P2 etc. The corresponding ligand-binding subsites in the protein are accordingly
named S1′, S2′, S1, S2 etc. The labelling of the binding site of Plm II used here
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Figure 5.1: Schematic picture of the proposed tetrahedral intermediate in the aspartic
protease mechanism. P1, P2, P1′ and P2′ indicate the sidechains and the binding subsites
are also indicated according to the nomenclature described in the text.

is based on the X-ray structure of the complex with pepstatin A [115].

The central hydroxyl group of pepstatin A, being situated between the car-
boxylates of the catalytic aspartates [115], is considered to be a mimic of the
tetrahedral intermediate in the reaction mechanism (see Figure 5.1) [128], and
many of the existing plasmepsin inhibitors display such potential mimics [115–
121]. In this project, the ligands used to study Plm I and Plm II inhibition have
a 1,2-dihydroxyethylene scaffold, shown in Figure 5.2. The scaffold, which can be
readily synthesized from inexpensive starting material, has previously been used
to inhibit HIV-I protease [129, 130]. Here, the LIE method was used to calculate
binding affinities. First, the stereochemical preferences of the stereocentra of the
scaffold indicated by stars in Figure 5.2 were investigated for the compound series
1 and 2. Secondly, the stereoisomer with the best affinity to the enzyme was se-
lected and a P2/P2′ modification was performed, forming compound 3. The last
task was to investigate the effects of different P1/P1′ groups of 3.
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Figure 5.2: The compounds 1 and 2 are the series of steroisomers that were examined.
The P2/P2′ groups of compound 1 were then exchanged forming 3. Finally, different
P1/P1′ sidechains of 3 were explored.
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5.2 Computational ranking of stereoisomer affini-
ties

In order to get reliable results from LIE calculations it is necessary to start with a
reasonably well-docked complex. Using the X-ray structure of Plm II in complex
with pepstatin A [115] as a starting point, the ligands were docked manually as
described in V. Starting from one docked configuration of 1 and 2, all other
stereoisomers were created by applying a potential function that corresponded to
each ligand stereoisomer. Minimization of the ligand was done, while keeping the
protein rigid. By coincidence, the stereochemical configuration of pepstatin A
corresponds to that of the SRRRRS isomer of 1 and 2 at the P1′ hydroxyl and
the P2′ sidechain and thus this stereoisomer was created first. Employing an
extended atom force-field [131], the inversions at the asymmetric carbons were
straightforward and the only potential energy terms involved in the transformation
were the planarity angles around the stereocentra. Thus, in all other respects the
same force-field setup and starting structures, including solvent configuration, were
produced for all stereoisomers.

Using the chosen set-up, the LIE method correctly predicted that only the SR-
RRRS stereoisomer would have a measurable affinity to Plm II. This indicated
that our computational model, including the parametrization of the LIE equa-
tion as well as the predicted binding modes, was reasonable. All stereoisomers of
each series had favorable and about equal nonpolar interactions between the lig-
ands and Plm II. The stereoselectivity, however, dependeded on the electrostatic
interactions, mainly manifested in H-bonds.

For comparison, we applied a scoring function [32] to our complexes using two
approaches. First, a snapshot from each of the complexes was scored upon min-
imization. Secondly, 100 snapshots of the subsequent MD trajectory were min-
imized and scored and the results were averaged. In accordance with an earlier
study on empirical scoring of MD trajectories [132], the averaged results better
ranked the tested compounds than the single snapshot score. However, the affini-
ties of all stereoisomers of 2 were severely overestimated. Thus, using only the
scoring function would predict that three of the inactive compounds had affinity.
All LIE and scoring results are listed in Table 1 in V.

5.3 Modification of the ligands

Since the series 1 and 2 exhibited only moderate inhibition of Plm II with Kis
of about 4µM for both active compounds, we aimed at modifying them to create
more potent inhibitors. 2-indanol has been used previously as an efficient P2
substituent in HIV-1 protease inhibitors [129] and this substituent was therefore
also considered here. Thus, we decided to predict the binding constant for 3
where the terminal methylamides were removed from 1 and the P2/P2′ valines
were substituted with (1S,2R)-1-amino-2-indanol. Both the binding assays and
the LIE results predicted an improvement in binding affinity to Plm II by about
40 times over the SRRRRS isomer of 1 (see Table 1 in V). This improvement
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encouraged us to explore a range of P1/P1′ sidechain substitutions, using 3 as a
starting point. All investigated molecules are listed in Tables 2 and 3 in VI.

The most striking result from the experiments was that while pico- to nanomolar
affinities were obtained for the plasmepsins, none of the inhibitors had any affinity
for Cath D (see Table 2 in VI). Extending the P1/P1′ sidechains showed, in
general, to improve binding affinity for the plasmepsins. Compound 18 in VI was
the only active inhibitor that was less potent on Plm II than 3 of Figure 5.2. The
only asymmetric compound tested, 10, was inactive in all three enzymes. This
inhibitor has a positively charged amine group at the actual pH. The calculations
indicate that the charge is better solvated in water than in the lipophilic binding
site of the enzyme, which gives a plausible explanation of its low affinity to all
three enzymes. For comparison, we also calculated the binding free energy of the
neutral form of this compound. The results indicate that although the neutral
form has some affinity for Plm II, the small concentration of the neutral species
at the current pH cancels this effect.

The scaffold, including the hydroxyl and amide groups, has a similar binding
conformation in Plm II for all modelled indan ligands. In addition, all P1′ chains
extend into the S1′ site, and the longest ones erupt from there into solution.
On the P1/P2 side, on the other hand, the simulated complex with 3 showed a
binding conformation different from those of the other indanol complexes, which
have longer inhibitor P1 chains. In these complexes, the long P1 groups displace
the P2 indan rings. A recently solved X-ray structure of a Plm II-inhibitor complex
(1M43 [123]) shows a similar binding mode of its bulky P1′ chain (see Figure 2B
in VI).

5.4 Summary and conclusions

In summary, using a C 2-symmetric dihydroxyethylene scaffold, potent plasm-
epsin I and plasmepsin II inhibitors have been constructed. Computer modelling
studies using LIE with molecular dynamics simulations rationalized the stereos-
electivity of Plm II for two series of inhibitors and provided a model for their
binding conformations. The preferred steroisomer was selected and replacement
of the initial P2/P2′ group by (1S,2R)-1-amino-2-indanol showed to improve the
binding affinity to the plasmepsins. A range of different P1/P1′ sidechains was
then investigated computationally and experimentally. Since the compounds have
nanomolar to picomolar inhibition constants for the plasmepsins and no measur-
able affinity to the human enzyme cathepsin D, they constitute promising lead
compounds for future drug development.
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