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Abstract

There is growing evidence that some enzymes catalyze reactions through the formation of short�strong hydrogen
bonds as first suggested by Gerlt and Gassman. Support comes from several experimental and quantum chemical
studies that include correlation energies on model systems. In the present study, the process of proton transfer
between hydroxyl and imidazole groups, a model of the crucial step in the hydrolysis of RNA by the enzymes of the
RNase A family, is investigated at the quantum mechanical level of density functional theory and perturbation theory
at the MP2 level. The model focuses on the nature of the formation of a complex between the important residues of
the protein and the hydroxyl group of the substrate. We have also investigated different configurations of the ground
state that are important in the proton transfer reaction. The nature of bonding between the catalytic unit of the
enzyme and the substrate in the model is investigated by Bader’s atoms in molecule theory. The contributions of
solvation and vibrational energies corresponding to the reactant, the transition state and the product configurations
are also evaluated. Furthermore, the effect of protein environment is investigated by considering the catalytic unit
surrounded by complete proteins�RNase A and Angiogenin. The results, in general, indicate the formation of a
short�strong hydrogen bond and the formation of a low barrier transition state for the proton transfer model of the
enzyme. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction:

A number of enzymes belong to the ribonucle-
� �ase-A 1 family and catalyze the cleavage of the

phosphodiester bond in RNA. Several mecha-
nisms have been put forward to explain this cat-

� �alytic process 2�6 . The crux of these mecha-
nisms lies in the transphosphorylation step and it

Žis here that they differ from one another. The
dinucleotide substrate in the active site pocket of
RNase A is given in Fig. 1 and a schematic
representation of the transphosphorylation reac-

.tion is shown in Fig. 2 . Some of the proposed
Ž .mechanisms are: 1 Breslow’s mechanism which

� �involves the simultaneous shift of two protons 3 ,
Ž . � � Ž .2 intra-ligand proton transfer 5 , 3 short�
strong hydrogen bond between the enzyme and

� � Ž .ligand by Gerlt and Gassman 2 and 4 dianionic
� �intermediate 6 . It should be noted that these

mechanisms are not necessarily mutually exclu-
sive and they are proposed based on different
experimental and computational evidence. For in-
stance, Breslow’s mechanism of two-proton shift
can very well involve short�strong hydrogen
bonds, giving rise to a low barrier for proton
transfer.

The proposal of short�strong hydrogen bonds
Ž .SSHB by Gerlt and Gassman has been a source
of inspiration for a number of investigations of

� �Fig. 1. Molscript 39 rendition of the dinucleotide UpA bound
� �structure of RNase A 31 .

catalytic mechanisms. The proton transfer through
Ž . � �low barrier hydrogen bond LBHB 7,11 is asso-

ciated with the concept of SSHB. Frey et al. have
reported the likelihood of having an LBHB in the

� �catalytic triad of serine protease 8�10 . High-level
quantum chemical studies on model compounds
representing the enzymatic reactions of Maleate

� � � �dehydrogenase 12 , enolates 13,14 and Serine
� �protease 8 along with NMR and Pk studies have

given clues to of the presence and role of short
strong hydrogen bonds. The above examples are
derived from different chemical systems such as

� �Zwitterion type 8,9 , globally charged system like
� �maleate 12 and from geometrically constrained

proximal donor acceptors such as enolate system
� �13 . We had earlier predicted such short�strong
hydrogen bonds in RNA cleavage catalyzed by

� �RNase A 15 . This is a case where the donor and
Žthe acceptor 2�-OH of ribose and imidazole of

.histidine groups of the protein are neutral and
unconstrained and the proton transfer between
these two groups is assisted by a positively charged

Ž .group lysine .
The aim of the present investigation is to locate

and characterize the transition state and also to
� �validate our prediction 15 of the presence of

SSHB in the catalytic unit of RNase A at a level
of theory, which includes the correlation energy.
Methanol and imidazole represent the donor and
acceptor groups of the substrate and the enzyme,
respectively, while the protonated methylamine
represents the positively charged lysine that as-
sists the process of proton transfer. The stability
of the identified transition state is characterized
by frequency analysis and the nature of bonding
is investigated by Bader’s atoms in molecules
� �16�18 formulation. Furthermore, the two
minima corresponding to the configurations of
the product, the reactant and the transition state
along the reaction path were investigated by con-
sidering the vibrational energies and the effects
of solvent. Although the catalytic process and the
groups involved are the same throughout the
family of RNase A like enzymes, there is a marked

� �difference in their activity 19 . This could be due
to a difference in the binding capacity or due to
the effect of the environment directly on the
catalytic unit. We have included the environment
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Fig. 2. A schematic representation of the catalytic mechanisms of the cleavage of the phosphodiester bond of the nucleotide by
RNase A.

of the catalytic unit in the form of complete
Ženzymes RNase A and Angiogenin another pro-
.tein catalyzing the cleavage of RNA along with

water molecules in our computations, in order to
assess whether the environment has any influence
on the catalytic unit.

2. Computational methods

The quantum chemical calculations were per-

formed at different levels of theory depending on
the size of the model and the level of accuracy

Ž .required. The Hartree-Fock HF and the pertur-
� �bation method at the MP2 level 20 were carried

Ž .out using the 6-31�G d,p basis set, which was
found to be satisfactory in describing hydrogen

� �bonded systems 21�24 . The Density Functional
Ž . � �Theory DFT 25�27 based computations were

� �carried out using B3LYP hybrid functional 28,29
Ž .and 6-31�G d,p basis set. All computations were

performed with the Gaussian 94 suite of pro-

Table 1
Ž . Ž .Absolute energies in Hartree unit and hydrogen bond energies �e in kcals�mol, 1 Hartree �627.71 kcals�mol of model systems

a Ž .Compound Energies � E E �Ecomplex monomers

HF B3LYP MP2 HF B3LYP MP2

1 CH -OH �115.052397 �115.734871 �115.3935193
2 CH -NH � �95.588221 �96.228212 �95.9178253 3
3 Imidazole �224.832675 �226.235384 �225.568463

Ž .4 CH -OH imidazole �339.894874 �341.981973 �340.975941 �6.15 �7.35 �8.763
Ž . Ž .5 CH -OH - CH -NH � �210.671564 �211.996673 �211.346265 �19.42 �21.08 �21.903 3 3

bŽ . Ž .6 CH -OH -imidazole- CH -NH � �435.532887 �438.268442 �436.953332 �37.40 �43.91 �46.143 3 3
�31.25 �36.56 �37.38
�17.98 �22.83 �24.22

a Ž .All the three levels of calculations reported in this and other tables made use of 6-31�G d,p basis set unless otherwise
specified.

b Ž . Ž . Ž . Ž . Ž . Ž . Ž .The three � E values for this system correspond to Emonomers�E 1 �E 2 �E 3 ; E 4 �E 2 and E 5 �E 3 .
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Table 2
Optimized bond lengths and the corresponding frequencies of the monomer, dimer and trimer complexes along with change in bond

Ž . Ž .lengths �BL and frequencies �n in the hydrogen bonded complexes

a �1˚ ˚Ž . Ž . Ž . Ž .Compound Bond length A � BL A Frequency cm �n

HF B3LYP MP2 HF B3LYP MP2 B3LYP

Ž .1 CH -OH O�H 0.942 0.965 0.964 38393
Ž .2 CH -NH � N�H 1.026 1.026 1.023 34013 3

3 CH -OH-IMIDAZOLE3
Ž . Ž .O�H 0.950 0.979 0.977 �0.008 �0.014 �0.013 3555 �284

bŽ .Nh ...H 3.026 2.904 2.899
Ž .4 CH -OH-CH -NH �3 3 3

Ž . Ž .O�H 0.945 0.967 0.967 �0.003 �0.002 �0.003 3825 �14
cŽ . Ž .Nl �H 1.028 1.065 1.053 �0.002 �0.039 �0.030 2876 �625

Ž .O...Nl 2.794 2.698 2.708
Ž .5 CH -OH-IMIDAZOLE-CH -NH �3 3 3

dŽ . Ž .O�H 0.966 1.028 1.020 �0. 024 �0. 063 �0.056 1960 �1869
dŽ . Ž .Nl�H 1.043 1.121 1.096 �0.017 �0.095 �0.073 2773 �727

Ž .O...Nh 2.818 2.637 2.640
Ž .O...Nl 2.678 2.557 2.563

a The concerned bonds are enclosed in brackets.
b Nh is the proton acceptor atom of imidazole.
c Ž .Nl is the proton donor atom of CH -NH � .3 3
d Ž . Ž .The frequencies are not pure since the O�H and Nl�H motions are coupled.

� �grams 30 . The model systems represent the cat-
alytic unit involved in the active site of RNase A
and the mutual orientation of groups were ob-
tained from the molecular dynamics simulation of

� �RNase A-UpA complex 31 . The investigated
model system includes the proton-donor and ac-

Žceptor monomers methanol, methylamine and

.imidazole and their dimer and trimer complexes,
whose starting orientations were considered from
the MD simulations mentioned above. These units
were investigated for their hydrogen bond
strengths in different configurations that are sig-
nificant in the proton-transfer path. The energies
of the model systems are given in Table 1. The

Fig. 3. The optimized bond lengths related to hydrogen bonds in the trimer complexes representing the Reactant, Transition and
Ž .product States. The values reported are from DFT calculations and the numbers in parenthesis are from MP2 calculations.
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results at MP2 and DFT levels are quite compa-
rable and hence the vibrational frequency calcu-
lations were carried out only at the DFT level.
The optimized geometries and the frequencies
are reported in Table 2.

The proton transfer reaction was followed by
Ž . Ž .optimizing the reactant R , the product P and

Ž .the transition state TS geometries, where R, P
and TS represent different configurations of the
ground state of the reaction complex. The three
stationary configurations are henceforth denoted
as P, R and TS states and were characterized by
frequency analyses, with R and P states having no
imaginary frequencies and the TS state with a
single imaginary frequency. The optimized
geometries of these configurations are presented
in Fig. 3. The solvent effect on the R, P and TS
states were evaluated by the Onsager- reaction

� �field 32 . The dielectric constant values of 4, 20
and 80 were used in calculations. The relative
changes in the energies of R, P and TS states due
to solvent effect and zero point vibration are
given in Table 4.

All three states exhibit short hydrogen bonds.
In order to evaluate the nature of these bonds, a
topological analysis of DFT�B3LYP�6-31 �
Ž .G d,p electron density was performed with

Ž .Bader’s atom in molecule AIM theory. Accord-
ing to this theory, the topological features can be

� Ž .�defined by the electron density � r at the bondc
critical point and the Laplacian of the electron

� 2 Ž .� � �density � � r 16�18 . Generally, a bond isc
described as covalent involving ‘shared interac-

2 Ž . Ž .tions’ when � � r is negative and � r is largec c
in magnitude. On the other extreme, interactions
of the van der Waals and hydrogen bond types
are described as ‘closed shell interactions’ and are

Ž .characterized by a relatively low value of � rc
2 Ž .and a positive value of � � r . These indicatorsc

however should cautiously be used to assess the
nature of bonding in a given molecular environ-

� �ment. 33 . In the present case, the qualitative
inferences drawn from this study are meaningful
since the bonding nature and relative strengths of

Ž .similar systems R, P and TS states have been
compared

We have also made an attempt to assess

whether the enzyme environment has any effect
on the energetics of the catalytic process. A more
realistic catalytic system with ribose phosphate,
two imidazole rings and protonated methylamine

� �was chosen for this investigation Fig. 4a . The
ribose phosphate model includes the proton donor
2�-OH in a five membered pyranose ring and the
phosphate group which is catalytically cleaved by
the enzyme is on the 3�-OH of ribose. Imidazole
Ž .1 represents histidine-12 that accepts a proton

Ž .from 2�-OH and imidazole 2 represents histi-
dine 119 of RNase A that donates a proton to the
phosphate group. The protonated methylamine
represents Lysine 41, which assists in proton

Ž .transfer to imidazole 1 . This system of 49 atoms
Ž .catalytic unit , the geometry of which was ob-
tained from MD simulation of RNase A-UpA

� �complex 31 was optimized HF� 3-21G level. The
optimized geometry was then superimposed back
on to the relevant atoms of the RNase A-UpA
complex. This optimized catalytic unit was also
superimposed on the coordinates obtained from
the MD simulation of the modeled Angiogenin-

� �nucleotide complex 34 , which retains an active
site similar to that of RNase A. A layer of water
molecules surrounded both enzymes. The net
atomic charges on all the atoms of the protein
and the nucleotide were obtained from AMBER

� � � �force field 35,36 and TIP3P 37 charges were
used on the water molecules. After superimpos-
ing the catalytic unit on to the two solvated
enzyme systems, the atoms making short contact

˚Ž .�2 A were eliminated. The following three
environments were created from RNase A and
Angiogenin by including point charges on the

Ž .protein and water atoms: 1 all atoms within a
˚ Ž . Ž .cutoff radius of 12 A Fig. 4b ; 2 all atoms of the

Ž . Ž .protein Fig. 4c ; and 3 all protein and water
Ž .atoms in the complete box Fig. 4d . Single point

calculations at HF�3-21G level were carried out
on these systems. Electrostatic properties such as

Ž .net atomic charges Mulliken and Merz-Kollman
and the dipole moment of the catalytic unit were
analyzed. The results show a considerable varia-
tion in these properties as a function of the
environment as shown in Table 5 and will be
discussed in the results section.
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3. Results and discussion:

The first step in the catalysis of RNA cleavage
involves the transfer of a proton from the 2�
hydroxyl group of the ribose to the imidazole of

Ž .Histidine in the presence of Lysine Fig. 2 .
Methanol, imidazole and protonated meth-
ylamine groups were chosen as model compounds
to represent ribose, histidine and lysine, respec-
tively. The energies and the geometries of the
model monomers, relevant dimers and trimers
representing the active site complex are discussed
in section 1. The topologies and the energies
Ž .including solvent and vibrational contributions
of the trimer complexes of R, P and TS states are
discussed in section 2. Finally, the results on an

extended model with protein environment are
discussed in section 3.

3.1. Model compounds

The energies of the model monomers along
with the relevant dimer and trimer complexes are
evaluated at the HF and at the MP2 level of
perturbation theory. A uniform basis set of 6-31

Ž .�G d,p was used in these sets of calculations.
The DFT calculations were carried out using the
B3LYP functional. Our earlier optimizations were

Ž . � �carried out at the HF� 3-21G level 15 in which
we observed a short hydrogen bond between
methanol and imidazole when protonated meth-
ylamine was hydrogen bonded to the hydroxyl

Ž . Ž .Fig. 4. a A ball and stick representation of the 49 atom catalytic unit drawn using MOLDEN G. Schaftenaar, MOLDEN, 1991 .
The two dotted lines corresponding to the hydrogen bonds of the 2�-OH group of the ribose with the imidizole group of Histidine 12
and the amino group of Lysine 41. The third dotted line represents the hydrogen bond between the imidazole group of Histidine

Ž . Ž . Ž � �.119 and the phosphate oxygen. b The catalytic unit in a is surrounded by the protein Angiogenin 34 and water molecules
˚ Ž . Ž . Ž . Ž .present within a radial distance of 12A. c The catalytic unit in a is surrounded by all atoms of the protein Angiogenin . d The

Ž . � �catalytic unit in a is surrounded by all atoms of the protein as well water molecules of the simulation box 34 .
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Ž .Fig. 4. Continued

Ž .group of methanol R state . This level of theory,
however, was unable to detect stable TS and P
states. More accurate estimates of the energies
and the geometries are obtained at the DFT and
MP2 levels and the results are compared with

Ž Ž ..those obtained from HF� 6-31�G d,p in Ta-

bles 1 and 2. The presence of strong hydrogen
bonds in the dimer with protonated methylamine,
and in the trimer is consistently represented at all
three levels of theory. The evaluated hydrogen
bond energies are lowest at the HF level and
highest at the MP2 level and the DFT energies
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are very close to that at the MP2 level. Percepti-
ble differences are seen in the optimized hydro-
gen bond lengths and the lengths of covalent

Ž .bonds O�H or N�H involved in the hydrogen
bond in the HF, DFT and MP2 levels. The pre-
dicted hydrogen bonds are shorter and the cova-
lent bonds involving the proton donors are longer
as evaluated at the DFT and MP2 levels when
compared to those evaluated at the HF level. This
trend is particularly enhanced in the trimer com-

Ž .plex where the optimized O . . . N imidazole hy-
˚drogen bond length is 2.82 A at the HF level and

˚2.64 A at the DFT and MP2 levels. Similarly, the
˚Ž .O . . . N Lysine lengths are 2.68 A at the HF level

˚and 2.56 A at the DFT and MP2 levels. It is
known that the IR stretching frequencies of cova-
lent bonds are modified in hydrogen bonded com-

� �plexes 21�24 and this is apparent from the val-
ues given in Table 2. The reduction in the fre-
quencies of the vibration involved in hydrogen
bonds in the trimer complex is significantly higher
than in the dimer complexes. Although the reduc-
tion in the IR frequency in the trimer complex
cannot be quantitatively correlated with the hy-
drogen bond strength, it is qualitatively consistent
with the short�strong hydrogen bond.

3.2. The proton transfer reaction

In order to follow the proton transfer reaction,
the proton of methanol in the trimer complex
Ž .R-state was shifted to the covalent bond posi-
tion with the nitrogen of imidazole to obtain the
P state. The TS state, where the methanol proton
is in between the two electronegative atoms was
located as a transition state by providing the
optimized R and P states as input. The P and TS
states stabilized to their respective states during
optimization at the DFT and MP2 levels, unlike

� �in the case of HF�3-21G optimization 15 . This
emphasizes the importance of the correlation en-
ergy in hydrogen bonds, particularly in short hy-
drogen bonds.

The geometries of the three states optimized at
the DFT and MP2 levels are presented in Fig. 3.

Ž .The oxygen atom corresponding to 2�-OH is
simultaneously involved in two hydrogen bonds. It
acts as a proton donor to imidazole and acceptor

from methylamine in the R state and vice versa in
the P state. Both hydrogen bonds are short com-
pared to normal neutral hydrogen bonds. It should
be noted that in the R and P states, the hydrogen
bond with oxygen as the proton donor is slightly
longer than the other hydrogen bond in which the
oxygen atom is the proton acceptor. The TS state
exhibits a very interesting geometry. Both hydro-
gen bonds in this state are shorter than the hy-
drogen bonds in the R and P states and both
protons are close to the oxygen atom. This indi-
cates a shift of the net positive charge on to the
oxygen atom as opposed to that on the nitrogen
atoms in the R and P states. The O�H bonds are
however slightly longer as would be expected of a
very short hydrogen bond.

The bonding characteristics in the three op-
timized states were further analyzed by frequency
analysis at the DFT�B3LYP level. The R and the
P states were clearly established as minima with
no imaginary frequencies. The TS state however,
had a single imaginary frequency, which con-
firmed that it was a transition state. The normal
modes of this frequency exhibited a large dis-
placement in the positions of the protons H10

Ž .and H16 Fig. 3 , indicating that the reaction path
considered indeed involves the transfer of these
two protons. The frequencies corresponding to
the stretch of O�H and N�H bonds involved in
the hydrogen bonds were identified and found to
be significantly reduced. The frequency reduc-
tions were consistent with the bonds involved in
hydrogen bond formation in a given state, with
the TS state exhibiting a drastic reduction in both
the O�H and N�H stretch. This indicates a corre-
lation of the strength of the hydrogen bond with
the vibrational frequency in these systems.

An estimate of the nature of the bond can be
Ž .obtained by Bader’s atoms in molecules AIM

� �analysis 16�18 and the results of such an analy-
sis on the R, P and TS states at DFT�B3LYP
level are presented in Table 3. A good correlation
is seen between the electron density and the bond
length between two atoms. The electron density is

˚Ž . Ž .the lowest 0.06 in the longest bond 1.675 A
Ž . Žand is highest 0.30 in the shortest bond 1.020

˚.A of the P state. It is interesting to note that the
Laplacian of the electron density is negative for
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Table 3
3 2 5 0� Ž .� � Ž .� Ž . � Ž .� Ž . � �Charge density � r in e�a , Laplacian of the charge density � � r in e�a and bond length bl in A of the bondsc 0 c 0

Ž .involved in proton transfer in the three states R, TS and P

a Ž . Ž . Ž .Bond Reactant R Transition State TS Product P
2 2 2Ž . � Ž .� Ž . Ž . � Ž .� Ž . Ž . � Ž .� Ž .� � r , � r , bl � � r , � r , bl � � r , � r , blc c c c c c

imidazole � � Ž . � � Ž . � � Ž .CH OH----N �1.11 0.07 1.609 �0.05 0.12 1.402 �1.35 0.27 1.0903
� � Ž . � � Ž . � � Ž .CH O�H �1.49 0.29 1.028 �0.84 0.22 1.112 �0.16 0.08 1.4883

Ž . Ž . Ž . � � Ž . � � Ž . � � Ž .CH - HO ----H- NH CH � �0.14 0.09 1.437 �0.55 0.19 1.174 �1.57 0.30 1.0203 2 3
Ž . Ž . � � Ž . � � Ž . � � Ž .CH - H N�H � �1.20 0.25 1.121 �0.23 0.14 1.334 �0.10 0.06 1.6753 2

a The long solid and broken lines correspond to covalent and hydrogen bonds, respectively, in the P state and the reported values
correspond to these bonds in the three states.

all the four bonds in the TS state, indicating a
covalent nature of these bonds in the transition
state. The Laplacian of the electron density cor-
responding to two hydrogen bonds in the R and
the P states are positive as expected. Earlier,
AIM calculations demonstrated transition states
with covalent character in geometrically con-

� � � �strained systems of maleate 12 and enolate 13 .
And here, for the first time, we have shown the
possibility of a transition state complex with a
strong bond in an unconstrained system.

Finally, the energetics of different configura-

tions along the reaction path is investigated by
evaluating other components to the energies at
DFT�B3LYP level. More specifically, a modifi-
cation of the electronic energy by the vibrational
component and by solvent effect is carried out
and the results are consolidated in Table 4. The

Ždifference in energies energies in kcal�mol are
.given in parentheses are evaluated with respect

to the R state. Negative values for the P state at
all levels indicate that the P state is probably the
global minimum in the reaction pathway. The
electronic energy at both the DFT�B3LYP and

Table 4
Ž .Energies of the three optimized structures R, TS and P along with the vibrational and the solvent contributions

Energies R TS P
Ž .in atomic units

Ž .Electronic E0
aŽ . Ž . Ž .E MP2� �436.95333 �436.950 38 �1.85 �436.95380 �0.310

Ž . Ž . Ž .E DFT�B3LYP �438.26844 �438.26675 �1.07 �438.27137 �1.840
b� � � � � �5.76 2.29 3.90

cSolvent
E �E0 solvent

Ž . Ž .Dielectric constant �4 �438.27177 �438.26722 �2.85 �438.27245 �0.43
� � � � � �6.48 2.55 4.46

Ž . Ž .Dielectric constant �20 �438.27337 �438.26747 �3.70 �438.27369 �0.20
� � � � � �6.81 2.67 4.67

Ž . Ž .Dielectric constant �80 �438.27373 �438.26753 �3.89 �438.27385 �0.08
� � � � � �6.89 2.69 4.72

cVibrational
Ž . Ž .E �E �438.06407 �438.06781 �2.35 �438.06764 �2.230 zero point
Ž . Ž .E �E �438.10818 �438.11016 �1.24 �438.11065 �1.550 Gibbs free energy

a Ž . Ž .The energy values are in Hartree units and the values in bracket are the � E kcal�mol with respect to the reactant at the
chosen level of calculation.

b � � � �The values in square bracket are the Dipole moments debye .
cSolvent and vibrational energies are at the DFT�B3LYP level.
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MP2 levels indicate a small barrier for the TS
state. The effect of solvent is to increase the
barrier by increasing the energy difference
between the R and the TS states. The solvent
effect is a function of dielectric constant, with an
increase in the barrier with increase in the dielec-
tric constant. This feature is related to the dipole
moment of the model system. The evaluated
dipole moments are highest for the R state and
least for the TS. The zero point vibration and the
Gibbs free energy on the other hand facilitates
the reaction by lowering the energy of the TS
even below the R state. Thus the proton transfer
reaction catalyzed by the RNase A family of
proteins seems to proceed not only through short
strong hydrogen bonds, but also through a low

Ž .barrier hydrogen bond LBHB mechanism. The
point to emphasize is that the LBHB arises due
to an increase in the covalent character and the
vibrational free energy contributions to the tran-
sition state.

3.3. Effect of protein en�ironment

From the above studies, it appears that a deli-
cate balance of various components drives the
catalytic reaction in the right direction. Although
the immediate catalytic environment is the same
in all the RNase A family proteins, the activities
on the same substrate differs from protein to
protein. One reason can be a difference in the
exact mode of binding and secondly the protein
environment can affect the energetics of the cat-
alytic reaction. In order to probe the second
possibility, we have recreated different enzyme
environment and investigated its effect on the
active site model. The details of the construction

Ž .of the catalytic unit Fig. 4a and its environment
have been described in the method section. The
protein and the atoms of the water molecules are
treated as point charges and the effect of these
charges on the catalytic unit is evaluated in terms
of the change in the dipole moment. The change
in the dipole moment of small molecules due to
solvation has been documented experimentally

� �and computationally 38 and hence it is logical to
expect changes in the electrostatic properties of

the catalytic unit due to the effect of the protein
environment.

Ž .Three different environments Fig. 4a,b,c were
used both in the case of Rnase A and angiogenin.
Qualitative changes were not seen in the net
atomic charges evaluated by Mulliken and Merz-
Kollman methods and hence only the Mulliken
charges and dipole moments are reported in Table
5. Different environments, however, had a
pronounced effect on the dipole moment of the
catalytic unit, which can influence the solvation
energy considerably as we have seen earlier. The
net charge in the environment has a considerable
influence on the dipole moment of the catalytic
unit. In Angiogenin, a net charge of �0.8 elec-

˚tronic charges is provided by the 12 A cutoff and
close to �13 units in the full protein and protein

Ž�water environment Angiogenin contains 16
.acidic and 29 basic groups . The dipole moment

˚in the 12 A cutoff environment is very close to
that of the isolated catalytic unit, whereas it is
significantly higher in the other two cases for
which the net charges are high. RNase A provides

˚�4.2 electron units at 12 A cutoff and �5.0 units
with the full protein and protein�water environ-

Žment RNase A contains 9 acidic and 14 basic
.groups . The dipole moment of the catalytic unit

is considerably higher in all these three cases.
The change in the dipole moment is due to a
change in the net atomic charges. Some of the
changes in the net atomic charges on catalytically
important atoms are significant as shown in Table
5. Thus it appears that the protein environment
in terms of its net charge and the spatial distribu-
tion of charges can have significant influence on
the electrostatic properties of the catalytic unit,
which in turn can give rise to differences in the
contribution from the environment. In other
words, a reaction may become possible in the
enzyme environment which otherwise may not
take place even if the crucial residues are placed
in the appropriate orientation in the absence of a
proper environment.

3.4. Summary

Quantum chemical calculations at the pertur-
bation theory level of MP2 and density functional
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Table 5
Ž .Variation of net atomic charges Mulliken of the atoms involved in proton transfer and dipole moment of the system with

environment

Angiogenin Angiogenin

Vacuum 12A Radial cut-off Only protein Full environment

No. of atoms in environment � 943 2006 11450
Net charge of environment � 0.8 12.8 12.8

Ž .Dipole moment debyes 9.4 9.7 15.6 17.6
aAtomic charge

N6 �0.769 0.769 0.700 �0.699
O39 �0.783 0.784 �0.773 �0.771
H40 0.482 0.482 0.460 0.463
N13 �0.950 0.949 0.779 �0.778
H14 0.462 0.462 0.413 0.405

N19 �0.928 0.930 �0.878 �0.744
H20 0.546 0.546 0.570 0.615
O43 �0.954 0.953 �0.910 �0.919

RNase A

Vacuum 12A Radial cut-off Only protein Full environment

No. of Atoms in environment � 1157 1764 8698
Net charge of environment � �4.2 5.0 5.0

Ž .Dipole moment debyes 9.4 12.9 16.3 15.4
Atomic charge
N6 �0.769 �0.598 �0.641 �0.641
O39 �0.783 �0.684 �0.702 �0.699
H40 0.482 0.472 0.463 0.464
N13 �0.950 �1.030 �1.007 �1.029
H14 0.462 0.510 0.534 0.532

N19 �0.928 �1.001 �0.994 �1.005
H20 0.546 0.553 0.553 0.545
O43 �0.954 �0.890 �0.862 �0.856

aAtom numbers are as in Fig. 4a.

theory are carried out on the catalytic unit of
RNase A. Methanol, imidazole and protonated
methyl-amine are used as model compounds to
represent the proton donor 2�-OH of the ribose
of RNA, the proton acceptor histidine 12 and the
catalysis assisting residue lysine 41 of Rnase A,
respectively. Ground state configurations of the

Ž . Ž .reactant R , product P and the transition state
Ž .TS are considered along the proton transfer
reaction path. The following results are obtained
on these three states.

The optimization leads the R and the P states

to minima and the TS to a transition state as seen
by the frequency analysis. The optimized geome-

Ž .tries indicate short strong hydrogen bonds SSHB
Ž .between the 2�-OH group of ribose methanol

and the imidazole nitrogen corresponding to histi-
dine 12 of RNase A, with the O . . . . . . N bond

˚ ˚ ˚distance being 2.64 A, 2.50 A and 2.56 A, respec-
tively, in the R, TS and the P states. This SSHB
between the neutral proton donor and the accep-
tor is assisted by simultaneous hydrogen bond
formation of the donor with the positively charged

Ž .lysine 41 nitrogen of protonated methylamine .
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Bader’s atoms in molecule calculations of the
Laplacian of the electron density also supports
the view that the TS state is stabilized by simulta-
neous formation of a strong bond between the
bridging proton and the electronegative atoms of
proton donor and acceptor

The SSHB between the enzyme�substrate
model in the R, TS and the P states also results in

Ž .a low barrier for proton transfer LBHB , with
the P state being the energy minimum. The elec-
tronic energies of the three states are modified by
vibrational and solvent contributions to different
extents. The TS state is stabilized by the vibratio-
nal energy and destabilized by the solvation en-
ergy with respect to the R state. The solvent
effects are correlated with the net dipole moment
of the system and the protein environment influ-
ences the energetics of the catalytic unit by af-
fecting its dipole moment. The effect of the envi-
ronment on the dipole moment has been demon-
strated by using the enzyme environment of Rnase
A family proteins�RNase A and Angiogenin. This
result may have implication on the differences in
the activities of the two enzymes.
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