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Introduction

Ab initio Modelling of Drug/Target interactions

The design of novel molecular systems, conducted with forethought and planning, plays
a fundamental role for drug discovery. The fundamental assumption of the ‘rational’
drug design approach is that the event that produces the beneficial effects of drugs is
the molecular recognition and binding of ligands to the active site of specific targets,
such as enzymes, receptors and nucleic acids. The effect of binding can be promotion

or inhibition of signal transduction, of enzymatic activity or molecular transport.

Computer-aided design (CAD) is one of the most important approaches to rational drug
design(Kubinyi et al.,, 1997; Leach, 1996; Doucet and Weber, 1996). The approach
complements the structure-based drug design, in which the 3D structure is known by X-
‘ray crystallography or NMR. A variety of computational chemistry methodologies are
used in CAD.

Ligands are screened from a library and docked in the target by using scoring functions,
which allows for a crude and fast estimation for protein-drug interactions. These
functions are based on the statistical analysis of known structure of protein-ligand
complexes(Koppensteiner and Sippl, 1998), physicochemical properties(Bohm and
Klebé, 1996), molecular dynamics force field calculations with implicit or explicit solvent,
free energy perturbation calculations(Gilson et al., 1997). The SMoG(DeWitte and
Shakhnovich, 1996) pseudo-energy function is an example of scoring function based on
a statistical analysis of high-resolution crystal structures of protein-ligand complexes.
The simplest physicochemical scoring functions are based on number of contacts,
within a specified distance, between ligand and receptor (i.e. HOOK(Eisen.et al., 1994)).

More complex empirical functions contain terms which account for lipophilicity,
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electrostatics, hydrogen bonding, and the area of the contact region (i.e. LUDI(Bohm,
1992)). A

For a quantitative estimation of ligand affinity, more sophisticated methods are required.
In classical molecular dynamics simulations (MD), the interatomic interactions are
modelled via empirical energy functions. MD has a long and successful record in the
simulation of biological systems(Wang et al., 2001). Still, in spite of the very many
successes there are many areas where the use of effective potentials might not be fully
appropriate. This is due to the fact that there is a large class df phenomena that depend
on the electronic structure in such an intricate way that they are difficult to be modelled
via effective potentials. Examples include the treatment of polarization effects(Alber,
1998), many-body effects (such as those which are responsible for the planarity of n
‘ systems(Hutter et al., 1996a)) and, most importantly, the simulation of bond-
forming/bond-breaking processes. These may be more reliably modelled by ab initio
quantum-chemical methods. In this respect first principle density functional theory (DFT)
is emerging as a very powerful technique to study biomolecular systems, as it can
describe relatively large systems accurately (in particular, it includes correlation effects)
at the computational cost usually significantly lower than post-Hartree Fock methods. In
particular, use of gradient correction for the exchange-correlation functional has opened
the route to an accurate description of H-bonding(Klein, 2001; Tuckerman et al., 1997;
Moiteni and Parrinelio, 1998; Silvestrelli and Parrinello, 1899a; Bruge et al,, 1899), a
crucial interaction in biochemical systems(Diaz et al., 2000; Sagnella et al., 1996)
(Carloni and Rothlisberger, 2000).

Motivation of the present work

In this thesis we further explore the capability of first principle methods to provide
insights on drug/target interactions in different contexts.

In the first part of this work, we address the issue whether DFT methods can be used as
a potential tool for drug-screening. First principle calculations are particularly interesting
for screening the energetics of drugf/target interactions, as they do not involve the
painstaking procedure of developing each set of new parameters for each novel drug. In
this context, we use ab initio methods as a novel tool to determine a scoring function in

6
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a series of prodrug / target (herpes simplex type 1 thyimidine kinase) complexes for
gene-therapy based anticancer approaches. This work, accompanied by experimental
data provided by Prof. Folkers’ Lab (ETH, Zurich) provides a new, very simple, ab initio-

based approach to the construction of scoring functions for drug-screening.

In the second part of the thesis we investigate the capability of DFT to describe non
trivial interactions which are encountered in several ir;hibitor/enzyme complexes of
pharmaceutical interest. Clearly, the description of these non-trivial phenomena might
require the use of electronic structure methods. Here we present an example of cation-n
interaction found in the human immunodeficiency virus reverse transcriptase (HIV-1
RT), one of the major targets for anti-AIDS therapy(Furman et al., 2000)). Furthermore,
we provide a description of the hydroxyl-r interactions in the active site of p-glutathione
S-transferase(Xiao et al., 1996) (u-GST), whose differential expression has been
implicated in the development of cancers as well as their resistance to

chemotherapeutic drugs ((McCallum et al., 2000) and reference therein).

Finally we present a classic problem treated by quantum-chemical methods: the
simulation of an enzymatic reaction. We focus on a class of cysteine proteases, the
caspases. These enzymes are extremely important targets for pharmaceutical
intervention in therapies against Alzheimer’'s and other neurodegenerative processes,
yet very few inhibitors have been so far designed. Since an important class of inhibitors
is the given by the transition state analogs, it is of importance to fully understand the
enzymatic reaction, that is the hydrolysis of peptides. Because of the crucial importance
of temperature and environment(Karplus, 2000; Glennon and Warshel, 1998; Varnai
and Warshel, 2000; Villa et al., 2000) effects for enzymatic catalysis, we use here a
hybrid Car-Parrinello Molecular dynamics / Molecular mechanics approach recently
developed in the Lab of Prof. U. Roethlisberger (Laio et al., 2001). This technique
allows to evaluate the intermolecular interactions at the active site from electronic
structure calculations as the simulation proceeds(Car and Parrinello, 1985). Steric and
electrostatic effects of the protein scaffold on the quantum region are included using
classical MD approach on the rest of the system. The free energy of the process is
calculated using a thermodynamic integration approach(Ciccotti et al., 1989; Carloni et
al., 2000; Piana et al., 2001).




Introduction

This thesis is organized as follows. The first chapter provides a description of the used
computational techniques. The following chapter describes the systems investigated
here and summarizes our findings. The subsequent three chapters are devoted to a
detailed description of my thesis work. In a final chapter we draw some conclusions and

provide a perspective for possible future applications, which could follow this work.



Chapter 1

Methods

Computér simulations are a powerful tool to predict molecular properties that are
inaccessible to experiments, once the reliability of the molecular models, force fields
and computational procedures has been established. _

Here | will describe the computational chemistry techniques used in this thesis. | will first
- outline the basic formalism of density functional theory and Car-Parrinello molecular
dynamics. Then | will give a brief introduction to classical MD simulations, with particular
reference to GROMOS force field. Finally | will briefly describe the QM/MM approach

used in the caspase reaction simulation.
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1.1 Density Functional Theory

1.1.1 The Hohenberg-Khon theorems and the Kohn-Sham method

Density functional Theory is an exact theory of the ground state of a many particle
system. The mathematical formulation was given by Hohenberg and Kohn(Hohenberg
and Kohn, 1964) (HK) in the mid-1960s and it allows to replace the Scrodinger equation
for the N-electron wave function with a computational scheme involving the electron
density p(r).

Hohenberg and Kohn (HK) theorems state the uniqueness of the ground-state density
p associated with a given external potential vex (e.g. the one exerted by the nuclei on
the electrons) and the variational character of the density energy functional.

The total energy E =<y | H |y >, in term of the density p(r) reads:

E[p)=TIp1+V.[p1+ V. [p1=TIpI+V, [P+ [drv,, (r)p(r),

where T[p] is the kinetic energy, V,[p] is a term representing the electron-electron
potential energy. For a given trial density p, such as p>0 and Jﬁ(r)der the

variational principle reads:

E,<E,[p].

As consequence, the existence of a universal density functional, F,,[p]= Tipl+V, [Pl
independent from the external potential v, was established. However, the exact form of
Fyk is not known.

Based on the variational character of the functional, the ground state density and

energy can be calculated, in principle, by minimization procedures.

2 [etpr-ulfarpry-n)=0

A practical scheme for the solution of equation (1) was given by Kohn and Sham(Kohn
and Sham, 1965), in which one-electron orbitals were introduced to describe the
electron density. They defined a non-interacting reference system of Hamiltonian H; for

which the ground state density is exactly p:

N N
H, =2(——£—Vﬁ)+§;vs(r,«)
j=1 j=

10
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For that system both the density and the kinetic energy are well defined in term of single
particle wavefunction i '

N
p()= Y lw,(r) (2)

i=1

N
T[pl= > <w,|-1V* |y, >

i=1

The idea was that in such way the kinetic energy can be computed simply to good
accuracy, leaving a small residual correction that is handled separately.

The HK functional can be written in terms of the non-interacting kinetic energy as follow:

Fg {P]——— TS[P]"'J[p]'*Exc [P]

where

Elpl=1lpl-Thlv.-Jl]

is the exchange and correlation energy containing the difference between T and 7, and
the non-classical part of V.

The Euler-Lagrange equations become:

_OEu(p] _ ST [p]
A= S0 vf” O o)
veﬁ'(r) = Veu (r) + jdl" _E—gr_),— + Vie (l’)
lr—r

| (3)

where v, = M is the exchange-correlation potential. By substituting p (eq. 2) in eq.

&p(r)

3 one obtains the N one-electron equations:
[—%Vz TV (r)}Wp: gV, i=1,N

which can be solved self consistently to obtain p ed E.

1.1.2 Exchange-correlation energy: From LDA to GGA

To solve KS equation an explicit form for the Ei[p] is required. The search for an
accurate form is still an open challenge in the DFT community. The simplest
approximation for E.[p] was proposed by Khon and Sham(Kohn and Sham, 1965) in

1965 and assume that the exchange-correlation energy per electron at a point r is equal

11
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to the exchange-correlation energy per electron in a homogeneous electron gas that

has the same electron density at the point r. It follows that
E'[p]= [drp(r)el™ [p(r)]
where g™ is the exchange and correlation energy per particle of a uniform electron

‘gas of density p(r). The corresponding exchange and correlation potential becomes:

wa( oy OB d(p)
xe P)=m—8xc[P(r)]+P(l‘) -

In LDA, corrections to the exchange-correlation energy due to the inhomogeneities in

v

the electronic charge density around r are ignored. Considering this inexact nature of
the approximation, it may at first seem somewhat surprising that such calculations are
so successful. This can be partially attributed to the fact that LDA gives the correct sum
rule to the exchange-correlation hole. That is, there is a total electronic charge of one
electron excluded from the neighborhood of the electron at position r.

LDA has proved useful and reasonably accurate in many systems, such as metals and
semiconductors. However it fails, for example, in hydrogen-bonded systems, where
spatial variations in the electron density are too rapidly varying to be described
adequately by LDA. Thus, the investigation of biomolecules requires approximations
other than LDA, where E,. is approximated by an expansion in higher order terms of the
density gradient (general gradient approximations (GGA)). If we consider only the first

order gradients, the exchange-correlation energy can be written:
3
E.[p]=[d'ro()t(p,Vp).

In our calculations we used the gradient corrections approximations (GCA) of
Becke(Becke, 1988):
2

Ef :EfDA—ﬁJPM}———*—x—.‘—T“'dl‘, With:x=lv‘53|
(1+6p sinh™x)

The J parameter was obtained by fitting E, values obtained by atomic Hartree-Fock
calculations for noble gas atoms(Becke, 1988).

For the correlation energy we have used the parameterization introduced by Lee, Yang
and Parr (LYP)(Lee et al., 1988; Colle and Salvetti, 1975)

E, =—a".__1:1_1;m§.{p+bp—2/3[cpp5/3 -2, +(';’tw +T]8_V2p)]e-cp—l/3) }Zr

12
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2
where C, = 2 (32%)% tW(r)=%IV§E?! _1V?p and a=0.049, b= 0.132, ¢ = 0.2533, d =
r

0.349.
The BLYP approximation has been successfully used in a variety of H-bonded systems

((Bruge et al., 1999) and references therein).

1.1.3 Basis set for the electronic orbitals

When considering a periodic system a natural approach to solve the Kohn-Sham

equations, is to expand the KS in terms of plane wave (PW) basis set.

Each Bloch function wf‘ of band i and momentum k results an infinite sum of the form:
v[lk (r) — cik+Gei(k+G)-r ,
~

where k belongs to the first Brillouin zone of the crystal, and G is a reciprocal lattice
vector.

This approach offers the advantages that results may be systematically converged with
respect to basis set by variation of a single parameter, namely the cut-off energy E.,, for

the kinetic energy 7°7.
T =%[k+G F<E,

Because the non-local nature of the plane waves, usually a large amount of basis
function is necessary. On the other hand the use of plane waves permits the use of Fast
Fourier Transform (FFT) techniques which are computationally efficient. Moreover PW
are free of basis set superposition errors and allow computation of the total energy of

different atomic arrangements with the same accuracy.

Use of the plane waves is not indicated to reproduce the rapid oscillations of the wave
function in closeness of the atomic nuclei. In particular the core electrons, which are
highly localized around the nuclei, need a very large set of plane waves for an accurate
description of chemical bonds. However, the core levels are well separated in energy
from the valence electrons, and they do not play a role in the chemical bonding

properties of the system.

13
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Thus, the core electron orbitals can be omitted from the KS equations and their effect
on the valence electrons is described by using effective potentials (the

pseudopotentials).

Pseudopotentials are usually derived from all electron (AE) atomic calculations,
comparing the AE wave function with the pseudo wave function obtained by omitting the
core electrons and including the pseudopotential term. Norm-conserving

pseudopotentials needs to satisfy:

()  The valence AE and pseudopotential eigenvalues must be the same. ¢ =¢/" .

‘(ii) The valence pseudo-wavefunction should contain no nodes. This requirement

avoids the undesired spatial oscillation associate to the presence of nodes.

(i) The atomic radial pseudo R/”(r) and AE radial R (r) atomic wave functions
with angular momentum / must be identical beyond a chosen cutoff r;.
R (r)=R/*(r) forr>r,

(iv)  The charge enclosed within ry for the two wave functions must be the same:
j]R,PP (r)’|2 rzdrzj]R,AE ()} ¥idr.
0 0

The last requirement guarantees the transferability of the pseudopotential, by means
the independence from the chemical environment. Several pseudopotential recipes
have been proposed(Kerker, 1980; Bachelet et al., 1982; Vanderbilt, 1985). In our
calculation we follows the implementation of Troullier and Martins(Troullier and Martins,
1991). These pseudopotentials are accurate also for atoms for which the use of
previous pseudopotential was restricted, like first row atoms, transition metals and rare

earths.

In simulating molecular cluster a common procedure is to choose a large cell (a
supercell) around the simulated molecules, in order to reduce the interactions between
the system and its images. In our calculation we used a procedure that allows treating
the system as isolated. In particular for the calculations of chapter 3 and 4 the
procedure of Barnett and Landman(Barnett and Landman, 1993; Hockney, 1970), while
for the calculation in chapter 5 the approach of Martyna(Martyna and Tuckerman, 1999)

was used.

14
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To reinforce the non- periodic boundary conditions the one electron wavefunctions are

expanded in plane waves within the cell

1 ; L
v, =—=3 C,(g)® for r inside the cell
N
v, (r)=0 for r outside the cell

with the boundary condition that both y,(r) and Vy,(r) are negligibly small at the cell

borders.

1.2 Car-Parrinello Molecular Dynamics

1.2.1 The Car-Parrinello Lagrangian and the equation of motion

In classical mechanics the Lagrangian can be written in terms of the dynamical
variables which normally are atomic positions and velocities. The Car-Parrinello
Lagrangian can similarly be written, but also includes a term for the electronic

wavefunction:
L= z%,u“l,[/,-(r)l?- dr+Y + MR - Effy, J{R ]|+ EAU ((Wi(r)‘l‘//j(l‘» - 5,_1)

where 1 is a fictitious mass which is associated this the expansion coefficients of the
Kohn-Sham electronic wavefunctions and E is the Kohn-Sham energy functional. This is
analogous to the usual form of the Lagrangian where the kinetic energy term is replaced
with the fictitious dynamics of the wavefunctions and the Kohn-Sham energy functional
replaces the potential energy.

A,are the Lagrange multipliers associated with the constraint necessary to ensure
orthonormality of the one electron wavefunctions during the dynamics
[wi o dr =3,

In terms of molecular dynamics, these can be thought of as additional forces on the

wavefunctions, which maintain orthonormality throughout the calculation.

From L, it follows that the Lagrange equations of motion are:

15
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0 oL _ oL
6t oy Sy
S8 _dL
|6t R 6R
7, (r) = =Hy g, (1) + 2, 4w, (1)
J
< (4)
IR LAY
| dR

In general the nuclear trajectories generated by equation (4) and those obtained from
the classical lagrangian of the physical system do not coincide, unless E[fy, } i}l is at
the instantaneous minimum. However, the parameter u and the initial conditions
fv.},. 4.}, can be chosen in such a way that the time scale for the electronic degrees of
freedom is much shorter than that of the nuclei. If in this case, and in the presence of
particular conditions on the electronic spectrum of the HKQ such as a gap at the Fermi
level, the nuclear trajectory, initially lying on the Born-Oppenheimer surface will deviate

from it only after a very long time.
A schematic view of such an ionic trajectory is given in Fig. 1.1.
Plane of constant {R }

D Twmjectory

E BQ, Sicfaxe

E[{¥] [R,}]

Figure 1.1 A schematic view of jonic trajectory, according to CP dynamics, on the BO.

In other words by appropriately choosing p and {y,}.{r} it is possible to put the

coupled electronic and ionic systems into a metastable state, in which the system
behave without significant energy transfer from the electronic to the ionic degrees of
freedom, with the electrons following adiabatically the nuclei remaining close to the BO

surface.

16
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In such a metastable state meaningful temporal average on ionic degrees of freedom
can be computed. It can be shown that by approximating Hgs with a linear operator the

dynamics generated by (4) will consist of a superposition of harmonic modes with

/2{3* —¢)
frequency equal to @, =,/————= where the lowest frequency to be compared to the
‘ H

2F i
ionic one is £ where E, is the electronic energy gap. For the systems investigated
U

in this thesis, E; is of the order of some eV, resulting in well-separated energy scales for

ions and electrons.

To integrate the equations of motion over discrete time intervals & the Verlet(Swope et
al., 1982) algorithm was used. With this algorithm the position at time {+6t is calculated
as:

r(t+8t) = r(t) + 6t (1) + 1 87 (1)

and the velocities are calculated as:

(1 + Ot) = £(6) + L St[E(f) + ¥#(¢ + 8]

1.2.2 Constant temperature simulations: The Nosé thermostat.

Constant temperature MD can be obtained: by coupling the ionic degrees of freedom to
a Nosé thermal bath(Nose, 1984) which provides an additional term in the Lagrangian:
L'=L+K,,, -V

Nose Nose *

K,  =1Qs* is the kinetic energy, where Q is a proper parameter and s represents the
Nose 2

additional degree of freedom coming from the thermal bath. s is associated with an
extra potential energy term that reads

Ve =(F +Dk;TIns .

F is the total number of the degrees of freedom of the system. Equations of motion for

the systems become
. . T
0s = zj:mrfs - (F+ 1k, B

O can be arbitrarily chosen and its value determines the strength of the coupling; high

values of Q resulting_ in low coupling and vice versa.

17
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1.3 Classical Molecular Dynamics Simulations

In classical molecular dynamics simulation methods electronic degrees of freedom are
integrated out. The equations for the nuclei motion in (3) are obtained replacing the
electronic potential with an empirical approximation, called force field.

Here | will provide a short description of molecular dynamics methods used in

GROMOS96, which is the package simulation | mainly used in this thesis calculations.

1.3.1 Classical force field: GROMOS96

The GROMOS force field has the following form:
V = Vbon + Vnonb

with a bonded term and a non-bonded one.
Voo =Viords T Vorcies + Viar + Vg =

bon angles har tig

N, v,
= ;%Kb,{ [b,? - bozn ]2 + Z'%Ke" [cos 0, — cos@on]2 +

N N
+ i%[g [5 _ 50" ]2 + 2/1/2](% [1+ cos(8,)cos(m,o, F
n=1

n=1

The bonded term includes four different contributions representing bond stretching
(Vsonas), bond-angle bending (Vanges), (harmonic) improper dihedral (Vi) and
(trigonometric) dihedral-angle torsion (Vg).

Vnonb = VLJ +VCRF =

2 {C‘Z(i’j ) —-Cso',j)}

6
nonbonded (rlfD )

4D Y 4D 3
pairs(i, j) (r,j ) nonbonded 47580 p er
The non-bonded term include a first contribution describing the Wan der Waals

5 %{_L_%c,f(r;ﬂ)z 1-Y4¢,
pairs(i.j) " R’f

interactions and a second one describing the electrostatic interactions. For both of them
the sum is extended to all couples ij with a serie of excluded pair including neighbor
atom pairs.

The electrostatic term includes the Poisson-Boltzmann reaction field correction, which is
included to approximate the interactions over the long-range cut-off. R,,is the reaction

18
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field cut-off, distance for which the correction is zero, while C,; is the coefficient

governing the size of the reaction field term.

The GROMOS force field uses of the concept of charge group. It means that the atoms
that belong to a charge group are chosen such that their partial atomic charges add up
to 0. Defining charge groups makes the electrostatic interaction, between two groups, a
dipolar interaction which goes to 0 as 1/r* and permit to choose a smaller cut-off radius
for the electrostatics. Moreover GROMOS electrostatic calculations neglect the high
frequency components of the long-range part of Coulomb interaction with a

considerable reduction of computer time.

1.3.2 MD algorithm: Leap-frog

For the integration of the equations of motion, GROMOS uses the Leap-frog algorithm.
In this algorithm, the velocities are first calculated at time t+1/2dt, these are used to

calculate the positions, r, at time t+df.
r(t+6t) =r(t)+otv(t + %5)
v(t+ %} =v(t— %f) +a(1)é

In this way, the velocities /eap over the positions, then the positions /eap over the
velocities. The advantage of this algorithm respect to Verlet one is that the velocities are
explicitly calculated, however, the disadvantage is that they are not calculated at the
same time as the positions. The velocities at time f can be approximated by the

relationship:

v(t) = %[V([ - §2£) +v(t+ %)] .

1.3.3 Constraints using the SHAKE method

The use of holonomic constraints for chemical bonds provides several advantages:

19
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)] for high frequencies for which hv >> KgT a quantum behavior is expected and a
constraint treatment can be better than a classical description in term of harmonic
oscillators;

ii) application of constraints reduces the range of frequencies of a system
alleviating the problem of slow energy relaxation betWeen high and low frequency
modes;

iii) application of constraints will generally save computing effort. In fact the length of
the time step At in a MD simulation is limited by the highest frequency Vmax
occurring in the system of interest (At << vmay). In particular hydrogen, are
involved in the fastest bond stretching vibrations, which are often of little interest
in classical simulations of biological systems. By constraining these degrees of
freedom the time step can be therefore increased without prejudicing the

accuracy of the simulation;

The SHAKE(Ryckaert et al., 1977) method can be used to impose distance constraints.
For two given atoms k¢ and kp equations of motion have to be integrated using the

distance constraint:

o,(r) :rkfku —d,flkz =0
where the constraint distance is given by d/f,kz- Applying Lagrange’'s method of

undetermined multipliers, equations of motion become
N
mi, ==V, E-V, 3 400, @) (5)
k=1
The equation (5) is solved in GROMOS within the Leap-frog algorithm with an iterative

procedure up to fixed degree of convergence.

1.3.4 Temperature and pressure scaling

Equilibration of the system at constant temperature and pressure before the QM/MM
calculations can be achieved by constant pressure and temperature algorithms. The
one implemented in GROMOS is the weak coupling method described in the paper by
Berendsen et al.(Berendsen et al., 1984). The atomic equations of motion are modified
such that the net result on the system is a first-order relaxation of the temperature T

toward the preset reference value To.

20



Methods

ar@ _ 1 ..
2 1 (T,-T@)  (6)

Since the temperature at time t is defined in terms of the ionic velocities according to

31 1
E, (0= Z_z'mivi(t) = E‘Nq/KBT(t) )

i=1
a change in the temperature of the system can be obtained by scaling the atomic
velocities with a factor A(t), which in term of the time step At, is

%
A(t):{uchf i\f-[ Ty —1ﬂ .
‘ Ky .| T@®)

The relaxation rate is controlled by the ration of heat capacity per degree of freedom

¢¥ and the chosen relaxation time Ty
7,is an adjustable parameter and its value is chosen sufficiently small (strong coupling)

to achievé the required temperature, but sufficiently large in order not to disturb the

properties of the system by coupling to the temperature bath(Berendsen et al., 1984).

For pressure scaling methods based on the same principles as the constant
temperature schemes are used. In this case role of temperature is played by the
pressure and the role of the atomic velocities is played by atomic positions. |

The weak coupling method leads to an equation for pressure analogous to (6)

dar@) _ 1

—A(F, - P(1)).
i e (£ - P®)
The hydrostatic pressure can be defined using the virial theorem and is:

p(e) = 2B =7 0]
RZ0)

where W (¢) is the virial and ¥ (¢)is the volume of the computational box.

A change in volume of the box and so in the pressure on the box can be obtained by

scaling the atomic coordinates by a factor

Ar %
() = [1 -1, —I[P, —P(r)]] :

TP
In this case the relaxation rate is controlled by the ratio of isothermal compressibility
xrand by the chosen pressure relaxation time t,. As for 7,a proper choice should

balance between efficient of the coupling and perturbation on the system.
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Since the definition of the pressure depends on the kinetic energy, the pressure

coupling should not be stronger then the temperature coupling (7, >> 7, ).

1.4 Mixed QM/MM simulations

Hybrid QW/MM approaches combines quantum chemical methods with classical force
field environments(Warshel and Levitt, 1976; Singh and Kollman, 1986; Field et al.,
1990; Sherwood, 2000).

The Hamiltonian for the hybrid system can be written as:

H= HQM + H +HQM/MM

where Hpy is the Hamiltonian for the quantum system, Hyy, is the Hamiltonian for the
classical system and Hpuaas contains the interactions between the two parts.

Mixed QM/MM approaches have been developed applying both a semi-
empirical(Warshel and Levitt, 1976; Singh and Kollman, 1986; Field et al.,, 1990;
Bakowies and Thiel, 1996; Liu et al., 1996; Cummins and Gready, 1997; Luque et al.,
2000) and ab initio (Deng et al., 1993; Wei and Salahub, 1994; Tunon et al., 1995;
Stanton et al., 1996; Rothlisberger, 1998; Eichinger et al., 1999; Lyne et al., 1999; Pioda
et al., 2000) level of theory.

For this thesis calculations the quantum part is treated at DFT leve! with BLYP gradient

corrections, while the classical part is described by GROMOSS6 force field.

The central question concerning hybrid methods is the definition of Houma , 1.€. the way
how the quantum and the classical subsystems are interfaced. In the calculations of this
thesis a combination of Car-Parrinello molecular dynamics simulations and classical
molecular simulation is applied. In particular the approach of Laio et al. for the

electrostatic interactions (Laio et al., 2001) is briefly summarized below.

1.4.1 Bonded interactions

Saturating the valence of QM atoms. Bonded interactions involve QM atoms that are

jointed to MM atoms leaving the QM atomswith unsaturated valence orbitals. The
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solution we adopt is to cap the QM atoms with monovalent atoms described by suitable
pseudopotantials. In particular U. Rothlisberger developed a pseudopotential for
“monovalent” carbon, which accurately reproduces C-C bonds properties.

A classical van der Waals interaction is left for the boundary atoms in the quantum
system (respecting the classical exclusion rules), since this boundary atom is typically a
united atom in the GROMOS96 force filed, and has an effective size that cannot be

accounted for otherwise within a simple pseudopotential scheme.

Keeping the local geometry. The remaining bonded interactions; in particular angular
and dihedral terms involving MM and QM atoms are included in the classical force field.
These terms permit to keep the geometry at the interface, however since classical terms
have not been parametrized to describe chemical reactions, they might have limited
accuracy in cases where the boundary is strongly distorted. Rearrangements of the QM
system should not be hindered by these boundary terms that might, as in the case of

dihedral interactions extend quite far into the quantum region.

The exclusion problem. A last remark involves the problem of the exclusion. Van der
Waals exclusions are easy to handle, since this interaction is treated at a classicél level.
For the electrostatic, the effects of the nearby charges is significantly more difficult to
exclude, since the classical exclusion, that are two body terms, cannot be univocally
defined in the QM case where the interaction of the classical point charge is with the full
QM density.

In the approach we use, the exclusions are introduced by an additional term

o == A (7)

The charge ¢, is determined by a variational RESP fit at every step(Laio et al., 2001),

and since it depends explicitly on the density, the forces due to this term also act on the
density in form of a compensating field. In the total energy, boundary bonds, angles,
dihedrals and Van der Walls terms are taken into account by specifying them in the

classical Hamiltonian, while the electrostatic exclusions are given by (7).

1.4.2 Non-bonded interactions
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The non-bonded interactions include electrostatic and steric contributions between non-

linked atoms. The Hamiltonian for that contribution can be written as:

nan -bonded 2 q; J dr + 2 Vv ( (8)
ie MM - l ie MM
JjeOM

where r is the position of the MM atom i, with charge ¢,, p(7) is the total (electronic
plus ionic) charge of the quantum system and v, (;) is the van der Waals interaction

between atom i and atom .

Short range electrostatic interactions. Calculation of the electrostatic interactions
poses two main problems the first is the electron spill-out problem, and the second one
the very high computational cost for calculation of the electrostatic term in (8).

Spill-out problem comes from the possibility for the electron density to localize on the
classical point charges of the MM atoms. This problem is particularly pronounced in a
plane waves basis set approach.

A solution to the problem is found replacing the Coulomb potential in (8) with a suitable

function vj(r) such that v(r) goes to 1/r for large to a finite value for small r (see Fig. 1.2).

i \ [=real coulomb 1
2.5F |=_modified coulo;l 7

r(a.u.)

h n

1
Figure 1.2. In black v ,(r) = — (Coulomb potential) and in blue v (r) = ~— which goes as 1/r for
r

n+1
)
large value of r and goes to a finite value for small r

The electrostatic energy results:

Hy= Yq[dpew,(r=r).  (©)

ie MM
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An accurate description of hydrogens bond distances and energetics can be obtained
with the following choice for v
I‘ -
v, (") ==t
-r

o

where n=4 and , is the covalent radius of the atom j (i.e. ~ 0.4 A for hydrogen and ~
0.7 A for oxygen). The influence of the functional form of v (r) on the bonding

properties can be very dramatic. The previous choice of parameters has been tested to
provide accurate results for the structural properties of a quantum water molecule in a
box of classical water molecule without any ad hoc reparametrization of the force
field(Laio et al., 2001).

Long range electrostatic interactions. As | mentioned before, the explicit calculation
of (8) would be too expensive in a plane wave based approach. A straightforward
computation requires calculation of order N,Nuw integrals, where N; is the number of
real space grid points (of order 100%) and Ny is the number of classical atoms (usually
of order of 10000 or more in system of biochemical relevance).

A solution is found computing the exact calculation within a sphere of given radius and
using a proper approximation for the region outside. The Coulomb interactions between
the atoms outside this sphere and the QM part are simply described as the interaction
between the MM charges and the electric multipole moments of the quantum region.

Up to quadrupolar order, the electrostatic field due to p at the position 7, of the MM atom

j is given by
PO ] pe =) (7 =F*) | 1g pup (7 =F)f =F) ol £ 10
b 4*2 o] 130 P | e

where 7 is the origin of the multipolar expansion (in our implementation the geometrical
centre of the quantum system) and C,D*and Q% are the total charge, the dipole and

the quadrupole of the quantum charge distribution p.

C= Jdrp(r)
= jdrp(r)(r"‘ - F"‘)
0% = | drp (Bl =7 )e? ~77)- ) — 7 |
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Using (10) for the electrostatic interactions electrostatic Hamiltonian (9) can be

expressed as:

H, = ijjdrpe(r)vj(\r—rjb+H,, (11)

ieNN
where H, is given by

H=CY U3y Las 1307 5 Sare

enn T, a jenn T B JeNN T;
with 7 =77 —7%.
The only free parameter of this approach is Rc, which is the radius of MM atoms
explicitly included in electrostatic calculations. Tests have been performed(Laio et al.,

2001) on the convergence respect to that parameter and a suitable radius resulted

around 10 a.u. radius.

1.4.3 Potential and forces on the atoms

In the approach described, the non-bonded interactions are described by Hamiltonian
(8). Energy conserving dynamics can be performed if the potential and the force are
consistently calculated. In particular the potential is obtained by taking the functional

derivative of (11) with respectto p.

V(r)—gH qu JQr r|)+V,,(r

5[) JjeNN
where
Vlr(r).—_—%}ﬁ’—: Z qj +2(r _F )2 q/ a+ Z[(r —7 Xr —-F )—50‘5Ir";7|2]2 qéTJTJﬁ
0 ewTl; a JENN T, jenn T

The forces on the atoms can be obtained by calculating the derivative of (11) with

respect to atomic positions. In particular for je NN set the forces are:
. re —rf’ . Y
F = qjjdrp(rkj(]r - rj.l)—]-;:—'- with gj(r)z —_
j
while the forces on MM atoms not included in the NN set are:

C 1 o a o D o
F? 2‘91{[—7_3_3—5"2D g - ZQ Progh }7+}—+;—2Q £ ]

J T a J“ﬁ J o«
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The correctness of the implementation can be directly verified by monitoring the
conservation of energy for MD simulations. Some examples are given in ref.(Laio et al.,
2001) and exhibit negligible shifts.

The relevant characteristics of the method | described can be summerized in the

following points:

(1) the electrostatic coupling between the QM and MM parts is based on a fully

Hamiltonian approach;

(i)~ the occurrence of electron-spill out from the QM system onto neighboring
classical point charges is impeded by the use of a suitable modification of the

Coulomb interactions at short range;

(i)  boundary atoms involved in the chemical bonds between QM and MM part of the

system are treated with empirical monovalent pseudopotentials;

(iv)  the exclusion rules of standard (bio)molecular force field are incorporated in a

consistent manner.

1.4.4 Partitioning the system

A central step in the modelling of any system within a QM/MM approach is the
partitioning into QM subsystem and MM environment. A larger QM model increases the
accuracy and the predictive power of the simulation. Howeyer, the computational cost of
QM/MM simulation is almost completely determined by the size of the QM which, in a
plane waves approach, scales as the third power of the system size.

An appropriate partitioning strongly depends on the system under study. One of the
simplest examples for a possible choice of QM/MM partitioning is a typical
solute/solvent system in which the former is treated quantum mechanically and the
latter classical. In the specific case, the interactions between the two subsystems do not
involve any chemical bonds. The simulation of enzymatic reactions on the other hand,

involves almost invariably a quantum system that is a fraction of a larger, covalently
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bonded molecule. So treatment of cuts between QM and MM atoms become a relevant
point in a mixed approach simulation.

A good strategy in choosing QM/MM interface is to design the cut such that the QM and
MM systems have, as computed based on the force field charges, an integer charge.
Within the charge group concept used in GROMOS96, consistent cuts can be easily
defined, since charge neutrality is guaranteed as long as complete charge groups are
included in the QM system. In simulating proteins the best solution is, if possible, to cut
non-polar bonds as C-C sidechain bonds. However accurate pseudopotential can be
parameterized for specific situations in which a different bond has to be cutted. For
example a boundary C, can be parameterized to have the electronic properties that

resemble more those of the backbone than those of a methyl group.

1.5 Calculated Properties

In this paragraph | will present some of the quantum mechanical properties which have

been used as analysis instruments in this thesis.

1.5.1 Electron density shifts

A powerful instrument to investigate the chemical changes on a molecule for effect of
interaction with other molecules or with the environment is the calculation of electron

density shifts.

(i) The rearrangements of electronic density at the enzymatic active site (Ap) upon
inclusion of the protein electric field was calculated as Ap=pprotein-Po, Where pprotein
is the electronic density for the quantum system in the all protein, while po is the

electronic density for the quantum system in vacuum.

(i) The rearrangement of p upon formation of molecular complexes was calculated
as Ap=pi+2-p1-p2 Where pi42 is the electronic density for the complex and ps and

p2 are the electronic densities for single fragments.

28



Methods

(iii)  Induced dipole moments on fragments can be calculated from integrating the

induced electron density Ap over the convolution of covalent radii around each

group.

1.5.2 Maximally Localized Wannier functions

The Maximally localized Wannier functions provide a localized representation for the

electronic states which is alternative to Block orbitals.

They are defined via a uhitary trasformation of the Block function w ) (r), according to

v
()’

w,(r-R) = [ dice™ yr ()

where the labelling follows the lattice vector of the unit cell R instead that the wave
vector k. Among all the possible sets of localized orbitals, Marzari and
Vanderbilt(Marzari and Vanderbilt, 1997) basis set is the one which minimizes the total

spread of the Wannier orbitals, given by the functional:
=3 ({r),-&))

The centers (r) of the maximally localized Wannier orbitals obtained with this

procedure provide an immediate picture of electrons localization and of the chemical

properties of a bond.

The geometrical analysis of centers of maximally localized Wannier functions(Silvestrelli
and Parrinello, 1999b; Silvestrelli et al., 1998; Marzari and Vanderbilt, 1997) (WFC) is
useful to investigate the polarity of a chemical bond, as shifts of WFC along the
chemical bond correlate to differences of Pauling electronegativities(Hehre et al., 1986)
(Ay) between the atoms forming the bond. In this thesis, the WFC analysis has been
extended to the determination of changes in polarity of the chemical bonds upon
formation of the intermolecular complexes. To illustrate our procedure, let us suppose
that a chemical bond between atoms X and Y is in two different chemical environments,
labeled 0 and 1. Then an increase of AAy(X-Y)= Ay(X-Y) 1-Ax(X-Y) o indicates that

polarization toward atom X has increased on passing from 0 to 1.
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- 1.5.3 Free energy calculations

In the fifth chapter of this thesis the activation free energy of an enzymatic reaction is
calculated. In this paragraph | will briefly summarize the method | used.

The applied computational approach is based on a method developed for classical
molecular dynamics studies of dissociation of an ion pair in polar solvent(Ciccotti et al.,
1989).

In this scheme the reaction free energies are calculated as an integral of the average

force /. acting on the constraint along the reaction coordinate r.

AF(r)=F(r) = F(ry) == dr' £.(")

The MD implementation is based on the relation between the mean force and the force
on constraint required to keep the ion pair at a fixed distance during the simulation.

For the simple case of a distance constraint the force on constraint is equal to the
corresponding Lagrange multiplier

2 gl_gi>

07,45 T4

</1(r)> = fs(r) = _<

where the brackets denote an ensemble average over all configurations of solvent

atoms and ions A and B with the condition that the ions be at a specified distance 7.

In practice, the value of r is increased in small increments using the final state of the
previous simulation as the initial configuration for the next. The relative free energies for

a set of discrete values of r are obtained as a discrete calculation of the integral:

AF(r) = —j dr' (M) . (12)

The validity of equation (12) is not dependent on the nature of the interatomic forces
between A and B, and it has been successfully extended to a variety of chemical
systems calculations(Curibni et al., 1997; Meijer and Sprik, 1998a; Carloni et al., 2000).
In general in a condensed-phase system the true reaction coordinate can be a
complicated quantity, a combination of a large set of atomic coordinates. However, in
some cases, as in our specific case, it is reasonable to assume that there is one only

reaction coordinate since the other degrees of freedom influence the system on much
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more longer time-scales. In these cases the described approach can give also give

guantitative information on the reaction free energy barrier.
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Chapter 2

QOutline

In this chapter | will give an overview on the systems investigated in this thesis and for
each of them | will summerize our findings. The first paragraph will be dedicated to the
application of ab initio calculations as a method for drug screening, in particular to
characterize the HSV1-TK / substrates interactions and relate their molecular properties
to catalysis. In a second paragraph a description of cation-r and OH-r interactions in
two adducts of pharmacological interest is presented. Electrostatics and quantum
effects are described and compared in the two cases. In a third paragraph, I will
describe a study on the reaction mechanism of caspase-3, a target in the anti
Alzheimer's therapy. Both energetics and structural aspects are described. Furthermore
this study has allowed to construct a structural model of the intermediate/enzyme

complex which provide a base for design of new inhibitors.




Outline

2.1 The rational of catalytic activity of Herpes Simplex Virus thymidine

kinase: a combined biochemical and quantum chemical study

In chapter 3 of this thesis, DFT calculations are applied the rational screening of a
series of Herpes Simplex Virus 1 thymidine Kinase (HSV1-TK) drugs and inhibitors.

TK has an important role in Gene therapy —based anticancer research since it
selectively phosphorylates nucleoside analogs which can either inhibit viral DNA
polymerase or cause toxic effects when incorporated into viral DNA stopping replication
of the cancerous cells(Elion et al., 1977; Keller et al., 1981).

The motivation of our work was to relate structural properties of TKpsy1 ligands to their
chemical reactivity and try to explain the different catalytic activity of a series of drugs
presenting an apparently similar binding mode. Up to now substrates for HSV1-TK were
the simple result of combinatorial chemistry and if they have been analyzed in terms of
affinity, there was no explanation for their different catalytic behaviour.

This work was possible thanks to the large number of available crystal structures of
several drug-enzyme adducts(Bennett et al., 1999; Brown et al., 1995; Champness et
al., 1998; Prota et al., 2000; Wild et al., 1995; Wild et al., 1997).

Calculations focus on a set of ligands carrying a representative set of the large
spectrum of sugar-mimicking moieties and for which structural information of the
TKysvi-ligand complex are available (Fig.2.1 ab). On the experimental side, Prof.
Folker's group in ETH-Zurich provided us the catalytic constants of these compounds,
measured under the same experimental conditions, using an UV-spectrophotometric
assay. Calculations point to the crucial role of electric dipole moment of ligands and its
interaction with the negatively charged residue Glu225. A striking correlation is found
between the energetics associated to this interaction and the kea values measured
under homogeneous conditions (Fig.2.1c).

This finding uncovers a fundamental aspect of the mechanism governing substrate
diversity and catalytic turnover and thus represents a significant step forward to the
rational design of novel and powerful prodrugs for antiviral and TKusvi-linked suicide
gene therapies.

Thus first principle methods reveal themselves as potential tool for fast drug screening.
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In fact a simple geometry optimization for a compound in the enzyme active site and its
description in term of electronic properties would not require much more computational

cost than building up an ad hoc force field.
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Figure 2.1. Active site superposition of representative ligands of the guanine (a) and thymine (b)
series. Correlation between k., and the sugar-moiety-dipole-Glu225 electrostatic energy (electrostatic
energetics). Thymine and guanine derivative are displayed as squares and triangles, respectively.
Linear fits are also plotted (R? values are 0.954 and 0.994 of thymine and guanine, respectively).

2.2 Cation-n versus OH-r Interactions in Proteins: examples from

system of pharmacological interest.

In the next chapter, structure and bonding of a cation-n and a facet OH-rt adducts are
investigated using density functional theory with gradient-corrections for the exchange-
correlation functional. Our calculations are carried out for two specific model complexes
representing i) the thymine/Arg 72 adduct in the ternary complex of HIV-1 reverse

transcriptase (RT) with a DNA template primer and a deoxynucleoside
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triphosphate(Huang et al., 1998) ii) the Tyr6-Thr13 adduct in p-gluthatione transferase
(n-GST)(Xiao et al., 1996) (Fig. 2.2).

Both investigated systems have pharmacological relevance. HIV-1 RT is one of the
major tagets for anti-AIDS therapy(Furman et al., 2000); u-GST-differential expression
has been implicated in the development of cancers as well as their resistance to

chemotherapeutic drugs(McCallum et al., 2000) (and reference therein).

The calculations point to the fundamental role of electrostatics. In HIV-1 RT, the n
electronic density of thymine is essentially uneffected by the presence of the arginine
guanidinium group; on the contrary, tyrosine is significantly polarized by the interaction
with the hydrbxyl group and other groups present in the u-GST enzyme. The influence
of Thr13 induced-polarization on Tyr6 pKa is compared with that of other interacting
groups at the active site. Electrostatic interactions provide similar stabilization energies

~ to the two  complexes.
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Figure 2.2 (left) (a) Thymine binding site in HIV-1 RT(Huang et al., 1998) and (b) complex I used in
the calculations. (right) (a) Active site of u-GST — GS complex(Xiao et al., 1996) and (b) model
complexes Il-1ll used in the calculations.
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2.3 Reaction Mechanism of Caspases: Insights from QM/MM Car-

Parrinello Simulations

In chapter 5, | will describe a study on the energetics and the structural features of the
enzymatic reaction mechanism of caspase-3, a cysteine protease which is supposed to
play a key role in the development of neurodegenerative disease.

Caspase-3 is in fact a key enzyme in cell apoptosis and it is has been proved to be
directly involved in the neurodegeneration of the Alzheimer's disease(Fasulo et al.,
2000). Up to now research of caspase-3 inhibitors has been based only on
combinatorial chemistry but has not completely solved efficiency and selectivity
problems.

The investigationh of the enzymatic mechanism is of interest for pharmaceutical
application, as the knowledge of the transition state may provide the starting point for
the rational design of new inhibitors.

In the study of Caspase-3 reaction the requirement of quite large active site and the
necessity to include protein geometric and electric effects has led us to use a mixed car-
Parrinello/Classical Molecular Dynamics approach. We use the electrostatic treatment
of the interface developed in Rothlisberger's group in Zurich(Laio et al., 2001).

We calculated the free energy barrier of the reaction with the thermodynamic integration
method, which has been successfully used in a variety of chemical reactions(Curioni et
al., 1997; Meijer and Sprik, 1998a; Carloni et al., 2000), among which that performed by
another protease, in particular the aspartyl protease from HIV-1(Piana et al., 2001b).
These calculations show that the attack of the hydrolytic water molecule implies an
activation free energy of ca. AFa ~ 20 kcal/mol and leads to a previously unrecognized
gem-diol intermediate can readily (AFa ~ 5 kcal/mol) evolve to the enzyme products
(Fig2.3). These findings help to elucidate the striking difference in catalytic activity
between the caspase family and the cysteine protease of papain family, such as the

well studied papain and the cathepsins.
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Figure 2.3 Reaction mechanism for Caspase-3 as it emerges from QM/MM calculations. Deacylation step
precedes throught the formation of a first anionic intermediate 12 which then evolves to the neutral
tetrahedric intermediate 13. Energy barrier associated with intermediate formation and dissociation are
respectively aroound 20kcal/mol and 5 kcal/mol, respectively.
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Chapter 3

The rational of catalytic activity of Herpes Simplex
Virus thymidine kinase: a combined biochemical and
qguantum chemical study

Most antiherpes therapies exploit the large substrate acceptance of herpes simplex
type-1 thymidine kinase (TKusv1) relative to the human isoenzyme. The enzyme
selectively phosphorylates nucleoside analogs which can either inhibit viral DNA
polymerase or cause toxic effects when incorporated into viral DNA. To relate structural
properties of TKusy1 ligands to their chemical reactivity we have carried out ab initio
quantum chemistry calculations within the density functional theory (DFT) framework in
combination with biochemical studies. Calculations have focused on a set of ligands
carrying a representative set of the large spectrum of sugar-mimicking moieties and for
which structural information of the TKusys-ligand complex are available. kcat of these
ligands ha‘ve been measured under the same experimental conditions using an UV-
spectrophotometric assay. The calculations point to the crucial role of electric dipole
moment of ligands and its interaction with the negatively charged residue Glu225. A
striking correlation is found between the energetics associated to this interaction and
the ket values measured under homogeneous conditions. This finding uncovers a
fundamental aspect of the mechanism governing substrate diversity and catalytic
turnover and thus represents a sig'nificant step forward to the rational design of novel

and powerful prodrugs for antiviral and TKusvs-linked suicide gene therapies.




The rational of catalytic activity of Herpes Simplex Virus thymidine kinase: a combined biochemical and quantum chemical study

3.1 Introduction

3.1.1 Gene Therapy for Anticancer Research

The thymidine kinase from Herpes simplex virus type 1 (TKusv1) salvages (2-
deoxy)thymine (dT) into the virus’ metabolism by converting it to thymidine
monophosphate (Chen and Prusoff, 1978). In contrast to the human isoenzyme, TKysv
acts as phosphorylating agent towards a large variety of nucleoside analogs such as
(North)-methanocarba-thymidine  (n-MCT), aciclovir (ACV), ganciclovir (GCV),
penciclovir (PCV). These analogs exhibit chemical diversity for the nucleobase as well
as for the sugar-like chain moiety (Elion et al., 1977; Keller et al., 1981) (Fig. 3.3).
Substrate diversity of TKusy1 provides the molecular basis for effective and selective
treatment of virus infections. It is also exploited for gene-therapy approaches involving
TKusvs as suicide gene by anticancer intervention (Culver et al., 1992) or the control of
graft-versus-host-disease by allogeneic bone marrow transplantation (Bonini et al,
1997).

In anticancer gene therapy, viral tk genes are introduced in the tumoral cells, and then
treatment with nucleoside analogs is provided. When the phosphorylated analogs are
incorporated in the cell DNA, the elongation of the replicating DNA strand is stopped
and cell death follows (Fig.3.1). This also cause a bystander effect, so that not every
cell within a tumor has to be transduced by the tk gene in order to wipe out the tumor. .
This strategy has been evaluated for possible treatment of localized brain tumors, liver
metastases, peritoneal-based metastases, and mesotheliomas. Although the bystander
effect is a positive phenomenon associated with this approach, its unpredictability, along
with difficulties in transduction itself by vectors, has kept the cure rates low.
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Figure 3.1. Anticancer Gene Therapy. First HSV gene is introduced in the tumor cell, where it express
viral TK. Then the cell is treated with nucleoside anlogs (e.g. ganciclovir). Phosphorylated analogs block
cell DNA replication leading to cell death.
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Figure 3.2. Chemical formulas of selected (fraudulent) substrates and inhibitors of TKusy.. dT is the
natural substrate; n-MCT, ACV, PCV, GCV, AHIU, AHTMU and AZT are prodrugs; and HBPG is an
inhibitors. The 5°OH and 3’'OH groups belonging to dT and their mimics are labeled.

3.1.2 HSVTK: the structure

The recent determination of the X-ray structure of a large spectrum of ligand/enzyme
complexes (Bennett et al., 1999; Brown et al., 1995; Champness et al., 1998; Prota et
al., 2000; Wild et al., 1995; Wild et al., 1997) has opened a new avenue for the
understanding structure/function relationships as well as of the functional role of

aminoacids involved in the binding. It has emerged that the enzyme accommodates the
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nucleobase and sugar-like chain moieties in two different pockets (P1 and P2 in Fig.
3.3), interacting with the ligand by a specific and extensive H-bond network. '

Figure 3.3. X-ray structure for the thymidine kinase active site (Wild et al., 1997). P1 and P2 are the
active site portions which accommodate the nucleobase and the sugar like moiety, respectively. Water
molecules are shown as red spheres and hydrogen bonds are depicted as dotted line. dT and the amino
acids are displayed as capped sticks and are color coded (C: orange, O: red; N: blue; S: yellow). The rest
of the protein is shown as ribbon model. The picture was generated with the program SYBYL (Tripos Inc.,
St. Louis) :

In the pocket P1, the nucleobase moiety (either a thymine or a guanine ring) is
stabilized by direct H-bonds with the highly conserved GIn125 and with Arg176 by
means of two ordered water molecules. The pyrimidine ring is further fixed by a peculiar
interaction with Tyr172 and Met128 (Wild et al., 1997) in a sandwich-like orientation
(Alber et al., 1998) (Kussmann-Gerber et al., 1998) (Fig. 3.3).

In P2, the sugar-like chains interacts with the protein via its hydroxyl groups. The 3'OH
(and its mimics) forms specific H-bonds with Tyr101 and/or Glu225 (Figs. 3.3, 3.4) while
5'0H forms a direct H-bond or water-mediated interactions with Arg163, Glu83 and
Arg222 (Fig. 3.3, 3.4). In contrast, the polar C1-04’-C4’ function belonging to dT and
the correspondent ether groups of ACV and GCV interact neither wit‘h polar or charged
groups of the protein nor with the solvent; instead, they point towards a hydrophobic
region made up of the Trp88, 1le97, Met128 side chains (Fig. 3.5).
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Figure 3.4. Quantum mechanical model for dT/HSV-1 TK complex. Water molecules are represented as
red spheres and hydrogen bonds are shown as dotted lines.

3.1.3 Motivation of present work

Key aspects of nucleotide binding have been recently elucidated by theoretical (Alber et
al., 1998) and experimental (Bennett et al., 1999; Brown et al., 1995; Champness et al.,
1998: Prota et al., 2000; Wild et al., 1995; Wild et al., 1997) approaches. In contrast,
fundamental questions regarding the nature of the interactions between the ribose-like
moiety and the enzyme are still opened. First, it is rather intriguing that the accessibility
of the 5'OH mimic to the ATP cofactor is roughly the same (Fig. 3.6), yet the HBPG
molecule, which shares the same binding mode as structurally related prodrug aciclovir
(Bennett et al., 1999), inhibits the enzyme. Furthermore, it is not known why ket values
of prodrugs are much smaller than that of the natural substrate (Table 3.1) although the
protein/sugar mimics H-bonding interactions are very similar (Fig. 3.6). Finally, as
discussed above, it is rather surprising that the environment accommodating inner
sugar ring C1-04’-C4’ group of natural substrate is totally hydrophobic (Fig. 3.5).
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Figure 3.5. (a) dT-TKysys complex. Orientation of O4’ in its hydrophob/c pocket; sugar (b) and methylene
derivative (c) electric dipoles.

In this paper we address these fundamental issues by performing a combined quantum
chemical and biochemical investigation of sugar- and sugar-like moieties of substrates
and inhibitors of TKusyv1. The theoretical methodology is based on gradient-corrected
density functional theory. This approach allows an accurate description of electrostatic
and hydrogen bonded complexes (Piana and Carloni, 2000; De Santis and Carloni,
1999; Roethlisberger et al., 2000; Roethlisberger and Carloni, 1999; Alber et al., 1998),
such as those investigated here. The biochemical study involves the measurements of
the catalytic constant (kcat) of dT- and prodrugs using a modified UV-spectrophotometric
assay based on pyruvate kinase and lactate dehydrogenase(Keller et al., 1981). This
assay does not require the use of radioactively labeled compounds. This provided a set
of homogenous data, which is necessary for a proper comparison with the quantum
chemical calculation.

As we will show, the interaction between the electric dipole of the sugar mimicking
moiety and the negative charge of the conserved residue Glu225 correlates with Keat

measurements and thus, is a critical factor for the phosphorylation reaction.

Compound keat (S7)° keat in (s™) from literature keat as rate % of dT°
dT 0.348 £ 0.004 0.35° - 0.45° ’ 100%

ACV 0.115 £ 0.025 0.015%-0.101° 27%

GCV 0.100 £ 0.017 0.102¢ n.d.

PCV 0.045 + 0.019 n.d 9%

AHTMU 0.210 £ 0.048 n.d n.d.

n-MCT 0.178 £ 0.010 n.d. n.d.

AZT 0.044+0.018 0.056° n.d.

HBPG 0 o n.d.

Table 3.1. Values of catalytic activity (kca) of compounds listed in Fig. 3.2. The values are the results of
at least five independent experiments.

44



The rational of catalytic activity of Herpes Simplex Virus thymidine kinase: a combined biochemical and quantum chemical study

? This work; ° The rate in % were determined using the substrates at 250 uM (VereHodge, 1993); © in
(Pilger et al., 1999); % in (Kokoris et al., 1999); € in (Kussmann-Gerber et al., 1999); " HBPG is an inhibitor
(Xu et al., 1995); n.d.: not determined

Figure 3.6. Active site superposition of representative ligands of the guanine (a) and thymine (b) series.
a) The structure of the substrate ACV in complex with TKysys (Bennett et al., 1999) is superimposed with
that of the inhibitor HBPG (Bennett et al., 1999). It clearly shows that the inhibitor in orange shares the
same binding mode as the substrate ACV in cyan. In both cases the 50OH mimicking group are at
hydrogen bond distance from E83 and points towards the phosphate moiety of ATP. For seek of clarity
the superimposed GCV and PCV sharing the same binding mode of ACV (Bennett et al., 1999) are not
shown. H-bond network of ACV is shown as dotted line as a representative for all guanine derivatives b)
The structure of the natural substrate dT (cyan) ligated to TKusys (Champness et al., 1998) is
superimposed with this of TKusy.:n-MCT (Prota et al., 2000) (orange). Both natural substrate and the
prodrug share the same binding mode with the 5’OH mimicking group pointing towards E83. AHTMU and
AZT (Bennett et al., 1999) have the same binding mode and they are not shown for clarity.

H-bond network of dT is shown as dotted line as a representative for all thymine derivatives in respect to
the base and the 5°OH position. In contrast, the interaction of 3*OH mimicking group with £E225 and Y101
varies depending on the ligand. All residues of the TKusy1:HBPG and TKysy:n-MCT which take the same
conformation as in TKysy:ACV and TKysv1.dT, respectively were omitted for seek of clarity.

3.2 Methods

3.2.1 Biochemical essays

Materials. PreScission protease was purchased from Pharmacia. AZT and reagents for
enzyme assays were obtained from Sigma. Strain BL21 (Pharmacia) served as
expression host. n-MCT and PCV were kindly provided by Dr. Marquez (NIH, Bethesda,
USA) and Dr. Johannsen (Forschungszentrum Rossendorf Institute of Bioinorganic and
radiopharmaceutical Chemistry research center, Rossendorf, D) respectively. 5-
Trifluoromethyl anhydrohexitoluridine (AHTMU), an AHIU analogues, and HBPG were
gift of Dr. De Clercq (Rega Institute Katholike Universiteit Leuven, Be) and Dr. Wright
(University of Massachussets, USA), respectively. ACV and GCV were purchased by
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Glaxo-Wellcome and Roche, respectively. dT was obtained from Fluka.

Expression and purification of TKysv1. TKusv1 was expressed as gluthathion-S-
transferase-fusion protein in competent E. coli BL21 using the vector pGEX-6P-2-TK
(Prota et al., 2000). The protein was purified by gluthathion-affinity chromatography
followed by on-column PreScission protease cleavage using a previously described
~ protocol (Prota et al., 2000). Purification was monitored by SDS-PAGE and led to a > 90
% pure TKpsvi , which was directly used for kea determination. Total protein

concentration was measured using the Bio-Rad Protein Assay (Bio-Rad).

Spectrophotometric assay for Kcat determination. An UV-spectrophotometric test
based on a lactate dehydrogenase - pyruvate kinase coupled assay (Keller et al., 1981)
was employed to monitor ADP formation during substrate phosphorylation. The
concentration of ATP and the ligands were 5 mM and 1 mM, respectively. These
concentrations are at least five time higher than the binding affinities of the studied
compounds allowing the measurement of Vimax and thus of Keat (Keat = Vmax/[E]). The
change in Absorbance at 340 nm was recorded over time and correlate with the Keat of
the analyzed substrates for which values were known from the literature and allows the
determination of kpat for compounds that are not available in the radiolabelled form
(Table 3.1).

3.2.2 Quantum chemical calculations

Our structural models for quantum chemical calculation on the sugar moiety of dT-,
ACV-, GCV-, PCV-, n-MCT- and HBPG- TKusys were constructed from the
correspondent crystal structures (Pdb-entries: 1kim, 2ki5, 1ki2, 1ki3, 1e2k, 1ghi)
(Bennett et al., 1999; Champness et al., 1998; Prota et al., 2000). The resolution of the
structures ranges from 1.7 to 2.4 A.

The structure of AHTMU-TKyusvs has not been solved yet, while the structure of the
complex AHIU-TKysv1 is known (Pdb entry: 1ki6) (8). AHIU is chemically and structurally
extremely} similar to AHTMU (Fig.3.2): the two analogs differ only for the group at
position 5 of the nucleobase ring (a iodine in AHIU, a CF3 in AHTMU). All available
structural data show that this substitution does not affect the binding orientation of the
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sugar mimicking moiety (Champness et al., 1998). The initial configuration of AHTMU is

therefore built from this X-ray structure.

The X-ray structure of the AZT-TKpsy1 complex is not available and therefore one has to
resort to theoretical structural models. Here we used molecular dynamics based models
reported earlier (Christians et al., 1999).

The complexes included the sugar-like moieties of the ligands and part of side chains of
all the groups directly interacting with it or forming water-mediated hydrogen bonds
(Tyr101, Arg163, Glu83 and Glu225, Arg222). Trp88, 1le97, Met128 side chains, were
not included as i) they would have dramatically increased the size of our model
complexes; ii) they do not contribute significantly to the electrostatic interactions (the
focus of the present work) as they form only weak hydrophobic contacts with the sugar;
iii) the position of these groups is essentially the same in all the complexes investigated
here (Bennett et al., 1999; Champness et al., 1998; Prota et al., 2000) and therefore
their contribution is expected to be rather constant. Hydrogen atoms were added
assuming standard bond lengths and bond angles. In Fig. 3.4 the quantum-mechanical
model for dT, the natural substrate, is shown in details. The overall charge of our

complexes is 0.

Calculations were performed within the framework of density functional theory (DFT)
(Hohenberg and Kohn, 1964) in its Kohn and Sham (Kohn and Sham, 1965)
formulation. In this approach the use of gradient corrections is crucial for correctly
describe hydrdgen bond interactions. Here we used the prescription of Becke, Lee,
Yang and Parr as it has been shown to provide an accurate description of water and
hydrogen bonding in biological systems (Piana and Carloni, 2000; De Santis and
Carloni, 1999; Molteni et al., 1999; Alber et al., 1999). The basis set consisted of a
plane wave basis set up to a cutoff of 70 Rydberg, the interactions between valence
electrons and ionic cores being described by pseudopotentials of the Martins-Troullier
type (Troullier and Martins, 1991). Only the gamma point was used. The dT-TK complex
was inserted in orthorombic box of edges 14x15x16 A®. Similar box sizes were used for
all the other complexes. In all circumstances the separation between periodic images
was at least 6 A. However the Coulombic interaction between images was screened
using the approach of Barnett et al. (Barnett and Landman, 1993). Geometry

optimization was performed using the direct inversion iterative subspace (DIIS) (Pulay ,
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1980). Co. atoms were constrained to crystallographic position to take into account for
the reduced mobility of residues due to protein environment. A similar procedure has

been reported elsewhere. (Piana and Carloni, 2000)

The electronic structure was described with the geometrical analysis of centers of
maximally localized Wannier fuhctions (WFC) (Silvestrelli et al., 1998; Silvestrelli and
Parrinello, 1999; Marzari and Vanderbilt, 1997). This analysis is useful to investigate the
polarity of chemical bonds, as WFC shifts are related quantitatively to the differences Ay
of Pauling electronegativities (Hehre et al., 1986) with respect to the non interacting
compounds(Alber et al., 1999): an increase of Ay corresponds to an increase of
polarization of the electronic density in the X-Y bond toward the most electronegative
atom X. Effects of protein electric field were estimated through a comparison of
Wannier-centers shifts for the system in vacuum or in the presence of the protein
electric field. The procedure was identical to that of ref.(Piana and Carloni, 2000)
Interaction energies between the substrate and the active site are calculated within the
central dipole approximation (Leach, 1996) where the dipole is the result of the quantum
calculation. Interaction energy was calculated as Echarge-dipole= (§ u-R)/(4neoR3), where R
is the distance vector between the centers of charges of the sugar moiety and the
residue of charge &, p is the dipole moment for the sugar moiety.

Even if the expansion is limited to large distances between two interacting groups, this
model can provide quantitative results for a comparison between systems which have
similar geometries. We have reported the energetics in arbitrary units.

3.3 Results

3.3.1 Catalytic Activity of TKusv1 .

The catalytic activity of TKusy1 with the compounds listed in Fig. 3.2 was measured
under the same conditions. Table 3.1 shows that the measured k¢t of dT agrees with
those reported in literature (Kokoris et al., 1999; Pilger et al., 1999). Also the ket of ACV
corresponds to that measured in two independent laboratories (Kussmann-Gerber et al.,
1999; VereHodge, 1993). In the literature a value of 0.015 (s is also reported for ACV
(Kokoris et al., 1999), but in considerat"ion to the new reported values this seems to be
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an outliner. The ket values of GCV and PCV are also congruent with the literature
values (Kokoris et al., 1999; VereHodge, 1993). The same agreement has been found
for AZT whose kg value is 0.044 (s‘1). The Keat values of the new compounds AHTMU
and n-MCT have been reported here for the first time.

3.3.2 Quantum Chemistry Calculations

Overall, the geometry of the complexes are in very good agreement with the
experimental structural data as shown by the low root mean squared deviation values
between experimental and optimized structures (Table 3.2). In particular Table 3.3
shows that the structural parameters of the geometry optimized systems are in good
agreement with éxperimen’ta! data. Thus, our first principle approach appears to
reproduce very reliably the structural properties of the adducts. Geometry optimization
permits also us to establish the H-bond network between the substrate and the enzyme
which is crucial in determining the electrostatic properties of the adducts and which is

only indirectly deducible from the crystal structure where H are missing.

Compound RMS (A) Keat (57) Dipole(D) Dipole-GLU225 Dipole-ARG163
energy energy
dT 0.19 0.348 + 0.004 1.74 -4.5 © =31
ACV 0.26 0.115 £ 0.025 1.96 -1.6 -2.2
GCV 0.27 0.100 £ 0.017 1.74 -1.3 -3.4
PCV 0.35 0.045 £ 0.019 1.31 0.0 -0.4
AHTMU 0.26 0.210 + 0.048 0.40 -1.0 -0.4
n-MCT 0.17 0.178 £ 0.010 2.83 -1.0 -4.9
AZT 0.24 0.044 £ 0.018 3.26 4.9 4.7
HBPG 0.15 0 1.74 0.8 -2.0

Table 3.2. Structure, catalytic activity and electrostatic interactions in ligand-TKysy; complexes. RMS
deviations between X-ray and optimized structure are reported in A; dipole moments in Debye. Glu225-
and Arg163- sugar-like chain interactions are reported in arbitrary units.

Enzyme-sugar interactions. One of the most important physical properties of polar
molecules such as ribose and its analogs is given by their electric dipole moment. Fig.
3.7 offers a visual representation of the calculated dipoles projected to the geometry-
optimized structure. The dipole of the sugar moiety of the natural substrate aligns

strikingly to the negatively charged Glu225 group. Interestingly, the dipoles of most the
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prodrugs investigated here also point to this residues. The calculated stabilization
energy resulting from the electrostatic interaction is maximum for the natural substrate
(Table 3.3). The dipoles of AZT and the inhibitor HBPG do not point towards the

negative residue and as a consequence the interaction energy is repulsive.

EZZS‘Y E225 3\
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Figure 3.7. Electric dipoles of HSV-1 TK sugar like chains. dT (a), n-MCT (b), AHTMU (c), AZT (d), AGV
(e), HBPG (f), GCV (g), PCV(h).

Angle

Bond length (A) (degEe) Torsional angle (degree)

05-C5 1.48 (0.01) 05-C5-C4 110 (-2) 05-C4-C3-C2 56 (6)

C5-C4 1.52 (0.01) C5-C4-C3 116 (5) C5-C4-C3-C2 -105 (-14)

C4-C3 1.57 (0.06) C4-C3-C2 103 (0) C4-C3-C2-C1 -36 (10)

03-C3 1.44 (0.04) 03-C3-C4 110 (6) C3-C2-C1-04 46 (9)

C3-C2 1.54 (0.02) C3-C2-C1 100 (-4) 03-C3-C2-C1 81 (17)

C2-C1 1.52 (0.04) C2-C1-04 104 (8) C2-C1-04-C3 -39 (-20)

C1-04 1.47 (0.01) C1-04-C4 106 (-13) C1-04-C4-C3 15 (23)

04-C4 1.48 (0.05) 04-C4-C3 106 (8) 04-C4-C3-C2 14 (-17)

Table 3.3 dT/TK optimized structure: bond lengths, angles and torsional angles of the sugar moiety.
Deviations from the crystallographic structure are shown in brackets.

In an attempt at correlating electrostatic interactions with kinetics data, we first
subdivide the compounds in two major classes. The first includes the compounds
bearing a thymine- or a thymine substituted base (namely dT, AHTMU, n-MCT and
AZT); the second those bearing guanine (ACV, HBPG, GCV, PCV).

The subdivision is necessary as the computational model did not include the base and
consequently the “electrostatic calculations do not consider the contributions of the
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nucleobases (Alber et al., 1998), whose dipole moments are different but additive . Fig.
3.8 points out the correlation between the interaction energy dipole-Glu225 and the
catalytic constant of the studied ligands appears clearly. The slope of the linear fit
depends from the type of sugar mimicking moiety of the ligand. The additivity of the
sugar like chains and nucleobase dipoles is confirmed by a rigid shift between the linear

fit for the guanine and thymine derivatives (Fig. 3.8).

Electrostatic energetics
(arbitrary units)
B

[ 0.05 0.1 0.15 0.2 025 0.3 0.35 04

Kcat (5-1)

Figure 3.8. Correlation between k. and the sugar-mojety-dipole-Glu225 electrostatic energy
(electrostatic energetics). Thymine and guanine derivative are displayed as squares and triangles,
respectively. Linear fits are also plotted (R® values are 0.954 and 0.994 of thymine and guanine,
respectively). -

The role of Arg222, Arg163 and Glu83 interacting groups. Although there is no
direct correlation between the ket and the interaction Arg163-Dipole, the calculated
interaction between Arg163 and the sugar is important, consistently with previously
published mutagenesis experiments (Black and Loeb, 1993). From the crystallographic
and mutagenesis studies, Arg222 and Glu83 are essential elements of the kinase
machinery, Arg222 forms the anion hole with Arg220 to make the phosphate atom more
electrophilic and Glu83 behaves as base on the O5' atom causing an increase in
nucleophily. Thus, it is not surprising that Arg222- and Glu83-Dipole interactions
appears not to have any direct correlation with ke (data not shown) being their

influence based on a totally different mechanisms.

Sugar/TKusys hydrophobic interactions. Our calculations have pointed to the crucial
role of the electric dipole moment of the sugar moieties. We now address to the
following question: In the natural substrate, is the polar C1-O4’-C4’ (which faces a

hydrophobic pocket, Fig 3.5a) important for the correct orientation of the dipole? To

! The contribution of the nucleobase of the nucleotides to the dipolg interaction results additive, even if different for thymine and
guanine. Since the chemical bond between the nucleobase and the sugar moiety is non-polar we have verified the additivity of the

51



The rational of catalytic activity of Herpes Simplex Virus thymidine kinase: a combined biochemical and quantum chemical study

answer this question, we calculate the change of electric dipole associated to
replacement of O4’ with the CH, apolar group (Fig.3.5b). Our calculation show that the
resulting dipole is both smaller and different in orientation relative to the sugar moiety
(Fig 3.5b,c). We conclude that the polar function is essential for a correct alignment of
the dipole to E225 charge.

Protein environment effects. The field of the protein may be very important for the
chemistry of the active site of this and other enzymes (Warshel, 1998). Here we
estimate the effect of the protein frame by comparing the electronic structure of the
complexes in vacuum with those in the presence of the protein. A convenient
representation of the electronic structure is given by the Wannier functions, whose
centers (WFC) represent chemical concepts such as lone pairs and chemical bonds.
Fig. 3.9 shows that there is no appreciable displacement of the WFC; so that it is
possible to conclude that main contribution to the interaction is included in the model we

have chosen for quantum mechanics calculations.

Figure 3.9. Electronic structure of dT/HSV-1 TK
active site: the Wannier centers (Silvestrelli et
al., 1998: Silvestrelli and Parrinello, 1999;
Marzari and Vanderbilt, 1997) in the presence
and in the absence of the protein electrostatic
potential are represented as yellow and green
spheres, respectively.

nucleobase and sugar moiety dipoles.
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3.4 Discussion and Conclusion

Deciphering the binding mode of prodrugs to the enzyme and their catalytic turnover
may help to rationally design more and potent prodrugs for antiviral therapy to
overcome the problems of resistance or to be used in enzyme-prodrug gene therapy as

well as improve variants of TKysv4 for gene therapeutic approaches (Encell et al., 1999).

The mechanisms ruling binding affinities toward TKnsy1 have been previously presented
(Champness et al., 1998; Prota et al., 2000; Alber et al., 1998; Perozzo et al., 2000).
However, (Prota et al., 2000)the intriguing question posed by the recently published
crystal structure of the inhibitor HBPG (Bennett et al., 1999) as to what is the structural
basis for the different properties between inhibitor and substrate sharing the same
binding mode remained open. This issue prompted us to perform a combined
biochemical and quantum-chemical study. Two key parameters have been considered,
on the one hand binding affinity and on the other hand catalytic turnover.

Because not all ket values were available and some conflicting kinetics results had
been reported in the literature (Table 3.1), the catalytic activity of TKysys towards all
ligands have been measured under the same experimental conditions. In this way, a
homogeneous set of measured ke, values have been obtained and compared with the
calculations.

The calculated sugar’dipole points to Glu225 and the resulting stabilization energy
correlates strikingly with the catalytic activity (Fig. 3.8). These results are consistent with
a previously published study on E225L TKysys. Indeed this mutant exhibits a loss in
binding affinity proportional to the loss of one hydrogen bond and more interesting a

dramatic drop in catalytic activity (Pilger et al., 1999).

Glu225 contributes to the binding affinity of the prodrug by H-bond interactions with the
3’OH group (Brown et al., 1995; Champness et al., 1998; Prota et al., 2000; Wild et al.,
1995; Wild et al., 1997). Our calculations point to its important role in catalysis derived
from its interaction with the dipole. In contrast no correlation have been found between
the calculated terms and binding affinity expressed as K;or Ky.

This type of calculations are very straight forward and can be extended in the future to
new compounds. )

Being electrostatic the dominating component of the sugar-like chain/profein
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interactions and correlations, one might think about using molecular mechanics
calculation for performing similar studies. We performed such calculation on some of
the complexes and indeed the results are very promising (data not shown). These
calculations however required the development of the force filed parameters of the
prodrugs, which in turn required quantum chemical calculation. Therefore, the
calculation effort using force field methodologies is not reduced compared to the
quantum chemical calculation. On the other hand, the latter, being a parameter-free

approach, allows an automatic procedure to study prodrug/enzyme interactions.

Our study provides also a rationale for the presence of polar group in the hydrophobic
pocket of the enzyme (Fig. 3.5). Indeed, replacement of the 04’ with a CH; group ether
provides a dramatic reduction and change of orientation of the dipole (Fig 3.5b,c), which
in turn could decrease the stabilizing dipole/Glu225 interactions.

In conclusion we indicated a substrate-enzyme molecular interaction which shows to be
relevant to catalysis. We have shown a nice correlation between dipole-charge
(substrate-Glu225) interaction and catalytic activity which candidates this electrostatic
contribution as stabilizing mechanism for catalysis. Up to now all prodrugs have been
the result of nucleobase or sugar moiety substitution with the only rational guide of
mimicking the sugar moiety assuming the importance of elements such as the O4’ but
not knowing the exact roie. With our work we suggest a guide eieimieit in the rationai

design of novel nucleosides analogs having an increased phosphorylating activity.

54



Chapter 4

Cation-nt versus OH-rt Interactions in Proteins

In this first chapter, structure-and bonding of a cation-n and a facet OH-r adducts are
investigated using density functional theory with gradient-corrections for the exchange-
correlation functional. Our calculations are carried out for two specific model complexes
representing i) the thymine/Arg 72 adduct in the ternary complex of HIV-1 reverse
transcriptase (RT) with a DNA template primer and a deoxynucleoside
triphosphate(Huang et al., 1998) ii) the Tyr6-Thr13 adduct in p-gluthatione transferase
(uL-GST)(Xiao et al., 1996). We find that electrostatic interactions play an important role
and pr.ovide similar stabilization energies to the two © complexes. In HIV-1 RT, the ©
electronic density of thymine is essentially uneffected by the presence of the arginine
guanidium group; on the contrary, tyrosine is significantly polarized by the interaction
with the hydroxyl group and other groups present in the u-GST enzyme. The influence
of Thr13 induced-polarization on Tyr6 pKa is compared with that of other interacting

groups at the active site.



Cation-n versus OH-r interactions in proteins

4.1 Introduction

The role of on-face interactions of m-rings for molecular recognition processes and
protein folding is now widely recognised(Burley and Petsko, 1986; Scrutton and Raine,
1996: Shoemaker et al., 1990; Dougherty, 1996; Ma and Dougherty, 1997; Stauffer et
al., 1990; McCurdy et al., 1992; Shi et al., 1994; Poralla et al., 1994; Abe and Prestwich,
1995: Poralla, 1994; Barak et al., 1997; Ermer and Eling, 1994; Allen et al., 1996;
Suzuki et al., 1992; Rodham et al., 1993; Kashino et al., 1988; Waksman et al., 1992;
Atwood et al., 1991; Jedrzejas et al., 1995; Ji et al., 1992). Aromatic groups interact with
charged side-chains in cation-nt complexes(Burley and Petsko, 1986; Scrutton and
Raine, 1996; Shoemaker et al., 1990; Dougherty, 1996; Ma and Dougherty, 1997;
Stauffer et al., 1990; McCurdy et al., 1992; Shi et al., 1994; Poralla et al., 1994; Abe and
Prestwich, 1995; Poralla, 1994; Barak et al., 1997, Poralla, 1994) and, more
rarely(Barak et al., 1997), with NH(Ermer and Eling, 1994; Allen et al., 1996; Suzuki et
al., 1992: Rodham et al., 1993; Kashino et al., 1988; Waksman et al., 1992; Atwood et
al., 1991) or OH(Jedrzejas et al,, ‘1995; Ji et al.,, 1992) H-bond donors in facial H-
bonded complexes. |

Ab initio quantum chemical calculations at the Hartree-Fock (HF)(Mecozzi et al., 1996a;
Mecozzi et al., 1996b), HF-MP2(Minoux and Chipot, 1999; Duan et al., 2000;
Tarakeshwar et al., 1999; Liu et ai., 1993) and B3LYP(Caidweii and Koiiman, 1995)
levels of theory have provided useful insights on the nature of the binding. Stabilization
of the complexes is believed to arise from electrostatics interactions(Mecozzi et al,
1996b: Mecozzi et al., 1996a; Duan et al., 2000; Caldwell and Kollman, 1995), involving
the m-ring quadrupole and either the positive charge (in cation-n complexes)(Caldwell
and Kollman, 1995) or the NH or OH dipoles (in facial H-bonds). Additional non-
electrostatic terms, from charge polarization and donation(Minoux and Chipot, 1999;
Caldwell and Kollman, 1995; Schneider, 2001; Schneider et al., 1992) (in cation-nt
complexes) to covalent interactions, exchange forces(Tarakeshwar et al., 1999) (in

facial H-bonds) may also play a significant role.
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Here we aftempt at dissecting key facets of cation-n and facial H-bond interaction
properties by performing first principles quantum-chemical calculations on two
representative examples of cation- and OH-n complexes present in enzymatic active
sites. The first is the Arg17-thymine complex (Fig. 4.1a) in human immunodeficiency
virus reverse transcriptase (HIV-1 RT)(Huang et al., 1998). The second is the Thr13-
Tyr6 complex in p-glutathione S-transferase (u-GST)(Ji et al., 1992; Xiao et al., 1996)
(Fig. 4.2b), a class of enzymes catalyzing the nucleophilic attack of glutathione anion

sulfur (GS-) to a variety of aromatic compounds.

Figure 4.1. Thymine binding site in HIV-1
RT(Huang et al., 1998) (Figure made with
the Molscript program(Kraulis, 1991,
Kraulis, 1997) (a)) and (b) complex I used
in the calculations.
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Figure 4.2. Active site of u-GST — GS complex(Xiao et al., 1996) (Figure made with the Molscript
program(Kraulis, 1991; Kraulis, 1997) (a)) and (b) model complexes lI-IV used in the calculations.

Calculations are carried out at the same level of theory so as to allow a meaningful
comparison of structural and electronic properties of the two systems. We use gradient-
corrected density functional theory (DFT) with planewaves basis-set, which has already
revealed itself as a powerful tool to describe structure and bonding of rather large
complexes representing substrate/enzymes adducts(Carloni et al., 1995; De Santis and
Carloni, 1999; Rothlisberger et al., 2000; Rothlisberger and Carloni, 1999; Segall et al.,
1998a; Segall et al., 1998b; Segall et al., 1998c; Segall et al., 1999; Alber, 1998,
Pantano et al., 2000; Molteni et al., 1999; Armstrong, 1998).

4.2 Calculation details

4.2.1. Model Complexes.

Complex | (Fig. 4.1 (b)) was built from the ternary catalytic complex of HIV-1 with a
substrate (dTTP) and the DNA-primer and template(Huang et al., 1998) (entry 1RTD in
the Brookhaven Database(Bernstein et al., 1999)) (Fig. 4.1). It included the Arg72
- guanidinum group and deoxy-thymidine triphosphate, modeled as deoxy-thymidine
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monophosphate.

Complexes lI-IV (Fig. 4.2 (b)) were built starting from the X-ray structure of rat p-GST
(EC 2.5.1.18) complexed with GS™ at 2.20 A resolution(Xiao et al., 1996) (entry 6GST in
the Brookhaven database(Bernstein et al., 1999)) (Fig. 4.2). The complexes included
the following groups: Tyr6, Thr13 (ll), Tyr6, Thr13, Arg17, GS™ (Ill), Tyr6, Thr13, Arg17,
GS’, Leu12, (IV). The latter groups were modeled as cresol, methanol, methyithiolate,
guanidinium and formamide, respectively?. Tyr6 hydroxyl group and glutathione were
assumed protonated and deprotonated, respectively, as suggested by kinetic solvent
deuterium isotope(Huskey et al., 1991) and by MP2 ab initio calculations(Zheng and
Ornstein, 1997).

4.2.2 Computational Details.

The quantum problem was solved within the framework of DFT. Becke, Lee, Yang and
Parr (BLYP)(Becke, 1988; Lee et al., 1988) gradient corrections were used for the
exchange-correlation functional. The basis set for the valence electrons consisted of
plane-waves expanded up to a cutoff 6f 70 Ry. The interaction between valence
electrons and ionic cores were described by norm-conserving pseudopotentials of the
Martins-Troullier type(Troullier and Martins, 1991). Our models were treated as isolated
systems as in ref. (Barnett and Landman, 1993). Complexes |, lI, lll, IV were inserted in
orthorombic simulation cells of lattice parameters 11.0 x 10.0 x 11 A, 11.5x 12.0 x 10 A
,14.0x16.0 x 13.0 A, 15.0 x 18.2 x 12.8 A, respectively. All non-hydrogen atoms were
kept fixed to the crystallographic coordinates as in Ref (Liu et al., 1993). Geometry
optimization was performed using the direct inversion iterative subspace (DIIS)

method(Pulay , 1980) for both electronic and ionic degrees of freedom.

Some calculations included the external electric potential @ of the u-GST- GS™ / water
system. ® was added up to the external potential due to the nuclei-electron interactions.
In atomic units, ©(r) = Z; q; /(ri-r), where g; are the RESP(Bayly et al., 1993; Cornell et

al., 1995) atomic point charges at the atomic position r;.

All calculations were performed with a parallel version- of the Car-Parrinello(Car and

2 Arg17 guanidinium group was also included in 1I-IV to ensure electroneutrality to these systems.
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Parrinello, 1985) code developed by J. Hutter et al.(Hutter et al., 1996b).

4.2.3 Calculated Properties.

(i)

(i)

(i)

Polarization effects. Shifts of electron density throughout the entire regions of
the complexes (Ap) were calculated as the differences between the densities of
the complexes and those of the fragments forming the complexes(Gu and
Scheiner, 1999). The resulting integrated charges on single groups (Aq) were

calculated by integrating positive and negative contributions of the charge on

“spheres centered on nonhydrogen atoms with a 2 a.u. radii.

Polarity of chemical bonds. The geometrical analysis of centers of maximally
localized Wannier functions (WFC)(Silvestrelli et al., 1998; Silvestrelli and
Parrinello, 1999b; Marzari and Vanderbilt, 1997) is useful to investigate the
polarity of a chemical bond, as shifts of WFC along the chemical bond correlate
to differences of Pauling electronegativities(Hehre et al., 1986) (Ay) between the
atoms forming the bond(Alber et al., 1999). In this paper, the WFC analysis has
been extended to the determination of changes in polarity of the chemical bonds
upon formation of the intermolecular complexes. To illustrate our procedure, let
us suppose that a chemical bond between atoms X and Y is in two different
chemical environments, labeled 0 and 1. Then an increase of AAy(X-Y)= Ay (X-Y)
1-Ax(X-Y) o indicates that polarization toward atom X has increased on passing

from 0 to 1.

Electrostatic energy. Interaction energies between two moieties 1 and 2
(thymine and arginine guadininium in I and threonine and tyrosine in lI-IV) were

calculated as a multipole expansion up to the sixth term:

E= Echarge(t)-charge(2)t Echarge(1)-dipole2) *+Edipole(1)-charge2)* Edipole(1)-dipole(2)* Echarge(1)-

quadrupole(2) T Equadrupole(1)-charge(2) =
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&1&2/(4neoR)+(E1 PaR)/(4meoR%)+ (2 pa-R)/(AmeoR%)+((pa-i2)/R® =3(1a-R)
(h2'RY/R®)/(4meo)+ £1Qa(3c08%01—1)/(8negR%)+ E2Q1 (3c0s?0,—1)/(8neoRY).

Where: R is the distance vector between the centers of charges of the two
moieties; & and &zare the charges of moieties 1 and 2; 6, and 6, are the angles
defined by R and the quadrupole eigenvectors; ; and p, are dipole momenta for
the moiety 1 and 2. They are calculated from the electron density. Q; and Q, are
quadrupole 3x3 tensors (calculated as: Qu=ZjgxX; Qu=ZigXy; Qe=Zgxz;
Qu=Ziayyy; Qe=Ziqixz;; Qzz=Zjqjz;z)) Where q, are the RESP charges(Bayly et al.,
1993; Cornell et al., 1995) of atom j located at position rj=(Xj,Yj,Zj)3 (see
ref.(Leach, 1996)).

As the expansion is limited to large distances between two interacting groups,
this model cannot provide quantitative results. Indeed, it is used here exclusively
for a comparison between the two systems (RT and p-GST active sites) which

have similar geometries.

It is well established that in cation-apolar aromatic complexes only the charge-
quadrupole term plays a role(Ma and Dougherty, 1997). Even though thymine has a
non-negligible permanent dipole, the charge-quadrupole term is expected to provide by
far the leading contribution in complex I: simple symmetry considerations suggest that
the dipole-charge contribution must be small (Fig. 4.3). Consistently, explicit
calculations of Egjpole-charge Shows that this is about one order of magnitude smaller than
Echarge-quadrupote- 1N complex 11-1V, Echarge-charge™ Edipote-charge =Equadrupole-charge =0. Thus, the

largest contribution is that due to dipole-dipole interactions.

s Qundrupole moments of apolar aromatic rings may be rather underestimated in DFT(Meijer and Sprik, 1998a). Test calculations of
the quadrupole moment at the 6-31G* Hartree-Fock — MP2 level (using the Gaussian98 program)(Frisch, 1995) provided similar
risults and the correspondent quadrupole/charge terms calculated with DFT and MP2 agree within 20 %.
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Figure 4.3 Charge-dipole interactions in complex I thymine ring dipole (w) is practically orthogonal to the
position vector r connecting thymine and Arg 72 centers of charges.

4.3 Results

In this section, we investigate cation- and OH-  interactions in two specific systems, the
Arg72-thymine cation-nt complex in HIV-1 RT (Fig. 4.1) and the Thr13-Tyr6 OH-t
complex in u-GST (Fig. 4.2). Comparison is also made, within the density functional

theory framework, between facial and standard H-bonds.

4.3.1 The Arg72-thymine complex in HIV-1 RT

Structural Propefties. Geometry optimization of complex | was performed keeping all
non-hydrogen atoms fixed to the crystallographic coordinates. As a test calculation,
complex | was also fully geometry-optimized (maximum gradient on the nuclei 5-10°
®a.u.). The results, in terms of chemical bonding, charge polarization and electrostatics
(i.e. the quantities calculated in the text), exhibit negligible differences with those of the
partially optimized structure. For istance, the total integrated polarization charge Aq (see
Calculated Properties section below) are 0.61 and 0.65 electrons for the partially and
fully optimized structures, respectively. Fig. 4.4 points out the structural similarities

between fully- and partially- optimized structures.
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Fig. 4.4. Comparison between fully (blue) and
partially (red) geometry-optimized structures of
complex 1. In the partially optimized structure, only
the hydrogens atoms have been energy-minimized.

The arginine residue lies flat in a stacking conformation with a thymine ring‘ in a rather
common pattern of arginine - = adducts(Ma and ‘Dougherty, 1997) (Fig. 4.1a) (minimum
Arg/thymine distance ~ 4 A). Arg72 guanidinium forms also two standard H-bonds to the
phosphate group (d(Hn21-01)=1.65 A, d(Hn22-02)=1.90 A). Hydrogen atoms of the
guanidinium group lose their planarity so as to optimize the interaction (Fig. 4.1b)
(maximum deviation of arginine from planarity 29°). Similar structural features have

been found in other contextes(Hutter et al., 1996a).

Binding. A simple electrostatic model indicates that quadrupole/charge interactions
stabilize the complex by ~1.5 kcal/mol. In this system, even if thymine ring dipole (u) is
relevant, it is practically orthogonal to the position vector r connecting thymine and Arg

72 centers of charges and so the dipole-charge interaction is negligible (see Fig. 4.6).

Quantitative estimation of electrostatic interactions is not possible as the domain of
validity of the model is limited to large distances between the two moieties. Similar
contributions may be expected also for Phe- and Tyr-Arg complexes characterized by

similar binding mode and Arg-r ring distance.
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Figure 4.5. The cation-r complex: Electronic
density difference map for complex 1. Green
regions represent loss of electronic density as a
result of formation of the complex, relative to the
isolated moieties. Magenta regions refer to
mcreased density. The contour shown is 0.005 &
/au’.

The thymine ring is not polarized. Fig. 4.5, which plots the density difference upon
formation of the complex, shows that polarization effects are sizeable only for the
Arg72-phosphate moiety.

The phosphate group affects dramatically the polarity of arginine NH bonds mvolved in
H-bonding: the calculated electronegativity difference (Ay) on passing from isolated
fragments to the complex are as large as Ay(Nn2-Hn22)=0.17 and Ax(NnZ-HnZ‘l):
0.67, that is, on the same order of magnitude of the change of polarity between the CH
in methane to the N-H bond in ammonia(Alber et al., 1999).

While electrostatics interactions play a fundamentai role, covalent contributions appear

to be negligible, as evinced by an analysis of the orbital characters.

Fig. 4.6. Charge-dipole interactions in complex I: thymine ring dipole (w) is pract/cally orthogonal to the
position vectorr connecting thymine and Arg 72 centers of charges
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4.3.2 The Thri13-Tyr6 complex in u-GST

Structural properties. In the active site of the enzyme-substrate complex (Fig. 4.2a),
Thr13 hydroxyl group is believed to form a facial H-bond with the Tyr6 ring(Liu et al.,
1993), but the precise orientation of the OH group is not known. In our structure with
optimized hydrogens positions, the hydroxyl group forms an angle of 59° with the ring
plane and it points toward the inner region of the tyrosine ring close to the carbons in
ortho position with respect of the OH group (Fig. 4.7a). Its distance to the Tyr6 ring is
short (2.15 A). ,
Tyr6 interacts also with other groups in the active site, by forming conventional H-bonds
with the substrate (GS-) and with Leu-12 (Fig. 4.2).

Binding. The largest contribution to electrostatics is provided by the interaction
between the Try6 and Thr13 dipoles, which turns out to be oriented in an almost
completely antiparallel fashion (Fig. 4.7a). Because of the orientation of the dipoles and
of the proximity of the OH group to Tyr6, the dipole/dipole stabilization energy turns out
to be as large as ~ 1kcal/mol, that is of the same order of (albeit smaller than)
quadrupole-charge interactions in cation-r complexes. In contrast, the Tyr6 quadrupole-
Thr13 dipole term is very small and does not contribute significantly to the overall
interaction. Indeed, this term is a higher order in the multipolar expansion and
decreases with a higher power of distance r than the dipole/dipole term (see

computational section).
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Figure 4.7. The OH-r complex: (a) Electrostatic
interactions: orientation of Thr13 and Tyr6 dipoles
(red arrows, calculated values 1.7 and 1.3 D,
respectively). (b) Electronic density difference
map for complex ll. Green regions represent loss
of electronic density as a result of formation of the
complex, relative to the isolated moieties.
Magenta regions refer to increased density. The
contour shown is 0.0015 e7/au’ .

Thus, we conclude that the complex is stabilized by favorable dipole-dipole interactions,
comparable in strength with quadrupole/charge interactions in cation-t complexes.
These findings may provide a rationale for previous MP2 calculations, which indicated
that energetics depend dramatically on the orientation of the threonine hydroxyl

group(Liu et ai., 1993).

While no charge transfer is observed, the aromatic ring experiences significant
polarization effects, its integrated charges being ~ 0.01 e7; this may be caused by the
short distance between the threonine hydroxyl group and the tyrosine ring. Inclusion of
groups interacting with Tyr6 (the GS- substrate anion and Leu12 backbone unit
(complex IV) increases these polarization effects (Tyr6 charge ~0.08 ).

To further investigate polarization on the m-ring induced by Thr13 and the other
interacting groups, we calculate the changes in polarity of the Tyr6 aromatic CH bonds
upon formation of the active site complex. Polarity changes are calculated based on the
maximally localized Wannier Functions (see computational section), which by definition
are not suited to describe delocalized bonds. Thus, our analysis cannot be extended to
tyrosine ring CC CO and OH bohds, which are partially or totally delocalized.
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Model Complex Ax(CH)
II'in vacuo 0.0026
1 in vacuo 0.0030
IV in vacuo 0.0037
IV with electric field of residues within 8 A from Tyr6 center of charge 0.0075
IV with electric field of the entire protein 0.0064

Table 4.1. The OH-r complex: Shifts of Pauling electronegativity(Hehre et al., 1986) Ax(CH) as a result of
formation of the OH -r complex, relative to isolated Tyr®.

Table 4.1 shows that on binding to Thr13, these are more polarized toward the
nonhydrogen atom relative to the gas phase. Additional polarization is achieved by
including also the H-bonds with GS- and the Leu12 backbone unit (Table 4.1).

The Table shows that also other residues at the active site play a significant role,
whereas long-range effects are small: the polarization of the residues within a sphere of
8 A radius from Tyr6 center of mass are even larger than the total polarization. An
important contribution of the strong polarization is likely to be due to Glu29, which is
the only charged group within the sphere radius. .
We conclude that the OH facial H-bond does polarize the ring, and that interacting

groups at the active site dramatically increase polarization.

Also in this case, analysis of the orbital character suggests that covalent contributions

do not play a significant role.

4.4 Discussion and Conclusions

In this study we have used first principles calculations to characterize the electronic
properties of the specific OH- and cation- 1 complexes.

In the OH-m complex, our multipole expansion electrostatic model points to the
previously unrecognized crucial role of Thr13-dipole/Tyr6-dipole interactions. The
dipole-dipole stabilization energy term turns out to be on the same order of magnitude
of the most important term in the cation-n complex, that is the charge/quadrupole
contribution (~1kcal/mole). This is consistent with the fact that, in the multipole
expansion, the two terms are expected to be on the same order of magnitude. As DFT

fails in reproducing dispersion attractions, our study; cannot provide information on this
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contribution(Krystian and Pulay, 1994)

The charge/quadrupole contribution appears considerably larger than the dipole/dipole
interaction, yet, because of the limitations of our model (see computational section)
energies can only be approximations of the complex set of interactions that take place

within a protein molecule. For this reason, only qualitative trends can be sought.

Novel information is also obtained on polarization effects. While these do not play a
significant role for cation 7 interactions, as they are relatively large upon formation of the
OH--rt adduct, possibly as a consequence of the close proximity of the OH group to the
aromatic ring. In contrast, charge donation is ih_stead not observed. Standard H-bonding
(Fig. 4.6) involves even larger polarization effects than the facial H-bond. Electron
density difference maps of CH---O(Gu and Scheiner, 1999) have shown that also this

type of H-bonding involves rearrangement of the charge.

Our calculations provide further support to the proposal that Thr13 acts as electron-
withdrawing group toward the aromatic system(Liu et al, 1993), as the OH dipole
polarizes the aromatic CH bonds toward the carbon atoms (Table 4.1). Polarization is
increased if the substrate and other groups i‘nteracting with Tyr6 are included (Table
4.1). Thus, the presence of Thr13 is expected to stabilize the tyrosinate anion relative to
its conjugate base, consistent with previous MP2 calculations, which point to a
significant increase of GS™ proton affinity upon Thr13 binding to Tyr6(Liu et al., 1993).
Thus, these and the previous calculations provide independently a rationale for the
decrease of GS™ pKa in mutants on the 13 position where the OH group has been
eliminated (T13 u-GST A, T13 p-GST V, T13 u-GST S)(Liu et al., 1993). Furthermore,
our calculations suggest that several other groups present at the active site are also
very important for lowering Tyr6 pKa, from GS™ (as previously proposed(Zheng and
Ornstein, 1997; Liu et al., 1993)) to Leu12 amide group and Glu29. We conclude that
the protein appears to be engineered so as to enhance Tyr6 acidity.

In summary, several conclusions can be drawn by the present study. First, electrostatic
contributions are comparable in the two complexes. Second, the & electronic density is
significantly polarized (though less than a standard H-bond) by the interaction with the
OH group but it is not by interacting with the ¢ charged group. Finally, in the OH-r

complex, protein environment is crucial for charge polarization and Tyr6 acidity.
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Chapter 5

Reaction Mechanism of Caspases: Insights from

QM/MM Car-Parrinello Simulations

Caspases are fundamental targets for pharmaceutical interventions in a variety of
diseases involving disregulated apotosis. Here, we present a QM/MM Car-Parrinello
study of key steps of the enzymatic reaction for a representative member of this family,
caspase-3. The hydrolysis of the acyl-enzyme complex is described at the density
functional (BLYP) level of theory while the protein frame and solvent is treated using the
GROMOS96 force field. These calculation§ show that the attack of the hydrolytic water
molecule implies an activation free energy of ca. AFa ~ 20 kcal/mol in good agreement
with experimental data, and leads to a previously unrecognized gem-diol intermediate
that can readily (AFa ~ 5 kcal/mol) evolve to the enzyme products. Our findings assist in
elucidating the striking diﬁerence in catalytic activity between caspases and other
structurally well-characterized cysteine proteases (papains and cathepsins) and may

help in the design of novel transition-state analog inhibitors.
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5.1 Introduction

Several strategies for therapies against diseases involving disregulated apoptosis (such
as Alzheimer's(Shimohama, 2000), Parkinson's(Jordan et al, 2000), and
cancer(Kaufmann and Gores, 2000)) are based on inhibition of caspases(Talanian et
al., 2000), a family of cysteine proteases involved in all apoptosis pathways(Salvesen
and Dixit, 1997). Twelve different caspases have been characterized so far(Talanian et
al., 2000). Although the activity and specificity patterns of these enzymes are clearly
distinct(Ventimiglia et al., 2001), their overall reaction mechanism is expected to be
highly analogous(Wilson et al., 1994). In fact, all caspases recognize specific four-
residue sequences and they cleave with essentially no exception peptide bonds located
~ after an Asp group (Fig. 5.1). In addition, the 3D structures of caspases determined so
far (caspases 1(Rano et al., 1997; Okamoto et al., 1999; Wei et al., 2000; Huang et al.,
2001),3(Rotonda et al., 1996; Mittl et al., 1997; Lee et al., 2000; Ried! et al., 2001),
7(Wei et al., 2000; Huang et al., 2001), and 8(Watt et al., 1999; Blanchard et al., 1999;
Xu et al., 2001)) are highly homologous and structurally alike(Walker et al., 1994) (Fig.
5.2a). Finally, the conformational properties of th'e two catalytically relevant residues (a

Cys and a His residue(Fersht, 1997)) are very similar (Fig. 5.2a).
£
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Figure 5.1. The reaction mechanism of peptide hydrolysis catalyzed by caspases.(Wilson et al., 1994) (a)
Reaction step I, nucleophilic attack of the catalytic Cys to the substrate backbone leading to the formation
of the acyl-enzyme complex. The peptide bond which is cleaved follows an Asp group.(b) Reaction step
Il, nucleophilic attack of WATC fo the acyl-enzyme leading to the products. 11 and I2 are the reaction step
intermediates for the two steps of the reaction. In caspase-3, the oxyanion pocket is constituted by the
amid-protons of Gly238 and Cys285; the catalytically relevant residues are Cys285 and His237; the H-
bond acceptor group X is the Thr177 backbone(Rotonda et al., 1996).

Since it is a successful strategy to design new selective inhibitors based on transition
state analogs(Liu et al., 1996), it is of importance to fully understand the details of the
enzymatic reaction and in particular, to characterize the structural and electronic
properties of the activated complexes. So far, the mechanistic aspects of the enzymatic
reaction of caspases have solely been inferred from indirect evidence drawn from
structural information on enzyme/inhibitor complexes. The postulated mechanism is a
straightforward adaptation of the generic protease picture(Fersht, 1997) (Fig. 5.1). In the
first step, the thiol group belonging to the catalytically active Cys residue (Fig. 5.1a) is
deprotonated by a histidine acting as a general acid. The resulting thiolate species.
attacks the carbonyl carbon of the aspartic peptide bond forming a first tetrahedral
intermediate (I1 in Fig. 5.1a). The oxyanion group of |1 is believed to be stabilized
through additional hydrogen-bond interactions with two backbone amide groups,
constituting the so-called oxyanion pocket. Protonation of the a-amide nitrogen by the

-catalytic histidine leads to the cleavage of the peptide bond, release of the C-terminal
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product fragment and the formation of an acyl-enzyme complex. In the second step of
the reaction, a water molecule from the solvent forms an H-bond with the catalytic His
(WATC in Fig. 5.1b). WATC performs a nucleophilic attack on the carbonyl carbon of
the acyl-enyme complex forming a second tetrahedral intermediate (12). The reaction
proceeds by protonation of the covalently linked cysteine and subsequent release of the
free sulfhydryl group and the final carboxy product (Fig. 5.1b). During the reaction, the
acidity of the catalytically relevant histidine may be enhanced through interactions with
H-bond donor(s) (X in Fig. 5.1), potential third members of the catalytic triad(Fersht,
1997).

To provide a detailed description of key steps of the enzymatic reaction, we have
undertaken a theoretical study on one exemplary member of the caspase family, the
downstream caspase-3. This enzyme is especially amenable for such an investigation
since it acts as one of the central death executioner and as such is involved in virtually
every model of apoptosis.(Porter and Janicke, 1999) It is also implicated in a large
number of human diseases for which either excessive (such as in the case of ischemic
damage and neurodegenerative disorders) or insufficient (e.g. for cancer and
autoimmune diseases) apoptosis occurs(Talanian et al., 2000). Caspase-3 exhibits a
large substrate diversity, as it cleaves a variety of proteins involved in cell maintenance
and/or repair, among them poly(ADP-ribose) polymerase, p21-activated kinase 2,
gelsoiin, and DNA-dependent proiein kinase.(Cohen, 1887, Liu et al., 1887, Enari et al.,
1998) Finally, it is one of the best biochemically and structurally characterized
isoenzymes. In particular, the crystal structure of the human isoenzyme complexed with
the aldehyde tetrapeptide Ac-DEVD-CHO (Ac = acetyl group) is available(Rotonda et
al., 1996). The structure is similar to the acyl-enzyme intermediate of Fig. 5.1b. Thus, it
offers a particularly suitable starting point for an investigation of the second reaction
step, namely the nucleophilic attack of WATC to the acyl-enzyme complex. In fact, this
structure contains the natural substrate recognition sequence (DEVD) covalently bound
to Cys285 with only minor differences with respect to the acyl form of the enzyme.

The theoretical tool used in this investigation is a mixed quantum mechanical/molecular
mechanical (QM/MM) Car-Parrinello(Car and Parrinello, 1985) approach, in which the
essential groups participating in the reaction are treated using an electronic structure
method. The rest of the protein is described within the framework of a classical force
field description (Laio et al., 2001). In this way, the forming and breaking of chemical
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bonds during the reaction can be simulated directly within a fully dynamical description
that takes explicit account of the steric and electrostatic effects of the protein
environment. The free energy of the process is calculated using a thermodynamic
integration technique(Ciccotti et al., 1989). The same method has previously been
applied successfully for a variety of enzymatic reactions(Curioni et al., 1997; Meijer and
Sprik, 1998b; Carloni et al., 2000; Piana et al., 2001).

Our simulations show that the attack of the hydrolytic water molecules involves an
activation barrier of ca. 20 kcal/mol that is compatible with experimental
measurements(Stennicke and Salvesen, 1997). However, at variance, with the
postulated textbook mechanism, the hydrolysis proceeds via a gem-diol intermediate
that readily forms the final products. Thus, our calculations provide structural models of
the involved transition states and intermediates, which in turn might serve as possible
templates for the design of new specific inhibitors for caspase-3. Furthermore, our
investigation helps to elucidate different mechanistic'aspects between caspases and
other cysteine proteases of the papain family, such as papain(Drenth et al., 1968;
Kamphuis et al., 1984) itself, which has been the first to be crystallized and other
cysteine proteases of interest as pharmacological target, such as cathepsins B(Musil et
al., 1991; Jia et al., 1995; Turk et al., 1995; Yamamoto et al., 2000), L(Coulombe et al.,
1996; Guncar et al., 1999), K(Zhao et al., 1997; Yamashita et al., 1997; Thompson et
al., 1997), H(Guncar et al., 1998), and S(Fengler and Brandt, 1998), Trypanosoma
Cruzi enzyme cruzain(Gillmor et al., 1997; Brinen et al., 2000); bleomycin hydrolase and
deubiquitinating enzyme(Johnston et al., 1997; Johnston et al., 1999).
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Figure 5.2. (a) Caspase 3/Ace-DEVD-COH inhibitor 3D structure(Rotonda et al., 1996). Left: The global
folding, which is identical to that of all the other caspases whose structure has been determined
(caspases 1(Rano et al., 1997; Okamoto et al., 1999; Wei et al., 2000; Huang et al., 2001),3(Rotonda et
al, 1996; Mitt et al., 1997; Lee et al., 2000; Riedl et al., 2001), 7(Wei et al., 2000; Huang et al., 2001),
and 8(Watt et al., 1999; Blanchard et al., 1999; Xu et al., 2001)). The enzyme consists of two identical
subunits composed of two chains, which are folded in a compact cylinder. The fold is dominated by a
central core of a six—stranded B-sheet flanked by two helices on one side and three on the other. The
active site region is indicated with a yellow circle. Right: Active site, the groups relevant to catalysis
(Cys285, His237, Ser178 and Thr177, substrate) are reported as cylinders. The y; and x, conformational
torsion angles of His237 are also displayed. In all the inhibitor/caspase complex structures, d(Cys285-Sy
His237-N;) ranges from 5.6 A(Rotonda et al., 1996) to 6.3 AMittl et al., 1997) while the Ramachandran
angles of His237 remain around x~ -80° and x: ~110° throughout. (b) Model of the acyl-
enzyme/substrate complex. Left: 3D Structure and chosen reaction coordinate for the hydrolysis reaction.
Right:: Atom labeling, H-bond interactions and T1 and T2 torsion angles. The last provide WATC
orientation respect to the acyl-enzyme carbonyl. (c) Model of intermediate I3 as obtained from QM/MM
simulations. Left: 3D structure and constraint coordinate for the decomposition of the intermediate; Right:
labels and H-bond interactions.

In (b) and (¢), QM and MM atoms are drawn as cylinders and sticks, respectively. The C, (Cys285), Cq
(His237) and C, (Val3’) are boundary atoms. (described with monovalent pseudopotentials) at the QM/MM
interface indicated with an arrow.
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5.2 Computational details

5.2.1 Structural Model for Reaction Step 2.

The structure of caspase-3/Ac-Asp1’Glu2’Val3'Asp4’-CHO(Rotonda et al., 1996)
presents the fold typical for caspases (Fig. 5.2a). It also contains the preferred
recognition motif of caspase-3 (DEVD). It differs from the acyl complex of Fig. 5.1b only
by two features, the replacement of carbonyl group of Asp4’ with a CHO group and the
absence of the catalytic water (WATC in Fig. 5.1b). Thus, to construct our initial model
of the acyl-enzyme (Fig.‘ 5.2b), the hybridization of the Asp4’-C is changed into sp2 so
that the Asp4’-CO bond points towards the oxyanion pocket, which is formed by the
amide nitrogen atoms of Gly238 and Cys285. In this way, the orientation of Asp4’-CO is
assumed to be in the most likely arrangement for the deacylation reaction to
occur(Wilson et al., 1994) (Fig. 5.2b). Furthermore, the water molecule WATC is added
in such a way as to form H-bond interactions with Asp4’- and His237.

Hydrogen atoms, invisible to the X-ray diffraction experiment, are added assuming
standard bond lengths and angles. The system is immersed in a box of edges 86.6 x
73.3 x 76.4 A containing 12,858 water molecules®. The overall negative charge of the
protein-substrate complex is neutralized by adding 6 sodium ions located close to
residues Glu191 A, Glu213 A, Asp313 A and the corresponding analogues in the other
symmetric unit of the homodimer (numbering is according to the pdb release
1PAU(Rotonda et al., 1996)). All of these residues are located far from the active site.

5.2.2 QM/MM Car-Parrinello calculations.

The system is partitioned into two regions, one treated at the quantum-mechanical level
(QM hereafter) and the other classically (MM hereafter). For the first part of the reaction
step Il, i.e. the initial nucleophilic attack of the water molecule, the QM region includes
WATC and the side chains of Cys285, His237 and Asp4’ (Fig. 5.2b). For the
subsequent step (the decomposition of the gem-diol intermediate formed in the first part
of the hydrolysis), the QM portion is based on intermediate I3 as obtained from the
previous calculations (Fig. 5.2c). It includes the side chains of Cys285, His237 and

Asp4’, the tetrahedral intermediate and a water molecule (H20 in Fig. 5.2c), which is in
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hydrogen bonding contact to the reactive complex. This additional water molecule is
treated quantum mechanically to allow for its possible participation as a proton shuttle
during the decomposition of the intermediate (See Chart 1, which describes the reaction
mechanism, as obtained by the QM/MM calculations). All the other atoms have been
considered as belonging to the MM region.
Initially, the system has been equilibrated performing purely classical MD calculations
based on GROMOS96(van Gunsteren et al., 1996) in combination with a P3M
implementation to treat the long-range electrostatic interactions.(Hunenberger, 2000)
The mesh used for the P3M calculation was 64x64x64. A leap-frog integration algorithm
with a time step of 1.5 fs was used throughout with all bond lengths kept fixed applying
a SHAKE algortihm(Ryckaert et él., 1977). Constant NVT simulations were performed
by coupling the system to a Berendsen thermostat(Berendsen et al., 1984) with a
relaxation time of 0.1 ps. This protocol was used to equilibrate hydrogen atoms and
solvent molecules. For the force field based calculations within the QM/MM scheme, the
same setup was used except that a velocity Verlet propagation algorithm was applied
with a time step of 0.145 fs and no Berendsen thermostat was imposed.
Density-functional theory (DFT) calculations of the QM region are carried out using the
BLYP recipe for the exchange and correlation part.(Becke, 1988; Lee et al., 1988) The
basis set for the valence electrons consists of plane-waves expanded up to a cutoff of
70 Ry. The interactions between valence electrons and ionic cores are described by
norm-conserving pseudopotentials of the Martins-Troullier type(Trouiiier and Martins,
1991). |
The C, - Cp (Cys285), C, - Cp (His237), and C-C (Val4’) bonds cross the QM/MM
interface. To saturate the chemical bond with Cys285-Cg , His237-Cps and Val504-C,.,
parameterized monovalent pseudopotentials of Cys285-C, , His237-C, and Val504-C
| are used(Laio et al., 2001).
Our models are treated as isolated systems as in ref.(Martyna and Tuckerman, 1999)
DFT-based Car-Parrinello molecular dynamics is carried out with a time step of 6 a.u. at
an average temperature of T = 300K.
The electrostatic interactions between quantum and classical regions of the system are
described within a fully Hamiltonian coupling scheme(Laio et al., 2001). In this
approach, the short-range electrostatic interactions between QM and MM part are taken

explicitly into account within a sphere of radius 5.3 A around every QM atom using an

*The density of the solvent in our system is 1g/em®.
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appropriately modified Coulomb potential that ensures that no electron spill-out occurs.
The electrostatic interactions with the more distant MM atoms are treated using a
multipole expansion for the QM region. Bonded and van der Waals interactions between
QM and MM parts were modeled with the standard GROMOS96 force field(van
- Gunsteren et al., 1996). Further details of the mixed QM/MM Car-Parrinello method
used in this work are given in ref.(Laio et al., 2001).

The overall procedure of our calculations involved an initial equilibration of the solvent
molecules (except WATC) and hydrogen atoms by 150 ps of classical MD at room
temperature followed by a relaxation of the active site by 1.5 ps of unconstrained
QM/MM calculations. Using the final snapshot of the system resulting from this
preequilibration studies, the investigation of the first part of the hydrolysis reaction, i.e. -
the nucleophilic attack of WATC to the tetrahedral intermediate 11 was started. To this
end, QM/MM simulations were performed in which the reactive system was constrained
to follow a suitable reaction coordinate, in this case the distance between the carbon
atom of the acyl group and the oxygen atom of the nucleophilic water molecule
dco=d(Csup-Owat) (Fig. 5.2b (left)). The average constraint force was calculated for dgo =
2.9, 26, 23,21, 1.9 and 1.8 A. Each point was simulated for 1.5 ps of which the first
0.5 ps were used for equilibration(Carloni et al., 2000) resulting in a total of 9 ps of
mixed QM/MM simulations. At a constraint distance of dco =1.7 A, a gem-diol
intermediate (I3 in Chart 1) was formed for which 3 ps of unconstrained dynamics were
performed. Starting from the last configuration, the second part of the reaction (the
decomposition of the gem-diol intermediate) was investigated in an analogous way, i.e.
by constraining the system along the C-S (dgs) distance as suitable reaction coordinate.
dcs was increased from 1.9 A to 2.4 A in increments of 0.1 A while all the other degrees
of freedom were free to relax. Also in this case, each point was simulated for 1.5 ps of
which the first 0.5 ps were used for equilibration. For both reaction steps, the transition
states were located by the change of sign of the constraint force and the activation free
energies (AF) were calculated within the thermodynamic integration technique as an
integral of the MD-averaged constraint forces along the reaction coordinate Q; : AF=/
dQ; f(Q; ). (Ciccotti et al., 1989) The calculated value of AF was compared to
experimental value of kcat using transition state theory(Fersht, 1997): Under the

reasonable assumption that we work in excess of substrate, kcat/ky)=kcat =
(ke T/h)exp(-AF/RT).
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5.2.3 Calculated Properties.

1) The polarization of the electronic density p at the active site due the electric field of
the surrounding protein was determined as Apext=pgm-Pqm,0, Where pgm and pgm,o are the
electronic densities of the quantum system in the presence of the protein external field
and in vacuum, respectively. 2) The rearrangement of p upon formation of the catalytic
complex was calculated as Apform™ Pgm-Pas-PWATC where pas is the electronic density of

the quantum system without WATC and pwarc is the one of WATC alone; both pas and
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pwartc refer to densities that are calculated in the presence of the external protein field.
Starting from Apex: wWe calculated the total polarization integrated over all the quantum
box (Anex), the polarization integrated over WATC (Anwatc) and over the substrate
carbonyl (Anco). The definition of the volumes of WATC and CO was based on the
covalent radii(Shriver et al., 2001). 3) Induced dipole moments on Asp4’-CO and WATC

groups were obtained by integrating the induced electron density Ap over spheres of

covalent radius(Shriver et al., 2001) rc around each of the atom (d = _[ AD 4 (rYdr). 4)

The analysis of the geometric centers of maximally localized Wannier functions
(WFC)(Silvestrelli et al., 1997, Silvestrelli et al., 1998; Marzari and Vanderbilt, 1997c),
calculated as previously reported(Alber et al.,, 1999), were used to investigate the
polarity of chemical bonds, as shifts of WFC correlate” to differences of Pauling

electronegativities between the involved atoms(Alber et al., 1999).

5.3 Results

Here we describe the complete second part of the enzymatic reaction, i.e. the
nucleophilic attack of the catalytic water (WATC) to the carbonyl carbon of the acyl-
enzyme complex followed by decomposition of the formed intermediate. Chart 1
summarizes the obtained reaction pathway schematically. In our QM/MM model, the
side chains of the active site residues Cys285 and His237, the backbone of Asp4’ and
WATC are treated at the DFT level, whereas the rest of the protein is described
classically (Fig.2b, left panel). We follow the first part of the reaction by performing
constrained QM/MM simulations in which the WATC-carbonyl distance (dco in Fig. 5.2b,
left panel) is successively shortened. The subsequent decomposition of the formed
reaction intermediate I3 (shown in Fig. 5.2c) is simulated by constrained QM/MM
calculations in which the distance between Cys285-S,-Asp4’-C (dcs in Fig. 5.2¢c, left
panel) is stretched in increments of 0.1 A.

The structure of the acyl-enzyme complex, built from 150 ps of classical and 1.5 ps of
QM/MM Car-Parrinello MD, is presented in Fig. 5.2b. The carbonylic oxygen of the
substrate is stabilized via hydrogen bonds to Cys285-NH and Gly238-NH forming the
oxyanion pocket. WATC also interacts with O4’ and in addition with His237-N; .
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5.3.1 Nucleophilic Attack of WATC to the Acyl-Enzyme.

In this Section, we give a description of the structural determinants and energetics
associated with the first step of the deacylation process. Upon shortening of dco from
2.91t0 2.3 A, the H-bond between Gly238-NH and Asp4’-O is lost and the one between
Cys285-NH; and Asp4’-O is strengthened (Tab.1). The orientation of the catalytic
histidine, His237, is maintained throughout the reaction, as evinced by the torsional
angles y; and ¥, which do not change significantly during the dynamics (Tab.1). This
pronounced conformational stability can likely be attributed to the extended H-bond
network of His237 which not only interacts with WATC but also forms and breaks H-
bonds to the Thr177 backbone carbonyl and the side chain of Ser178 (see Tab. 5.1).
The active site polarization of His237 can be analyzed in terms of the environment-
induced shift of the Wannier centers(Silvestrelli et al., 1997; Silvestrelli et al., 1998;
Marzari and Vanderbilt, 1997¢) that represent the Ne-H bond and the N§ lone pair
(Chart 2). Tab. 5.2 shows that the lone-pair of N3 is transferred towards the nitrogen
atom in passing from vacuum to the protein surrounding; an inverse effect occurs for the
Ne-H bond.

G Cols S/, WOy H2O; HaS, Hwi-Os Hw2N; NeOmr  NeOw  §/CeOr T T2 % %
28 4.25£0.02  1.8440.06 26502 2.2102 2.2+01 1.8+0.1 2.0+0.2 23106 2.4+0.5 119£3 10419 -76+£17  -78k12  110+17
27 1,26+0.03 1.8310.05 1.940.2 2.310.4 2.3+0.2 1.9£0.2 2.040.2 2.740.5 1.910.2 11943 14417 -70+16 -82+9 107+15
28 1.2540.01  1.84+0.04 1.940.2 2.0+0.3 2.240.1 1.94£0.1 1.940.1 2.8+0.2 1.840.2 11943 2419 8415 -83%7 11147
23 1,26£0.01 1.8710.09 1.940.1 2.010.2 2.340.2 2.040.1 1.9£0.1 3.0+0.3 1.840.1 11943 22412 -7119 -7948 114116
24 1.2540.02 1.9310.09 1.940.1 2.0£0.2 2.210.2 2.640.3 2.310.5 2.8804 2.110.4 11743 52424 -51421  -79+10 108414
1.9 1.26£0.01 1.9710.06 1.840.1 2.040.2 2.310.1 2.740.1 2.0+0.3 3.440.2 1.840.2 11543 5819 -4748 -80+11 10617
1.8 1.2740.02 2.01x0.10 1.810.2 2.010.2 2.410.2 2.610.1 1.840.2 3.240.2 1.740.1 1143 53+12 -53+10  -81+10 111#12
1.7()  1.2840.02 2050.11 1.830.1 2.0+0.2 2.310.1 2.640.1 1.640.2 3.440.3 1.740.1 11343 5118 -58+8 -80+10 11649
171 1294002 2174013 1.940.1 1.940.2 2.4+0.1 2.640.1 1.10+0.08 2.8+05 2.0:0.3 11114 55415 -5318 -78+8 112411
1.7(0)  1.4740.02 1.9310.10 27402 2.540.2 2.410.2 2.4+0.1 1.840.2 1.610.5 2.310.5 10743 12420 -27+4 -8119 117+10

Table 5.1. Nucleophilic attack of WATC: Structural properties. Selected MD-averaged distances (A) and
angles (°), averaged over 1 ps, at different values for the constraint distance dgo. Standard deviations
are also reported. Atom labeling as in Fig 5. 2.

The orientation of the catalytic water molecule WATC is also fully maintained during the
dynamics, as shown by the almost constant values of the torsional angles Ty and T; as
defined in Fig. 5.2b (Tab. 5.1). A calculation of the rearrangement of the electron
density Angm upon the WATC/thiohemiacetal interaction, respect to separate
fragments, reveals that the polarization is almost equally distributed on WATC and on
Asp4’-CO and incré"ases with decreasing dco (see Tab. 5.3 and Fig.: 5.3).
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Redistributions of the electron density on the two interacting groups lead to the
formation of induced dipole moments on both Asp4’-CO and WATC. These induced
dipole moments, calculated from the change in electron density Apsm as defined in the
Method Section, are the main contribution from the total rearrangement of the electron
density.

Our QM/MM approach also allows for a direct determination of the environment effects
during the course of the reaction. The electric field of the protein leads to a sizeable
polarization of the reactants (around 0.6-0.7e, see Tab. 5.2). A simplified calculation of
the active site in vacuum would thus not be able to account for the specific features of
the electronic structure. Analysis of the single contributions to the electric field indicate
that a shell of radius 8 A around carbonyl carbon of the substrate provides more than
80% of the total field on the reactants. Thus, in this specific case long-range effects of
the protein electric field are of less importance for the reactant state. In particular, there
are no secondary structure elements, which affect the energetics of the reaction in a
significant way.

deo (A) ANey (8) Anyarc (€) Anco (8)  pwarc (D) lico(D) WS1 (A) WS2(A)
29 0.71 0.02 0.03 0.12 0.16 0.021 -0.018
23 0.66 0.03 0.03 0.08 0.12 0.018 -0.014
1.8 0.63 0.03 0.04 0.14 0.23 0.016 -0.007

Table 5.2. Nucleophilic attack of WATC: Changes in electronic properties upon inclusion of the protein
electric field. An,y (total polarization), Anwarc (polarization on WATC), Anco (polarization on substrate
carbonyl group), uwarc (induced dipole on WATC), uco (induced dipole on substrate carbonyl), WS1 and
WS2 (shifts of the Wannier centers representing the Ne-H bond and N6 lone pair, respectively) are
calculated for selected snapshot at various dgo distances. Polarizations are expressed in number of
electrons (e), dipoles in Debyes (D) and shifts in the Wannier centers in A.

“deo(A) ANom (€) Anwarc (8) Anco () pwarc (D) Mco(D)
2.9 0.31 0.04 0.02 0.15 0.11
2.7 0.41 0.06 0.05 0.18 0.31
2.6 0.42 0.06 0.04 0.16 0.28
23 0.39 0.06 0.04 0.23 0.23
2.1 0.39 0.05 0.05 0.20 0.36
1.9 0.69 0.09 0.09 0.22 0.59
1.8 0.78 0.12 0.10 0.22 0.60

Table 5.3. Nucleophilic attack: of WATC: Changes in electronic properties upon formation of the
acylwater complex. Angm (total polarization), Anyarc (polarization on WATC), Anco (polarization on
substrate carbony! group), uwarc (induced dipole on WATC, in Debys), uco (induced dipole on substrate
carbonyl) are calculated for selected snapshots at various at different WATC-substrate distances dco.
Polarizations are expressed in number of electrons (&), dipoles in Debyes (D).
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Further decrease of dco, up to 1.8 A causes an increase of the polarization of the QM
part (Tab. 5.3). Similarly, the electronegativity of WATC and its induced dipole moment
increase (Tab. 5.3 and Fig. 5.3c). Furthermore, the S,-C4 bond weakens while the Cg-
O bond appears to stiffen as indicated by the smaller fluctuations of the C4-O4 bond
length with respect to the ones of the S,-C4 bond. (Tab. 5.1). The carbonyl carbon of
the substrate approaches sp3 hybridization (as indicated by the S,-C4-O4 angle, which
is reduced by about 5 degrees from 119° to 114°, Tab. 5.1) leading the system towards
the tetrahedral conformation of the intermediate 11. WATC maintains its Hw1-bond with
N&(His237) while it breaks its Hw2-bond with Asp4’-C to interact with a water from the
solvent. This results in an increased value of the average distance of Hw1-Oy (Tab.1).
As a consequence, the orientation of WATC with respect to Asp4’-CO changes ih such
a way as to provide a stabilizing interaction of the induced dipole moments on WATC
and Asp4’-CO, which exhibit an antiparallel orientation (Tab. 5.1, and Fig. 5.3c).

Figure 5.3. Water nucleophilic attack to the acyl-enzyme. Left: Electronic density difference map for d =
29 A (a), d=2.3A (b) and d = 1.8 A (c). Light blue isocontours represent loss of electronic density as a
result of complex formation relative to the isolated moieties. Orangeregions refer to increased densities.
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The contour shown is 0.005 e/au®. Right: Induced dipole moments as result of complex formation are
also displayed for deo=2.9 A (a), dco=2.3 A (b) and dco=1.8 A (c).

After about 1 ps of constraint dynamics at dco = 1.7 A, WATC transfers a proton to
His237-Ne (Fig. 5.4a). At this point, the constraint force changes sign indicating that the
transition state of the reaction has been passed. The free energy barrier of the process
can be calculated from the average force on the constraint (Tab. 5.4). The calculated
value, AF = 20 kcal/mol (Fig. 5.5), is slightly higher than the value calculated (Fersht,

1997) (AF = 17.7 kcal/mol) from the measured experimental rate of = 1s™ (Stennicke
and Salvesen, 1997).

dco (A) Force on constraint (a.u.)
2.9 0.010+5E-04
2.7 0.016+4E-04
6 0.0221+6E-04
2.3 0.036+2E-04
2.1 0.039+2E-04
1.9 0.045+4E-04
1.8. 0.048+5E-04

1.8(rev) 0.0040+2E-04
1.9(rev) 0.0043+2E-04

des (A) Force on constraint (a.u.)
1.9 0.0000£1E-03
2.1 -0.0049+4E-04
2.2 -0.0100+3E-04
2.3 -0.0042+3E-04
24 -0.0015+1E-03

Figure 5.4. Water nucleophilic attack to the acyl- Table 5.4. Constraint forces associated to
enzyme. : Structure of transition state (a) and of Several dgo and dgs distances from constraint
the intermediate (I3 in Chart 1) (b). The H-bond  QM/MM simulations of the two reaction steps.
pattern of His237 is shown with yellow dotted lines. (rev) stands for backward simulation.
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Free Energy (kcal/mol)

d (A)

Figure 5.5. Activation free energy AF plotted as function of the reaction constraints deo (blue and
magenta for forward and backward reaction) and dcs (green).

As the observation of a proton transfer is limited to a single event during our QM/MM
calculations, we can clearly not sample this process in a statistically meaningful way.
However, we have endeavored to quantify the sensitivity of the calculated free energy
with respect to this event by estimating the error on the constraint force. To this end, we
have also followed this part of the pathway in the inverse direction by increasing dco
starting from the product side. The resulting free energy barrier is slightly lower (Tab.
5.4, and Fig. 5.5 ) and the estimated corresponding error due to hysteresis is only = 1
kcal/mol.

After ca.1.8 ps upon release of the constraint, His237-N; transfers spontaneously its Ns
proton to the carbonylic oxygen. Although this event contrasts with the assumed
standard reaction mechanism, which assumes that the proton is transferred to the sulfur
atom of the thioether link(Wilson et ai., 1994), the C4-Oy bond is much more polar (and
thus a better proton acceptor) than the C-S bond (Tab. 5.1), suggesting that the proton
affinity of Oy is substantially larger than the one of S.

This event leads to a neutral intermediate 13 (Chart |, and Fig. 5.4b) that is stable during
the additional time-scale explored (=1ps). The interactions with the oxyanion pocket are
well maintained after formation of the activation of the complex in Fig. 5.4a; in contrast,
they slightly weaken due to the formation of the intermediate 13, as evidenced by the
H1-O4 and H2-O, distances (Tab. 5.1). The conformation of His237 remains fairly well
maintained all through the simulation. After I3 formation, His237 H-bonds to the solvent
(Fig. 5.4b), and as a result the torsional angle T; increases (Tab. 5.1). Furthermore,
when Hw1 is transferred to O4 the S,-C4 bond becomes stronger as indicated by the
reduction in average bond length, while the C4-O4 bond length enlarges significantly in
accordance with increasing single bond character. At the same time the S,-C4-O4 angle

approaches 107°, a value typical for a sp3 configuration (Tab.1).
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5.3.2 Dissociation of the Gem-Diol Intermediate 13.

The final step of the deacylation process is the dissociation of the C-S bond of the
tetrahedral intermediate, leading to the products and the free enzyme. This second step
of the reaction has been followed starting with the last snapshot of the previous
simulation (I3 in Chart I). Constrained QM/MM simulations were performed in which the
Cys285-S,-C4 bond has been gradually elongated starting from its equilibrium length
(Fig. 5.2¢).

As dcs is increased, several modifications concerning the tetrahedral intermediate take
place. In particular C4 evolves towards a planar hybridization, as is apparent from a
decrease of all.the bond angles involving O4-C4. The slightly higher value of S,-C4-O4
is due to the involvement in H-bonds to Cys285-Nuy1 which increases its bending. At dc.
s=2.1-2.2 A, several proton hopping events occur from the O4 to the Asp4’ side-chain
(Fig. 5.6). As dcs is further increased, the proton definitely localizes on the side chain of
Asp4’ (Fig.6b). A measure of proton delocalization between the backbone carbonyl and
the side chain of Asp4’ can be deduced from its average distance from Og and Osg;
shown in Tab. 5.5. For dgs ~2,1-2.2 A, the proton is delocalized on both oxygens. As
the dcs increases, the proton is located on Asp4’ Os; and the Cy4-O4 bond length is
reduced, indicating an increased double bond character. During the entire simulation,
the active site conformation remains essentially non-altered. In particular, the O4 pocket

and the S, coordination are well-maintained (see Tab. 5.5).

Figure 5.6. Dissociation of the products. Several proton hopping events occurs between O, (a) and O
(b) during the reaction. Upon shortening of the C-S distance, the proton finally localizes on Og

(intermediate 13).
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des(A)  S,Ce-O¢  SyCe-On  SyCs-C Cy-Ox H1-O% H2-0, Ha-S, Huz-Os Houz-On
21 11045 105%7 10722 136:0.01 1.78:0.05 2.8:0.9 2.1x0.1 12009  1.3z0.1
2.2 110£2 10242 106+2 1.34:0.05 1.85:0.05 2.90:0.03  2.2:0.2 1.3+0.2 1.210.2
2.3 1093 1011 1041 1.31£0.07  1.9:0.1 2.4+0.2 2.3:0.1 1.51£0.03  1.07+0.05
2.4 106£2 101£2 1011 1.20:0.03 1.88£0.04 2141007  2.3:0.2 1.57£0.05  1.04:0.01

Table 5.5.: Selected structural parameters at different values of the constraint distance dgs. The atom
labeling is shown in Fig 2c. Average values and standard deviations are reported, distances are
expressed in A, angles in degrees.

The calculated free energy barrier turns out to be only = 5 kcal/mol (see Fig. 5.5), i.e.
much lower than that of the previous reactions step corresponding to the nucleophilic
attack of WATC. Thus, the rate-limiting barrier of the deacylation reaction is_ clearly
associated with the formation of the tetrahedral intermediate rather than its dissociation

into the products.

5.4 Discussion and conclusions

Surprisingly in view of the great importance of the caspase family, no theoretical studies
have yet been performed on these systems. In this work, we have presented a
description of the second step of the enzymatic reaction, the hydrolysis of the acyl-
enzyme complex. Our mixed QM/MM Car-Parrinello approach, which is based on the
caspase-3/Ac-DEVD-CHO structure(Rotonda et al., 1996), has provided a detailed
quantum mechanical treatment of this fundamental step of the reaction including
electrostatic and dynamic effects of the protein frame. Our calculations show that the
reaction proceeds via nucleophilic attack of WATC to the acyl-enzyme complex via a
tetrahedral transition state (Fig. 5.4a). Thus, the postulated second intermediate (12,
Chart 1) actually corresponds to a transition state. Subsequently, a previously
unrecognized gem-diol intermediate is formed (13, Chart 1), which in turn easily
decomposes to the products. This new mechanism could be general for the caspase
family.

Our simulation of the nucleophilic attack of a water molecule suggests that the protein
uses the oxyanion pocket (the amido hydrogens of the backbone of Cys285 and Gly238
Fig.2 b) and His237 to impose a highly ordered supramolecular structure for the
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hydrolysis process (Fig. 5.2b) thus reducing the activation free energy of the
reaction(Piana et al., 2001). His237 acts as multiple proton shuttle: first, it accepts a
proton from WATC thereby enhancing the nucleophilic power of WATC; then, it
protonates intermediate I3 (Chart 1), thus weakening the C-S bond. The catalytic
histidine residue is activated by an H-bond with the side chain of Ser178 (Fig. 5.2b).
This interaction does not emerge from the X-ray structure. The formation of the reaction
intermediate 13 is accompanied by a strong rearrangement of the electronic structure
(as can be monitored by the corresponding changes in the electron density and in the
shifts of the Wannier centers, Tab. 5.2), and the formation of induced dipole moments
on both WATC and Asp4’-CO (Tab.3 and Fig. 5.3), whose interaction partly counter
balances the repulsive energy due to the constrained relative positions of the two
moieties. The resulting reaction intermediate (I3 in Chart 1) is the gem-diol tetrahedral
complex in Fig. 5.4b, in which the carbon atom of'the carbonyl group is covalently linked
to the sulfur atom of Cys285 and the C, (Asp4’). The calculated activation free energy
of the deacylation step is due to the hydrolysis of the acyl-enzyme and is fairly
compatible with the experimentally free energy value (= 18 kcal/mol)" (Stennicke and
Salvesen, 1997).

The dissociation of the tetrahedral intermediate 13 is investigated by constrained
QM/MM simulations in which the C4-S, bond is elongated successively. It occurs
through a proton hopping from the hydroxy group bound to the oxyanion pocket of the
Asp4’;sidechain (Fig. 5.6). As a consequence of this proton transfer, the H-bond
between the sidechains Asp4’ and Arg179 becomes weaker permitting an easier
release of the substrate from the active site pocket. Thus, the calculations suggest that
the substrate itself plays an active role in catalysis contributing to the deacylation
process as proton acceptor. The associated energy barrier is much lower than that of
the previous reaction step (=5 kcal/mol).

In conclusion, the deacylation process passes through the formation of an anionic
tetrahedral transition state, which rapidly evolves towards the neutral gem-diol
intermediate 13. The latter, which has not emerged from the previous mechanistic
hypothesis of the mechanism(Wilson et al., 1994) can be used in future studies as a
template for the design of intermediate analogs®. The subsequent dissociation of the C-
S thioether bond is concerted with a proton transfer to the Asp sidechain of the
substrate (Fig. 5.6). This mechanism is new alternative to the direct proton hopping from

>The structure of the I3/caspase-3 complex is available on the web at http://www.sissa.it/cm/bc.
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the charged His to the sulfur atom of the anionic intermediate, which has been recently
proposed for the correspondent reaction in aqueous solution(Strajbl and Warshel,
2001). Here, we propose that the presence of a proton acceptor such as the Asp group,
missing in the simulation in water, may dramatically affect the reaction pathway.

Our calculations also provide additional clues about the differences in catalytic activity
of caspases relative to other cysteine proteases, such as papains. Caspase-3 has a
lower catalytic efficiency (kcat about 1s™") than that measured'for papain(Menard et al.,
1991). Both enzymes appear to function using a chemically similar catalytic triad:
Cys285, His237 and Ser178 for caspase-3, and Cys25, His159 and Asn175 for
papain(Brocklehurst et al., 1998). Our calculations suggest that the decrease in catalytic
efficiency on passing from papain to caspase-3 may be ascribed to both conformational
and electrostatic and properties. Indeed, inspection of the corresponding crystal
structures shows i'n fact that Cys285 and His237 have a markedly different location in
the active site. Their side-chains are closer in papain (by ~(Lee et al., 2000)2.0 - 2.5 A)
(Kamphuis et al., 1984; Kamphuis et al., 1985; Yamamoto et al., 1992; Lal.onde et al.,
1998) than those in caspase-3 (see Fig. 5.2a), and the conformational parameters
and y, of His238 are totally different®. In addition, our calculations suggest that
secondary-structure elements belonging to the protein frame are not relevant to the
induced field in the active site. In particular, the electric field experienced by the catalytic
water molecule is of ythe same order of the electric field of bulk water. This is in contrast
to most enzymes as well as to papain and cathepsins, where an o-heiix has been
suggested as responsible for a relevant contribution to the electric field of the
active(Kortemme and Creighton, 1995). Thus, the active site of caspases instead

seems to act merely as a geometrical constraint.

Finally, the simulations presented here can usefully compared with other calculations
with a similar setup on hydrolases such as HIV-1 protease and GTP hydrolase. In
particular it can help to clarify role of catalytic water polarization in relationship with
enzymatic efficiency. All these enzymes must stabilize the highly nucleophilic agent OH-
by deprotonation of the catalytic water(Fersht, 1997). In GTP hydrolase enzyme, the
proton acceptor is the amino group of GIn61, which is a very weak base comparable to
bulk water. Here, the catalytic water is strongly polarized towards the oxygen(Cavalli

§ x1~-80° and 2~ 110° for caspases(Rotonda et al., 1996; Mittl et al., 1997; Lee et al., 2000) (Fig. 2a) , x4~-175° and xz~-120° for
papain(Kamphuis et al., 1984)
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and Carloni, 2001) so as to increase its acidity. In contrast, in HIV-1 protease(Piana et
al., 2001), water, which is polarized as in the bulk, can easily donate a proton to the
fairly good base Asp25 (pKa = 4.4). Finally, here in caspase-3, water, which is less
polarized than in the bulk, easily transfers a proton to the excellent base His237 (pK =
6.5).
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Conclusions and perspectives

In the work presented here we apply first principle methods for the study of the

enzyme/substrate interactions in systems of pharmaceutical interest.

In the first part, a rational drug screening approach based on DFT calculations is
presented. We performed a quantum-chemical study on a representative set of the
large spectrum of sugar-mimicking moieties for which structural information of the
TKusvi-ligand complexes is available. If the mechanisms ruling binding affinities toward
TKhsv1 have been previously presented (Champness et al.,, 1998; Prota et al., 2000;
Alber et al., 1998; Perozzo et al., 2000), no rational explanation was available for the
different catalytic behaviors. Moreover the question posed by the recently published
crystal structure of the inhibitor HBPG (Bennett et al., 1999) as to what is the structural
basis for the different properties between inhibitor and substrate sharing the same
binding mode remained open.

With our calculations we have addressed these issues by carrying out DFT calculations
on models of substrate/enzyme adducts. The calculations suggest a role of the electric
dipole moment of ligands and its interaction with the negatively charged residue Glu225
emerges. A striking correlation is found between the energetics associated to this
interaction and the ket values measured under homogeneous conditions by Prof.
Folkers’ lab. This finding uncovers a fundamental aspect of the mechanism governing
substrate diversity and catalytic turnover and thus represents a significant step toward
the rational design of novel and powerful prodrugs for antiviral and TKusy1-linked suicide
gene therapies.

Our study provides also a rationale for the presence of polar group in the hydrophobic
pocket of the enzyme. Indeed, replacement of the O4’ with a CH; group ether provides
a dramatic redug_tion and change of orientation of the dipole, which in turn could

decrease the stabilizing dipole/Glu225 interactions.




Conclusions and perspectives

This type of calculations are very straight forward and can be extended in the future to
the design of new and more potent prodrugs for antiviral therapy to overcome the
problems of resistance or to be used in enzyme-prodrug gene therapy as well as

improve variants of TKusy1 for gene therapeutic approaches (Encell et al., 1999).

In the second part of my thesis, DFT methods have also shov(m to provide an accurate
description of interactions in ligands/protein complexes involving aromatic molecules. In
particular they have been applied to a cation-r interaction occurring in HIV RT and to
hydroxyl-r interaction occurring in active site p-Gluthathione S-transferase. Calculations
confirm the essential role of electrostatic and provide a detailed analysis of quantum

effects.

In the following part of this thesis one of the first application of QW/MM methods to the
description of an enzymatic reaction is presented. In particular we focused on Caspase-
3 reaction mechanism. Surprisingly, in view of the great importance of the caspase
family, no theoretical studies have been performed so far.

In this work | presented a description of the deacylation step, that is the nucleophilic
attack of catalytic water to acylenzyme, followed by the decomposition of the reaction
intermediate. Our mixed QM/MM approach has provided a detailed quantum
mechanical treatment of this fundamental step of the enzymatic reaction inciuding
electrostatic and dynamical effects of the protein frame.

Our simulation suggests that the deacylation process pass through the formation of the
anionic intermediate, which rapidly evolves towards the neutral gem-diol intermediate.
The consequent C-S bond dissociation is concerted with a proton transfer to substrate
~ Asp sidechain. Such mechanism is an alternative mechanism to direct proton hopping
from charged His to anionic intermediate S, which has been recently proposed for the
correspondent reaction in aqueous solution in presence of His group(Strajbl and
Warshel, 2001). We propose here that the presence of a proton acceptor such as the

Asp group, missing in the simulation in water, may dramatically affect the mechanism.

The above mechanism could be general for caspases. Indeed, different classes of
caspases possess distinct activity patterns, yet they are expected to share the same

enzymatic mechanism because of their high structural similarity.
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Our calculations may provide some hints on the difference in catalytic activity of
caspases relative to other cysteine proteases, such as papains. We suggest that the
decrease in catalytic efficiency on passing from papain to caspase-3 may be ascribed to
both conformational and electrostatic properties. Indeed, our calculations suggest that
secondary-structure elements belonging to the protein frame are not relevant to active
site electric field. In particular, the electric field experienced by the catalytic water is of
the same order of the electric filed of bulk water. Finally the calculations have provided
a comparison with other hydrolases such as HIV-1 protease and GTP hydrolase, in
particular helping to clarify role of catalytic water polarization in relationship with

enzymatic efficiency.

The calculated structure of the transition state provides novel information, which was
not currently available from experiments and can be used as starting point in Prof.
Cattaneo’s lab for a rational drug design based on Pauling transition state theory

(structure is now available on http://www.sissa.it/cm/bc).
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