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Abstract–Quantum-chemical calculations of molecular complexes simulating the proton channel of influenza 
A virus and the proton-transfer system of the active site of carboanhydrase enzyme were performed. These 
complexes comprise a proton-donor and a proton-acceptor groups bridged by a chain of water molecules. 
Calculations of the methylimidazole (H+)–H2O–CH3COO– complex as a model of influenza M2 virus revealed 
free translation motion of the water molecule between the donor and acceptor, as well as concerted proton 
transfer in both H bonds. The barrier for proton transfer is independent of the position of the bridging water 
molecule and varies linearly with the difference in the electrostatic potentials between the donor and acceptor. 
With elongation of the H-bond bridge between the donor and acceptor groups, the H-bond lengths and proton 
shifts in the chain links vary periodically. This process can be defined as an H-bond deformation wave (proton 
wave). It was shown that motion of one proton along the H bond is associated with vibrational motion of 
protons in other links, which results in wave propagation along the chain. The calculation results allowed the 
rate of the proton wave and the time of proton transfer from the donor to acceptor to be estimated. 

Role of Hydrogen Bonds and Water Molecules 
in Enzymatic Catalysis  

Hydrogen bonds play an important role in 
enzymatic catalysis. Evidence for this conclusion was 
obtained in 1990s in experiments on mutagenesis (see, 
for example, [1, 2]), which revealed stabilization of the 
transition state in the active site of an enzyme on 
enzyme–substrate hydrogen bonding. Theoretical 
studies on model systems [3–5] showed that hydrogen 
bonding can contribute much in the catalytic activity of 
enzymes. Thus a quantum-chemical study [4] of the 
mechanism of stabilization of the transition state of the 
reaction in the active site of papain cystein protease 
allowed the acceleration of the hydrolysis of the 
peptide nitrile under the action of the mutated enzyme 
to be explained in terms of hydrogen bonding in the 
transition state. 

Active sites of enzymes feature the presence of a 
structurally flexible net of H bonds between 
functionally active groups of the enzyme, the substrate, 
and water molecules contained in the active site. Thus 
Hoog et al. [6] found in the crystal structure of the 

HSV-2 serine protease/inhibitor complex a net of H 
bonds between amino acid residues of the enzyme, 
covalently bound ligand, and central water molecules. 
The principal elements of the active site of this enzyme 
are surprisingly closely similar to those in chemotripsin, 
even though these enzymes do not have a homologous 
sequence and have quite different quaternary structures. 
These findings provide evidence for the suggestion 
that these enzymes act by a common mechanism, even 
though catalysis involves different amino acid residues. 

In certain sites of proteins, internal water clusters 
form H bonds with surrounding water molecules, thus 
providing binding between the internal part of the 
protein and its water surrounding. Thus, the molecular 
graphical analysis of the X-ray data for the active site 
of Mo-nitrogenase enzyme [7] revealed two H-bond 
nets that bind the active site with the outer surface of 
the protein. Internal water channels allow water 
molecules to diffuse into the reaction site of the 
enzyme, which is located in the depth of the molecule 
[8]. The geometry of the internal channel can allow for 
several water molecules to form an H-bond chain [9]. 
Evidence for the existence of a water bridge between 
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the active site and the protein surface was obtained in 
the research on cytochrome P450 monooxygenase 
[10]. According to the proposed two-state model, 
change in the conformation of the monooxigenase 
arginine give rise to formation of a functional water 
channel from the active site to a water cluster located 
on the thiolate side of the heme, close to the protein 
surface. This water cluster communicates with the 
surface in the closed state and is partly replaced by the 
flipping arginine side chain in the open state, allowing 
water molecules to exit to the surface or to reaccess the 
active site.  

Over late 1990s a lot of interesting data showing 
that water molecules in the active site of an enzyme 
can be directly involved in enzymatic catalysis [11–
15]. For example, a theoretical study [13] showed that 
the H bonding between the Thr-218 residue and a 
water molecule can play a key role in the nucleophilic 
attack in the active site of aspartate proteinase. The 
water molecule H-bonded with Tyr-244 and His-290 in 
the active site of cytochrome c oxidase takes part in the 
proton transfer to Fe–O-–O to form Fe–O–O–H[15]. 

Proton Transfer in Biomolecules 

Extended chains of water molecules, that bridge the 
active site of an enzyme with solvent, intrinsic water 
phase of the enzyme, or spatially remote functional 
groups, can form proton-transfer channels (“proton 
helix”) [16–20]. Along with water molecules, certain 
amino acid residues, too, can take part in proton 
transfer [17, 21]. 

Proton transfer over considerable distances occurs 
in many biochemical systems. The well-known examples 
of proton-transfer systems include bacteriorodopsin 
[22], cytochrome c oxidase [23], adenosine 5'-
triphosphate (ATP) synthetase [24] and photosynthetic 
reaction center [25]. Among other interesting systems 
we can mention the transmembrane channel formed by 
gramicidin [26] and such enzymes as carboanhydrase 
[27] and alcohol dehydrogenase [28]. 

Over the past years the mechanism of proton 
translocation and the functional role of proton channels 
have been intensely studied. In particular, experiments 
with mutated enzymes provide valuable information on 
the way of proton transfer and not infrequently reveal 
quite an intricate picture [17]. Thus, in experiments on 
site-directed mutagenesis with copper–geme oxidases 
(cytochrome с), two channels (D and K) were found. 
The channel D is used to transport protons involved in 
the conversion of Fe–O–O to Fe–O–OH, whereas the 

channel K is responsible for proton loading of the 
enzyme at some early stages of the catalytic cycle [29]. 
It was also shown that the rate of electron transfer in 
oxidases is controlled by proton transfer (proton pump) 
[30]. 

Quantum-chemical calculations of model systems 
prototyping real proton-transfer systems provide 
information unavailable by experiment and 
complementing experimental data. Most recent 
theoretical works on proton-transfer reactions in 
isolated and solvated H-bonded clusters focused on 
short chains of H-bonded molecules with an excess 
proton. In these research, certain constraints were 
imposed on model molecular systems, with the aim to 
preserve a quasi-linear chain. In certain works, empiric 
potentials were used [18, 31]. Many of such works (for 
example, [32–35]) were based on an original or a 
modified empirical valence bond (EVB) 
approximation [36]. Other works made use of quantum 
dynamics [37, 38] or a combined quantum mechanics 
and molecular mechanics method [39, 40]. 

Of interest are approaches that simulate water 
chains directly inside ionic channels, with calculation 
of their molecular structure. Thus, Sagnella et al. [41] 
employed molecular dynamics to simulate the (H2O)5H

+ 
cluster built in a polyglycine channel containing 
thirteen Gly residues and right-turned β helix 10 Å in 
diameter. As shown in the cited work, the transition 
complex H5O

2+ is readily formed inside the channel, 
and proton transfer is associated with H bonding of 
this transition complex with both neighboring water 
molecules inside the channel and the carbonyl oxygen 
of glycine in the channel frame.  

Classical molecular dynamics was used to simulate 
a system comprising a gramicidin polypeptide channel, 
a chain of 10 water molecules built-in inside the 
channel, and two cylindrical caps of water molecules 
located outside the channel entrance [42]. Protein–
protein interactions were described in terms of the 
CHARMM force field, whereas the water chain was 
simulated by means of the empirical Stillinger force 
field. Appreciable effect of H bonding between the 
channel and water molecules on proton translocation 
was observed. 

Smondyrev and Voth [43] described interactions 
between solvated proton and influenza A virus М2 
channel surrounding in terms of the EVB model. 
Molecular dynamics simulation revealed ability of the 
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excess proton to pass through a ring of gystidine 
residues by “jumping” between water molecules. The 
referees concluded that proton diffusion in the channel 
can correlate with channel conformation. Nemukhin et al. 
[44] performed a more detailed study of interactions of 
water molecules of the proton channel with its molecular 
walls containing His and Asp side chains and simulating 
the polypeptide surrounding of ionic channels at different 
stages of proton transfer. 

One of the topical problems discussed over the 
years is whether proton transfer along the H-bond 
chain occurs via a concerted mechanism or this is a 
multistage reaction? Unfortunately, neither experiment 
nor theoretical methods can give an unequivocal 
answer on this question. The reason is the large size of 
the molecular system, which creates serious problems 
in interpreting the results of both measurements of 
kinetic isotope effects for reactions that occur in the 
active site of enzymes and high-level quantum-
chemical calculations (post-SCF). Even though kinetic 
isotope effects can provide information on the 
structure of transition states in short-range proton-
transfer reactions [45], isotope effects for long-range 
proton transfer are quite difficult to interpret because 
of the great number atoms involved in the process [46]. 

According to calculations, the “observed” me-
chanism of proton transfer is quite sensitive to the 
quality of PESs and, consequently, to the calculation 
method used. Thus proton transfer from the enzyme-
bound substrate to outer solvent via a series of amino 
acid residues and the hydroxy group of a coenzyme in 
liver alcohol dehydrogenase is, according to PM3 
semiempirical calculations, a multistage process [47]. 
Calculations for the same system at SCC-DFTB (Self-
Consistent Charge Density Functional Tight-Binding) 
level predict a concerted mechanism of proton binding 
[48]. As to experimental studies, we can mention here 
the work of Yousef et al. [49] who made use of X-ray 
diffraction data for a 3D crystal structure of an analog 
of the complex of the transition state for arginine 
kinase (resolution 1.2 Å) to describe the transition-
state structure of the enzyme. These data were 
considered as evidence for a concerted mechanism 
of proton transfer in the active site of the enzyme. 
Of interest are also the experimental results for site-
directed mutagenesis in a bacterial reaction center 
[50], which gave an estimate of 105 s–1 for the rate of 
proton transfer over a distance of about 20 Å.  

Electrostatic and Donor–Acceptor Interactions on 
H-bond Proton Transfer  

The question on the mechanism of proton transfer 
in biomolecules is directly related to the question of 
what properties of hydrogen bond in biomolecules are 
responsible for the high catalytic activity of the 
biochemical system. According to suggestions in [51–
55], the principal factor responsible for the 
effectiveness of enzymatic catalysis is formation of 
short (shorter than 2.5 Å) very strong low-barrier H 
bonds (LBH bond) in the transition state or in the 
enzyme–intermediate complex. In terms of this 
hypothesis, there is a transition from a weak H bond in 
the enzyme–substrate complex to a strong LBHB in 
the enzyme–intermediate complex or in the transition 
state, and the energy gain in the LBHB formation 
(from 10 to 20 kcal mol–1) facilitates reaction in the 
enzyme active site. 

However, conclusive evidence for existence of strong 
H-bonds in enzyme active sites is still unavailable, and 
this question has been vigorously debated since 1990s 
[56]. In a general case, the strength of an individual H 
bond in enzymatic catalysis is difficult to estimate. 
Existence of a strong H bond is frequently established on 
the basis of geometric and/or spectral criteria. However, 
as noted in [57, 58], there is no direct evidence showing 
that the strength of an H bond in the transition state is 
determined by these experimentally observed properties. 
An LBHB-stabilized transition state in the active site of 
an enzyme has never been directly observed 
experimentally. 

The theoretical analysis of the possible catalytic 
effect of LBHB, performed by Warshel and Papazyan 
[59], showed that low-barrier H bonds can only exist in 
nonpolar or low-polarity media where stabilization due 
to covalent bonding prevails over solvation effects. 
Thus, the results of EVB calculations for the reaction in 
the active site of subtisiline (enzyme of the serine 
protease family) showed that the formation of a 
tetrahedral intermediate in the active site of the enzyme 
should occur with a much higher activation barrier than 
the formation of a LBHB-like configurationи in the 
transition state [59]. The ab initio calculations for model 
systems in [60], too, revealed no specific stabilization of 
H-bonded complexes, associated with H-bond 
shortening, in cases where the pKa values of the proton 
donor and proton acceptor are close to each other. 

According to an alternative opinion advanced by 
Warshell and Papazyan [59], the probable reason for 
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the high catalytic activity of H bonds in the active site 
of enzymes lies in the fact that reorganization energy, 
viz. the energy consumed for forming a reactive 
enzyme–substrate complex, is lower compared with 
the reaction in solution, on account of a favorable 
starting arrangement of active groups in the enzyme. 
Solvating water molecules inside and nearby the active 
center can play an important role in imparting to the 
enzyme active center such a polar environment which 
much better, than water, “solvates” the transitions state 
[61, 62]. 

In essence, the LBHB concept explains the catalytic 
effectiveness of enzymes by donor–acceptor 
interactions in the “donor–Н-acceptor” system, which 
are characteristic of strong ionic hydrogen bonds. An 
alternative hypothesis suggests the electrostatic 
interaction of the transition state with the polar 
environment of the enzyme active center is the 
principal stabilization factor. 

Simulation of Cooperative Interactions of H Bonds on 
Proton Transfer 

Since proton transfer in biomolecules takes place in 
a net of H bonds, this process is cooperative in nature. 
We performed simulation of cooperative interactions 
in a net of H bonds [63, 64] to establish that param-
eters measuring donor–accptor and electrostatic 
interactions in proton-transfer systems correlate with 
each other. The donor–acceptor interaction are quantit-
atively measured by the charge Δq transferred between 
the fragments of the complex and the change in the 
dipole moment of the complex Δm, which are 
associated with H-bond proton transfer from the donor 
to acceptor. An analogous characteristic of the 
Coulomb interaction is the electrostatic potential of H-
bond heteroatoms. 

We considered simple ionic molecular complexes 
with H bonds characteristic of biomolecules, with O, 
N, and S as proton donors and proton acceptors [63], 
as well as complexes containing an FH···F– fragment 
with a LBHB-like hydrogen bond [64]. Comparative 
analysis of proton mobility at varied proton positions 
in neighboring H bonds and configurations of heavy 
atoms allowed us to reveal a correlation between the 
electron density distribution in the molecular complex 
and the electrostatic interaction energy in the donor–
prootn–acceptor system and the barrier E# to proton 
transfer. 

According to ab initio SCF MO LCAO calculations 
with the 6-31+G** basis set, with inclusion of electron 
correlation effects at the DFT/B3LYP level, the charge 
Δq transferred between the fragments of the molecular 
complex, the dipole moment of the complex, and the 
difference in the electrostatic potentials Δφ = φD – φA 
in the transition state of the proton-transfer reaction 
vary in the same direction (Table 1). As seen from 
Table 1 which lists the above parameters for the 
simplest complex F1-H1···F2–···H2-F3, the change of the 
barrier E# to H1 transfer in this complex in both 
directions correlates well with the Δq value for the 
transition state. This finding suggests that the donor–
acceptor interaction plays an important role in proton-
transfer processes in H-bonded systems. The strength 
of the donor–acceptor interaction between the F–HF– 
and H–F fragments can also be measured by the 
energy ULUMO of the lowest unoccupied molecular 
orbital. As seen from Table 1, the ULUMO in the 
transition state decreases with increasing Δq. 

The fact that the activation barrier to H1 transfer 
correlates with the charge transferred to HF is fairly 
obvious. Decrease of the electron density of the donor 
decreases its proton affinity, thus facilitating proton 
transfer to the acceptor (and vice versa). Proton 
transfer is also favored by increased electron density of 
the acceptor. According to calculations, the charge Δq 
transferred between the interacting systems, is a 
parameter which defines both the change of the dipole 
moment Δμ of the complex and the potential 
difference Δφ between the donor and acceptor. 

Dimitrova et al. [65] in their calculations for a 
series of simple H-bonded molecular systems found a 
linear correlation between the H-bond energy of the 
electrostatic potential of the proton. According to our 
calculations, the barrier to proton transfer correlates 
with the potential difference Δφ between the donor and 
acceptor. Figure 1 plots the calculated barriers E#

i in 
the molecular complexes F1–H1···F2–···H2–F3 with 
varied atomic configurations against the corresponding 
potential differences Δφi between the donor and 
acceptor. To include interactions with the polar 
medium (ε = 81), the SCIPCM solvation model [66] of 
the self-consistent reactive field theory (SCRF) was 
used. In agreement with the concept that a polar 
medium stabilizes, on solvation, structures with a 
localized charge, the Δφ = φD – φA value increases. 
However, the planar environment does not alter the 
character of E#–φ correlation. The effect of solvation 

RUSSIAN  JOURNAL  OF  GENERAL  CHEMISTRY   Vol.  78  No.  4   2008 



ISAEV 708 

R(F2...F3), Å r(F2...H2), Å Δq, au. δμ, D 
δE#, kcal mol–1

 
ULUMO, eV Δφ, au 

(A→B) (B→A) 

2.8 1.5 0.125 5.92 19.8 14.3 3.38 0.100 

  1.8 0.041 1.42 9.5 7.9 4.43 0.062 

3.0 1.4 0.200 9.96 29.1 18.3 2.12 0.158 

1.7 0.097 4.24 15.9 11.9 3.03 0.094 

2.0 0.031 0.15 8.5 6.5 4.41 0.038 

3.2 1.6 0.171 7.88 23.4 15.8 1.54 0.105 

1.9 0.075 2.78 12.9 9.6 2.64 0.067 

2.2 0.022 0.0 6.6 5.4 4.33 0.035 

3.4 1.5 0.233 11.85 31.1 18.7 0.67 0.137 

1.8 0.128 6.21 19.2 12.8 1.13 0.096 

2.1 0.054 1.49 10.5 7.9 2.16 0.062 

2.4 0.015 0.04 5.5 4.5 4.19 0.033 

Table 1. Parameters of donor–acceptor and electrostatic interactions on H-bond proton transfer in the F1–H1...F2–...H2-F3 
complexa,b 

a Parameters for the transition state of the H1 proton-transfer reaction at a varied position of the H2 proton of the neighboring H bond: 
(Δq) negative charge on the H2–F3 fragment; (δμ) increment of the dipole moment; (δE#) change of the proton-transfer barrier; (ULUМО) 
LUMO energy; and (Δφ), electrostatic potential difference. b In states А and В, the H1 proton resides at F1 and F2, respectively. 

Fig. 1. Plots of the barrier to proton transfer E# in the F1–
H1...F2–...H2–F3 complex vs. electrostatic potential difference 
Δφ = φ(F2) – φ(F1) between the proton donor and acceptor 
in the transition state of the reaction: (♦ ) А → В; ( ◊) В → 
А; (D) A → B, SCIPCM; and (▲) B → A, SCIPCM. 
States A and B are described in the notes for Table 1. 
(SCIPCM) Calculated with inclusion of solvation effects in 
terms of the self-consistent reactive field theory. 

reveals itself only in changing the slope of the E#–Δφ 
straight line. The slope is a parameter which relates to 
the “sensitivity” of the barrier to proton transfer to 
charge distribution in the molecular complex. The 
observed correlation between the donor–acceptor and 
electrostatic interactions explains the linear correlation 
of the heat of H-bond formation and the increment of 
the dipole moment of the molecular complex, 
established experimentally in [67]. 

Of interest are the results of analysis of the effect 
on charge distribution and barrier to proton transfer of 
the length of the quasi-linear H-bond chain that 
simulates a proton channel [64]. The object for study 
was linear (FH)n···F

– clusters, which facilitated analysis 
of cooperative interactions of H bonds and allowed 
general quantitative conclusions concerning their role in 
analogous systems. These clusters were constructed by 
consecutively adding to the F–H1···F– fragment of HF 
molecules, thus elongating the H-bonded chain with a 
terminal F– anion. For each cluster we calculated the total 
charge on the F–H1···F– fragment and the potential curve 
for H1 transfer. According to B3LYP/6-31+G** calculations, 
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n 
Δq, 
au 

q1
a, 

 au 
q2

a,  
au 

Δφ  
au 

E#,  

kcal mol–1 

  R(F...F) = 2.6 Å  

1 0.052 –0.052 – 0.066 10.8 

2 0.069 –0.042 –0.027 0.073 7.8 

3 0.075 –0.036 –0.021 0.076 6.9 

4 0.077 –0.034 –0.020 0.078 6.6 

5 0.078 –0.033 –0.019 0.078 6.4 

6 0.078 –0.033 –0.018 0.078 6.3 

1 0.031 –0.031 – 0.061 12.9 

2 0.035 –0.023 –0.012 0.063 11.6 

3 0.037 –0.022 –0.010 0.065 11.2 

4 0.037 –0.022 –0.009 0.065 11.0 

5 0.038 –0.022 –0.008 0.066 10.9 

6 0.038 –0.022 –0.008 0.066 10.9 

 R(F...F) = 3.0 Å 

Table 2. Effect of H-bond chain length in (FH)n
...F–H1...F– 

clusters on charge distribution over chain links and barrier to 
H1 proton transfer 

adding each further HF molecule increases the charge Δq 
transferred from the F–H1···F– fragment to links of the H-
bond chain and decreases the barrier E# to the transfer 
from H1 to F– (Table 2). However, the effect of chain 
length on Δq and E# gets much weaker as the number 
of chain links n increases. Therewith, the effect of Н-
bond chain length is much dependent on the distance 
R(F···F) between the F atoms in the chain adjacent to 
the proton donor. Thus, in going from n = 1 to n = 2 at 
R(F···F) = 2.6 Å, the barrier decreases by 3 kcal mol–1, 
whereas at R(F···F) = 3.0 Å the decrease is less than 
1.5 kcal mol–1. At n > 3, the E# value is less than 
0.5 kcal mol–1, whatever R(F···F). 

As to the difference in the electrostatic potentials 
Δφ between the donor and acceptor of the H1 proton, 
then, as seen from the table, the Δφ = φD – φA value 
increases with increasing chain length. This increase of 
Δφ is associated with the fact that the potential φD of F 
(proton donor) suffers greater changes that φA as the 

number of links in the Н-bond chain increases. It is 
also noted that Δφ is sensitive to the distance between 
the HF molecules in the chain. As R(F···F) increases, 
the “cooperative effect” of the donor–acceptor 
interaction of hydrogen bonds gets weaker, which 
prevents charge transfer from F–H1···F– and increases 
Δφ. Thus, at R(F···F) = 3.0 Å, the Δq values at n = 6 
proves to be half as high. Further evidence for showing 
that charge delocalization over chain links gets weaker 
as R(F···F) increases from 2.6 to 3.0 Å comes from the 
effective charges q1 and q2 on the first and last HF 
molecules in the H-bond chain. 

Proton Transfer in Donor–Chain–Acceptor 
Systems 

 Simulation of proton-transfer processes on fairly 
simple molecular systems showed that water molecules 
not only effect specific solvation, but also are actively 
involved in proton exchange. According to 
calculations for formation and dissociation of quater-
nary ammonium salts [68], proton transfer by the 
exchange mechanism involving water molecules which 
are embedded between donor and acceptor has a much 
lower activation barrier compared with contact ion pair 
formation. Another example is the tautomeric 
transformations of monosuccharides, accompanied by 
mutarotation. It is well known that succharides in 
solutions are present as equilibrium mixtures of cyclic 
and open-chain tautomers. As shown by the calcula-
tions in [69], the six-membered ring in glucose should 
open via proton exchange in water molecules that close 
the donor–acceptor transfer chain. Comparative 
analysis of the potential energy surfaces (PES) for 
molecular systems with H-bond proton transfer 
showed that exchange reactions feature an earlier 
transition state that direct doron–acceptor proton 
transfer. 

Translational Mobility of a Bridging Water 
Molecule and the Mechanism of Proton Transfer  

(Model of the М2 Proton Channel of Influenza Virus) 

Let us consider the role of water molecules as a 
mediator in proton-transfer processes in biomolecules 
using the example of a fairly simple model of the M2 
proton channel of influenza A virus. According to the 
working hypothesis [70], proton transfer in the M2 
channel occurs via a chain of water molecules that fill 
the channel. This chain is occluded by the histidine 
residues of the virus protein coat, which reside roughly 
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in the center of a bundle of four protein polypeptide 
helices. The destination of the proton motion is 
aspartic acid residues at the ends of the polypeptide 
helices. It is suggested that the histidine residue is 
directly involved in proton transfer along the M2 
channel [70–72]. First the Nε-protonated histidine 
accepts a proton from surrounding water molecules on 
an unprotonated nitrogen atom of the imidazole ring. A 
positively charged intermediate with both protonated 
nitrogen atoms can relax via deprotonation of the Ne 
center and thus translocate the proton into the water 
chain. This model is considered to be consistent with 
the observed proton selectivity of the M2 channel and 
pH-dependence of its conductance [70]. 

In our work on quantum-chemical simulation of the 
М2 proton channel we considered a simpler proton-
transfer system and focused primarily on the proton 
transfer via the water chain from the diprotonated 
histidine to aspartic acid residue [73]. Since the proton 
affinity of the Asp carboxyl oxygen is higher than that 
of the imidazole nitrogen, the system with an extra 
proton localized on the His residue corresponds to a 
local minimum on the PES, whereas that with 
protonated Asp residue (endpoint of the proton-transfer 
chain) corresponds to a global minimum. 

In our considered simplest molecular complex 
methylimidazole–H+···water···CH3COO– than simulated 
a donor–chain–acceptor chain, hystidine and aspartic 
acid residues were replaced by protonated 
methylimidazole and acetate anion, which is a 
commonly accepted approach in quantum-chemical 
simulation. In what follows the donor and acceptor 
groups of the complex are referred to as His and Asp. 
The water molecule functions as a bridge for 
imidazole–anion proton transfer (Fig. 2). The N–
H1···O1 and O1–H2···O2 bond lengths in the complex, 
calculated by the B3LYP/6-31+G** method with full 
geometry optimization, show that the water molecule 
tends to form a shorter and stronger hydrogen bond 
with the acetate anion. The R(N···O1) and R(O1···O2) 
distance between the protonated imidazole nitrogen 
and carboxyl carbon atoms, calculated at R(N···C1) = 
6.5 Å, are 2.849 and 2.645 Å, respectively. Such 
interatomic distances are typical of H bonds involving 
nitrogen and oxygen atoms in ionic molecular 
complexes.  

Fig. 3. Change of the total energy of the molecular 
complex methylimidazole-H+...H2O

...CH3COO– on motion 
of the water molecule between the proton donor and 
acceptor at a varied interatomic distance R(N...C1) (Å): (1) 
6.5; (2) 6.75; (3) 7.0; (4) 7.25; and (5) 7.5. The total energy 
of the complex at R(N...C1) = 6.5 Å and an optimized 
position of the water molecule is taken to be equal to zero. 

Fig. 2. Molecular complex methylimidazole-
H+...H2O

...CH3COO–. The water molecule functions as a 
bridge for proton transfer from mrthylimidazole to acetate 
anion. 

We were interested in the question: How the 
distance between the proton donor (His) and proton 
acceptor (Asp) in the polypeptide helix affects the 
proton-transfer process? To this end, we performed 
B3LYP/6-31+G** calculations for the methyl-
imidazole–H+···water···CH3COO– complex with varied 
both R(N···C1) distance and other geometric 
parameters. To find out whether the bridging water 
molecule can freely move between the donor and 
acceptor, it was successively shifted from imidazole to 
acetate ion, and, therewith, R(N···C1) was fixed. 

Figure 3 shows the trend of the total energy of the 
complex on motion of the water molecule for several 
fixed R(N···C1) distances. At short His···Asp distances, 
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R(N...C1), Å 
Effective atomic charge, au Atomic electrostatic potential, au E#, a,  

kcal mol–1 N(imide) O1(H2O) O2(Asp) H1(imide) N(imide) O1(H2O) O2(Asp) H1(imide) 

6.5 –0.284 –0.956 –0.676 0.457 –18.205 –22.350 –22.415 –0.902  4.1 

6.75 –0.296 –0.860 –0.697 0.457 –18.203 –22.302 –22.424 –0.871  8.9 

7.0 –0.343 –0.730 –0.722 0.463 –18.226 –22.220 –22.429 –0.832 18.2 

7.25 –0.346 –0.699 –0.726 0.465 –18.232 –22.194 –22.441 –0.815 21.8 

7.5 –0.348 –0.686 –0.729 0.466 –18.241 –22.177 –22.452 –0.804 24.7 

Table 3. Atomic charges (after Mulliken), atomic electrostatic potentials, and barriers to proton transfer in the methyl-
imidazole-H+...H2O

...CH3COO– molecular complex 

а Barriers to double proton transfer from His to Asp. 

the potential curve looks like a well with a flat bottom, 
i.e. has only one minimum; which implies a fairly free 
motion of the water molecule. As R(N···C1) gets 
longer, the potential curve acquires two wells with a 
barrier that separates two possible position of the water 
molecule. The barrier gets higher as the His and Asp 
residues move away from each other, reaching 4 kcal mol–1 
at R(N···C1) = 7.5 Å. It should be noted that the right 
minimum on the potential curve is lower, which 
suggests that the water molecule prefers to associate 
with Asp. 

For each of the above-considered configurations of 
the His···H2O···Asp triad we calculated the potential of 
proton transfer from His to Asp via the bridging water 
molecule. At R(N···C1) = 6.5 Å, the barrier for this 
double proton transfer is fairly low (ca. 4 kcal mol–1). 
The position of the water molecule between the donor 
and acceptor (closer to His or closer to Asp) only 
slightly affects the height of the barrier. However, as 
the distance between His and Asp, i.e. R(N···Cl), 
increases, the barrier to proton transfer becomes to 
grow (Table 3). As seen from Table 3, this barrier 
increases to 18 kcal mol–1 at R(N···C1) = 7.0 Å and 
reaches almost 25 kcal mol–1 at при R(N···C1) = 7.5 Å. 

As to mechanistic details of proton transfer, we can 
mention that in cases where the water molecule can 
freely move between His and Asp, i.e. at R(N···C1) < 
7.0 Å, both protons move concertedly. Vice versa, 
when the water molecule has to overcome barrier on its 
motion, the energetically most probable mechanism 
involves successive motion of two protons. 

Table 3 lists the effective charges on the O and N 
atoms that function as the proton donor and acceptor, 
as well as the bridging hydrogen H1 which is trans-

Fig. 4. Effect of the number of water molecules in the H-
bonded chain and the donor–acceptor distance on the 
barrier to proton transfer in the complex methylimidazole-
H+...(H2O)n...CH3COO–. Figures above the plots relate to 
the number of water molecules in the chain bridging 
protonated imidazole and CH3COO– anion. 

Electrostatic potential difference between N and O1, au 

ferred to the water molecule at the initial stage of the 
process. i.e. when His still bears a positive charge. As 
the distance between His and Asp, as well as the 
barrier to proton transfer increases, a clearly defined 
tendency for an increase of the negative charge on N 
and O2 and a decrease of the negative charge on the 
intervening O1 atom of the water molecule. 

As to the electrostatic potentials of the same atoms, 
they vary in parallel to the atomic charges (Table 3). 
Figure 4 presents the plots of the barriers to proton 
transfer versus the potential differences Δφ between N 
and O1. The observed correlation between E# and Δφ 
is consistent with the results of calculations for simple 
H-bonded molecular complexes. Note that the 
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Fig. 5. Structure of the complex simulating the proton 
channel in the active site of carboanhydrase II. 

increase of the negative charge on O1 makes it easier 
for proton to move in its direction. Therefore, as Δφ 
increases with increasing potential of oxygen, the 
barrier to proton transfer in this direction decreases. As 
seen from Fig. 4, the linear correlation between E# and 
Δφ is preserved whatever the number of bridging water 
molecules. Such chains were constructed by increasing 
the R(N···C1) distance by 2.5 Å with every added 
bridging water molecule, followed by geometry 
optimization of the complex. As the chain is elongated, 
the sensitivity of barrier to transfer to potential 
difference (slope of the straight line) decreases. The 
slope k of the equation E# = kΔφ + b has the dimension 
of charge, and it can be considered as a measure of 
charge transfer, i.e. proton charge. Actually, k is 
roughly equal to 0.5, which is fairly close to the charge 
on the transferred proton (Table 3). 

Proton-Transfer System of the Active Site of the 
Enzyme Carboanhydrase 

Another interesting proton donor–chain–acceptor 
molecular system is a proton-transfer molecular com-
plex of the active site of the enzyme carboanhydrase. 
Carboanhydrase is an exceptionally effective catalyst 
of reversible CO2 hydrolysis, which comprises 250 
amino acid residues and a Zn cofactor [74]. The 
mechanism of this enzyme catalysis has been the 

subject of vigorous experimental [75–81] and 
theoretical [61, 82–91] research over the past decades. 
A number of genetically and immunologically 
different but structurally homologous carboanhydrase 
isozymes are known, which have different kinetic 
characteristics and ligand-binding abilities. 
Nevertheless, the catalytic mechanisms are probably 
common for all forms of this enzyme. Studying the 
mechanism of catalysis of CO2 hydration on the 
enzyme active site proved very useful for 
understanding features of proton transfer in enzyme 
systems. 

The catalytic mechanism involves two stages. The 
first is the conversion of CO2 into HCO3

– [reaction (1)], 
as a result of direct nucleophilic attack on CO2 of the 
hydroxy group bound with Zn [77, 80]. The second 
stage involves proton transfer, as a result of which the 
hydroxyl is regenerated [reaction (2)]. 

CO2 + EZnOH– + H2O  HCO3
– + EZnH2O (1) 

His64-EZnH2O + B  H+His64-EZnOH– + B 
 His64-EZnOH– + BH+,     (2) 

B is buffer and His-64 is the amino acid residue which 
accepts proton in carboanhydrase (CA II). 

Until now there has been no clear understanding of 
the mechanism of proton transfer in the active site of 
carboanhydrase. Silverman and Lindskog [77] in their 
comprehensive experimental research obtained 
evidence for the suggestion of Steiner et al. [75] that 
the proton transfer between the Wat1 molecule bound 
with Zn2+ and the His-64 residue in CA II is 
intermolecular. Since the distance between His-64 and 
Wat1 is too large for direct proton transfer to be 
possible, this process should develop via a chain of 
built-in water molecules contained in the crystal 
structure of the enzyme and forming a net of H bonds 
[92, 93]. It is suggested that the mechanism of proton 
translocation is similar to that of proton transfer over a 
chain of water molecules that form the proton channel 
in gramicidin [94]. The structure of the molecular 
complex that simulates the proton-transfer system in 
CA II is shown in Fig. 5. 

According to the resulting data, the pKa of Wat1 
(~7) is almost the same as that of the protonated His-
64 residue. Close pKa values are important for mutual 
proton exchange, since different pKa values can entail 
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R IS FS TS1 TS2 

O1...O2 2.495(2.530) 2.666(2.575) 2.499(2.447) 2.423 

O2...O3 2.574(2.539) 2.643(2.687) 2.372(2.379) 2.427 

O3...N4 2.783(2.755) 2.616(2.627) 2.660(2.649) 2.507 

O1–H1 1.010(1.003) 1.696(1.596) 1.483(1.305) 1.053 

O2–H1 1.486(1.546) 0.973(0.994) 1.018(1.052) 1.370 

O2–H2 0.986(1.004) 1.670(1.713) 1.129(1.131) 1.065 

O3–H2 1.588(1.535) 0.974(0.977) 1.243(1.249) 1.362 

O3–H3 0.975(0.988) 1.560(1.576) 1.001(1.014) 1.290 

N4–H3 1.809(1.770) 1.056(1.061) 1.659(1.636) 1.217 

Zn–O1 1.965(1.983) 1.860(1.872) 1.892(1.901) 1.943 

Zn–N1 2.092(2.077) 2.128(2.114) 2.123(2.114) 2.094 

Zn–N2 2.091(2.097) 2.116(2.124) 2.111(2.119) 2.095 

Zn–N3 2.091(2.097) 2.116(2.124) 2.111(2.119) 2.095 

Zn...N4 8.662(7.679) 8.896(8.162) 8.538(7.901) 8.258 

Table 4. Interatomic distances (R, Å) in the model proton-transfer complex of the active site of carboanhydrase IIa, b 

a (IS, FS) Initial and final states of the complex, respectively; (TS1, TS2) possible transition states of the proton-transfer reaction. Ab initio 
 calculations with the 6-311G (6-31G) basis set. b (N1, N2, N3) Imiodazole nitrogens coordinated to Zn+ (see Fig. 5). 

a considerable barrier to proton transfer in one or the 
other direction. In fact, this requirement excludes other 
functional groups or amino acid residues from proton 
transfer [85]. The results of Qian et al. [81] for isozymes 
CA III (Lys-64) and CA V (Tyr-64) gave evidence for 
the proposed mechanism of proton transfer. Experiments 
on site-directed mutagenesis showed that in both cases 
the number of enzyme turnovers in the catalytic cycle can 
be increased by replacement of the amino acid residue in 
the 64 position by histidine. Moreover, it was found that 
the maximum catalysis rate is increased by replacement of 
Lys-64 and Tyr-64 by glutamate and aspartate which can 
provide effective proton transfer at pH = 6–8. 

According to X-ray diffraction data [95], the Zn2+ 
ion in CA II is at a distance of 7.8 Å from His-64, 
which allows for at least three water molecules to 
built-in between them to form a “bridge” for proton 
transfer (see Fig. 5). The imidazole ring in His-64 can 
function according to Eq. (2), by providing proton 
transfer from the active site of the enzyme into the 
buffer solution. Experiments on hydrogen isotope 
exchange in solvent and measurements of the rates of 
transition of 18O-labeled water molecules in solvent 
with varied contents of buffer solution [76] showed 
that proton transfer between Wat1 and His64 is a stage 
that limits the catalysis rate at a high content of buffer 
solution, whereas the limiting stage at low contents of 
buffer solution is proton transfer to the medium. 

Fig. 6. Structures of the transition states TS1 and TS2 in the 
proton-transfer reaction in the molecular complex 
(NH3)3Zn2+...OH2

...OH2
...OH2

...NH3.HF/6-311G calculations. 
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Fig. 7. Potential curves of proton transfer in the molecular complex (NH3)3Zn2+...OH2
...OH2

...OH2
...NH3. Curve W1 relates to the case 

when the process is initiated by a shift of the first water proton, and curves W2 and W3 were obtained using as “engines” the 
second and third water protons, respectively. HF/6-31G calculations [98]. 

Initial equilibrium complex Proton-transfer product 

Fig. 8. Potential curves of proton transfer in the molecular 
complex (NH3)3Zn2+...OH2

...OH2
...OH2

...NH3, obtained at 
varied constraints on the geometry of the complex: (1) H1 
motion at a fixed positions of water molecules in the proton 
channel; (2) Н1 motion at fixed distances between Zn2+ and 
ligands: R(Zn–O) = 2,0 Å, R(Zn–N) = 2.1 Å (see Fig. 7); 
and (3) calculation with full geometry optimization of the 
complex. 

To assess the barrier to proton transfer from zinc to 
histidine in carboanhydrase (hydration reaction), a 
variety of model systems and theoretical methods have 
been used. However, this was either semiempirical 
calculations or calculations with “bad” basises [61, 82, 
83] or calculations involving no geometry optimization 

[88], i.e. calculations of not quite realistic models, 
since the water molecules in the enzyme active site 
possess translational and vibrational mobility. The 
measured kinetic isotope effects [96, 97] gave 
evidence to show that more than one proton can be 
involved in the transition state and, consequently, 
proton transfer can be associated with motion of both 
donor and acceptor. We performed ab initio calculations 
[98, 99] of the molecular complex simulating the proton-
transfer system in the active site of CA II, with allowance 
for the mobility of all water hydrogen and oxygen atoms 
that form the proton-transfer channel. The geometric and 
electronic structures of the transition state of the proton-
transfer reaction in the active site of CA II were also 
calculated. 

In constructing an appropriate model whose size 
allows fairly accurate ab initio calculations we 
replaced histidine residues (see Fig. 5) by ammonia 
molecules (such replacement of the imidazole ligands 
is commonly accepted in theoretical studies on 
biochemical systems [100]). Binding centers of a 
transition metal in protein generally contain 3–4 amino 
acid ligands. The Zn2+ ion in carboanhydrase 
coordinates three hystidine residues. Importantly, these 
ligands have no side hydrogen atoms and, 
consequently, are unable to form H bonds with 
bridging water molecules. 

The equilibrium geometries of the molecular 
complex (NH3)3Zn2+...OH2

...OH2
...OH2

...NH3, which 
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Table 5. Barriers to proton transfer (kcal/mol) calculated for 
the (NH3)3Zn2+··OH2··OH2··OH2··NH3 complex at different 
levels of theory 

Calculation method E# E# + ZPVEа 

SCF   

HF/6-31G  5.3 1.0 

HF/6-31G*//HF/6-31G 10.7 6.5 

HF/6-31G**//HF/6-31G  8.5 4.3 

HF/6-31+G**//HF/6-31G  8.6 4.4 

B3LYP/6-31+G**//
HF/6-31G 

 2.3 0.0 

MP2/6-31+G**//HF/6-
31G 

 3.4 0.0 

post-SCF   

а The barrier to proton transfer is corrected for zero-point vibration 
energy. 

Number of 
links, n 

 

O1...O2 O2...O3 O3...O4 O4...O5 O5...O6 O6...O7 O7...O8 O8...O9 O9...O10 O10...O11 O11..N 

HF/6-31G 4 2.524 2.523 2.585 2.788             

5 2.558 2.664 2.540 2.597 2.793           

6 2.517 2.718 2.697 2.549 2.601 2.797         

7 2.639 2.656 2.799 2.743 2.530 2.597 2.795       

8 2.643 2.658 2.798 2.737 2.519 2.582 2.623 2.812     

9 2.641 2.657 2.766 2.892 2.587 2.771 2.563 2.615 2.808   

10 2.641 2.655 2.763 2.892 2.586 2.769 2.552 2.598 2.634 2.820  

11 2.646 2.591 2.853 2.833 2.589 2.752 2.744 2.550 2.599 2.634 2.819 

B3LYP/6-31+G** 6 2.679 2.724 2.798 2.757 2.540 2.702         

11 2.803 2.644 2.805 2.735 2.662 2.823 2.765 2.574 2.615 2.650 2.777 

Calculation 
method  

Table 6. Lengths of hydrogen bonds in the (NH3)3Zn2+...(H2O)n
...NH3 molecular complexa  

a  The atoms are numbered from donor to acceptor (from Zn2+ along the chain). 

corresponds to the initial state of the system with the 
water molecule at Zn2+ and to the final state formed by 
proton transfer to ammonia, as well as to two possible 
transition states, as given by our HF/6-31G and HF/6-
311G calculations [98, 99], are presented in Table 4. As 
seen, calculations with both basis sets predict close H-
bond lengths in the proton-transfer channel. Even though 
the water–water H bonds are very short, water protons 
are clearly associated with donor atoms. 

The calculated Zn2+–ligand distances R(Zn–N) for 
the initial state of the system vary from 2.08 to 2.10 Å, 
and the distance between Zn2+ and the water molecule 
R(Zn–O) is slightly shorter (1.97–1.98 Å). These values 
are close to those obtained by other methods. Thus, the 
following values for the initial state were obtained by 
X-ray diffraction: R(Zn–N) = 2.1–2.3 Å, R(Zn–O) = 
1.9–2.0 Å [101, 102]. Molecular mechanics 
calculations for solvated carboanhydrase CA I predict 
that Zn2+ has a slightly distorted tetrahedral coordina-
tion: 1.936 Å < R(Zn–N) < 1.974 Å and R(Zn–O) = 
1.923 Å [84]. According to molecular dynamics 
simulation with ab initio bond parameters for ligands, 
the mean distance between Zn2+ and His residues is 2.10–
2.15 Å [87]. 
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Fig. 9. Distribution of O—H bond lengths (Å) along the water chain in the molecular complex (NH3)3Zn2+...(H2O)11
...NH3. 

B3LYP/6-31+G**calculations. 

Fig. 10. Shifts of H-bond protons in the complexes (NH3)3Zn2+...(H2O)11...NH3 (C11) and methylimidazole(H+)...(H2O)14
...CH3COO– 

(I14) complexes with respect to their equilibrium positions in an isolated water chain: (▲) C11(HF/6-31G); (♦) C11; and (◊) I14. 
B3LYP/6-31+G** calculations. The chain links are numbered from Zn2+ to the final acceptor NH3 in complex C11 and from the 
imidazole to anion in complex I14 

Fig. 11. Shifts of the second–fifth chain link protons (Н2, Н3, Н4, Н5) with respect to their equilibrium positions in the complex (NH3)3Zn2+...
(H2O)11...NH3 (C11), with increasing O1–H1 distance. 

The fact that there are short H bonds in the proton 
channel suggests that the barrier to proton transfer over 
them is fairly low. According to our calculations [99], 
the proton-transfer reaction IS→FS can occur via 
structurally different transition states, depending on 
what proton (H1, H2, or H3) initiates the process. 
Figure 6 shows what changes occur in the structure of 

the transition state when the reaction-controlling 
proton changes from H1 to H3 (see also Table 4). As 
the O1–H1 bond gets longer as H1 is moving along the 
axis of the H bond between O1 and O2, the reaction 
occurs via TS1. In this case, the proton common for 
two first water molecules in the chain is used as an 
“engine” that controls the process. In the calculations, 
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Charge on water moleculesа, e 

1 2 3 4 5 6 7 8 9 10 11 

0.972b 0.060 0.036 0.001 0.010 0.029 0.016 0.015 0.024 0.013 0.008 0.004 

1.10 0.056 0.042 0.016 0.013 0.027 0.010 0.013 0.024 0.013 0.007 0.004 

1.14 0.057 0.059 0.041 0.017 0.010 0.025 0.009 0.021 0.011 0.006 0.003 

1.18 0.043 0.071 0.039 0.0 0.008 0.026 0.013 0.016 0.025 0.011 0.005 

1.22 0.015 0.084 0.027 0.037 0.009 0.012 0.028 0.012 0.009 0.020 0.005 

O1–H1 bond length, Å   

Table 7. Charges on water molecules in the H-bond chain on H1 proton transfer in the (NH3)3Zn2+...(H2O)11...NH3 (C11) 
complex 

а The numbers 1–11 relate to the chain link number. b The O1–H1 bond length of 0.972 Å corresponds to the equilibrium geometry of the 
(NH3)3Zn2+...(H2O)11

...NH3 complex. 

Fig. 12. (a) Propagation of H-bond deformation wave, associated with H1 motion, along the water chain from the donor (Zn2+) to 
acceptor in the complex (NH3)3Zn2+...(H2O)11

...NH3 and (b) fluctuations of O–H bond lengths on H1 transfer. r(О1–Н1), Å: 
(♦) 1.10; (■) 1.14; and (▲) 1.18. 
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the r(O1···H1) distance was increased in 0.1-Å 
increments, and, at each fixed position of H1, positions 
of the two other protons H2 and H3 were optimized. 
The calculated proton-transfer potential curves are 
presented in Fig. 7 (curve W1). The corresponding 
proton-transfer barrier is 8–9 kcal mol–1. According to 
calculations, as H1 moves, the other two protons, too, 
move from the donor to acceptor, and such a motion of 
all the three protons along the H-bond chain can be 
defined as a “concerted” process. 

Note close barriers to proton transfer in all the three 
cases presented by the curves W1, W2, and W3 in Fig. 7. 
The latter two curves were obtained with H2 and H3 as 
engines. Thus, the potential curve W3 corresponds to 
the motion of H3 along the H-bond axis at a step of 0.1 
Å, the positions of H1 and H2 being optimized. If the 
IS�FS process occurs via Н3 proton transfer 

(elongation of the O3–H3 bond), then the transition 
state is TS2 (see Fig. 6 and Table 4). 

Even though the barrier to proton transfer is 
independent of what proton controls the process (the 
downward shift of the left minimum on the W2 curve 
reflects a geometric feature of the complex at r(O2···H2) = 
0.95 Å); the potential curves in Fig. 7 are not identical, 
since their maxima relate structurally different 
transition states. The barrier shifts to the left in going 
from W1 to W2, and further to W3, and, therewith, the 
potential curve gets narrower. 

The most important factor that affects the proton-
transfer barrier is translational mobility of water 
molecules along the proton channel. The proton-
transfer potential curve at fixed positions of heavy 
atoms (rigid geometry of the proton channel) has only 
one minimum (Fig. 8, curve 1). The relaxation of 
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Zn2+–ligand bond lengths on proton transfer strongly 
affects the transfer barrier and the relative stability of 
the initial structure and the transfer product. Calcula-
tions with optimization of Zn2+–ligand distances 
predict the decrease of the barrier to 5 kcal mol–1 and 
an exothermic process. 

As seen from data in Table 5, the calculated barrier 
to proton transfer depends on what is the size of the 
basis set and whether electron correlation effects or 
zero-point energy are included. When the basis is 
extended to include polarization functions of heavy 
atoms (*), the barrier tends to increase. Vice versa, 
polarization functions on H atoms (**) and diffuse 
functions on heavy atoms (+) decrease the barrier. The 
decrease of the energy barrier, that occurs on inclusion 
of electron correlation, much bypasses all changes 
produced by basis set extension. The zero0point 
vibration energy is about 4 kcal mol–1. According to 
the estimates of Lu and Voth [88], replacement of the 
model NH3 molecules by imidazole molecules 
increases the barrier by about 15 kcal mol–1. Taking 
account of the fact that different effects, such as basis 
set extension, inclusion of correlation, and transfer to 
amino acid residues in simulating the ligands, have 
opposite effects on the barrier to proton transfer, we 
can conclude that the calculated barrier is close to 
known experimental estimates (10–15 kcal mol–1). 

Quantum-chemical calculations [91] for an 
extended molecular system containing imidazole 
molecules as hystidine residues, with electron 
correlation effects included at the B3LYP level of 
theory, gave evidence for our suggestion [98] that the 
proton transfer over the chain of H bonds occurs by a 
concerted mechanism, as well as for estimates of the 
barrier. Smedarhina et al. [103] performed direct 
dynamic calculations for the proton-transfer process, 
rate constants and kinetic isotope effects for a model 
system comprising 58 atoms and including a four-
cordinate zinc ion bound with the methylimidazole 
molecule by a chain of water molecules. The results of 
these calculations, too, suggest a concerted mechanism 
of proton transfer in the active site of the enzyme. 

Wave Mechanism of Proton Transfer over an  
H-Bond Chain Linking Donor and Acceptor 

Exact number and positions of water molecules in 
the chain between Zn2+ with the acceptor His-64 in the 
active site of carboanhydrase are impossible to 
determine by experiment. Thus, Toba et al. [89] in 

 
their molecular dynamics simulation of the active site 
of carboanhydrase in the aqueous phase revealed the 
possibility of formation of a stable bridge comprising 
three to seven water molecules. The question of how 
the number of water molecules in the proton channel 
affects the mechanism and barrier to proton transfer is 
still poorly studied. To establish parameters of an H-
bond chain which might function as an effective proton 
conductor, we considered the complexes (NH3)3Zn2+···
(H2O)n···NH3 (hereinafter labeled Cn) with a varied 
number of water molecules n in the H-bond chain [73, 
104]. 

Table 6 lists the O···O H-bond lengths obtained by 
calculations for complexes Cn (4 < n < 11) with their 
geometry optimization. In complex С11 with the 
longest chain (n = 11), there is clearly defined 
alternation in H-bond lengths along the chain; 
therewith, the shortest H bonds are realized between 
the second and third, fifth and sixth, as well as eighth 
and ninth water molecules. The H bonds are shorter by 
0.2 Å compared with the equilibrium H-bond length in 
an isolated chain of water molecules. The observed 
pattern corresponds to a periodicity of three chain links. 
It should be emphasized that the same distribution of H-
bond lengths was obtained by HF and DFT/B3LYP 
calculations. 

In shorter chains, the positions of H-bond 
contraction maxima are different. Thus, in the complex 
comprising a chain of five water molecules (complex 
C5), the shortest H bonds are between the first and 
second, as well as third and fourth water molecules.  

Therewith, there are certain regular trends in 
variation of the positions of maxima with the number 
of chain links. In going from С5 to С11, first the second 
contraction maximum shifts along the chain toward the 
acceptor, whereas the first maximum preserved its 
position. Then, at n = 9, the third maximum appears 
which, too, tends to shift. In an 11-link chain, the three 
H-bond contraction maxima are equidistant from each 
other. The variation of O–H bond lengths in the H-
bonded chain reflects periodicity in H-bond lengths 
(Fig. 9). 

Figure 10 shows the shifts of H-bond protons in 
complex С11 with respect to their equilibrium positions 
in an (H2O)n chain with lacking (NH3)3Zn2+ donor and 
NH3 acceptor. In other words, the shifts in complex 
С11 are defined by the effects of the above groups on 
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O–H bond lengths in the chain. As would be expected, 
the trend in variation of O–H bond lengths along the 
chain is opposite to that for H-bond lengths, i.e. O–H 
elongation maxima coincide with H-bond contraction 
maxima. Since the shortest O···O distances in complex 
С11 are observed for the 2–3, 5–6, and 8–9 links, the 
largest elongation of O–H bonds takes place in the 
second, fifth, and eighth water molecules. The 
vibration amplitude of O–H bond length along the 
chain is 0.02–0.04 Å, and it slightly increases as the 
maximum shifts away from the Zn2+ ion. As seen from 
Fig. 10, HF/6-31G and B3LYP/6-31+G** calculations 
predict an almost identical shape of “proton wave”. 

Figure 10 presents similar data for the molecular 
complex methylimidazole (H+)···(H2O)14···CH3COO– (I14) 
containing 14 water molecules, which allows 
comparisons with complex С11. Even though the water 
chains have different lengths, and the donor and acceptor 
end groups are different, the distributions of O–H bond 
lengths along the water chain in both systems are similar: 
The positions of maxima in the “proton wave” almost 
coincide, and the amplitudes are quite close to each other. 
The distance between neighboring maxima on the 
“proton wave” (H-bond contraction maxima), which 
can be defined as bond length, is about 8 Å. 

In the preceding section we considered equilibrium 
structural features of water chains. Of no less interest 
is H-bond proton motion between oxygen atoms along 
the chain and degree of synchronization of the motion 
of different protons. To gain insight into these 
problems, the proton H1 that belongs to the first link of 
the water chain was consistently shifted along the 
O1···O2 chain. At each H1 position, positions of other 
H-bond protons were optimized. In these calculations, 
we set constant the distance between the zinc ion and 
ligand nitrogen atoms (2.1 Å) and O1 (2.0 Å). Figure 
11 shows how the position of H1 on the O1···O2 H-bond 
line affects the positions of the following four chain 
protons in complex С11. As H1 shifts toward O2, the 
following proton H2 first moves away from the oxygen 
atom, and the O2–H2 bond gets slightly longer. However, 
on further H1 transfer this tendency is reversed, and H2 
moves back to O2. Interestingly, the H2 and H5 protons in 
H-bond contraction maxima shift in a counter phase with 
respect to H3 and H4. For example, when H2 and H5 get 
closer to the donor oxygen atoms, H3 and H4 move away 
from each other. As a result, the contraction of O–H 
bonds in the first case corresponds to their elongation in 

the second. The motion of all the four protons can be 
defined as vibrational, since they move forward and back 
during H1 proton transfer from O1 to O2. 

The “proton waves” presented in Fig.12 allow us to 
trace dynamics for all chain links during Н1 motion in 
complex С11. The trend in O···O distances, associated 
with the first proton motion from O1 to O2, is shown in 
Fig. 12a. Elongations and contractions reflect what can 
be described as the deformation wave. For example, 
the third link in the chain is the most contracted 
irrespective of how far H1 has shifted. This contraction 
enhances as the O1–H1 distance increases to 1.10 Å 
and then to 1.14 and 1.18 Å. Analogously, the 
elongation observed in the fifth link corresponds the 
strongest increase of the O···O distance in the chain. At 
the same time, the response of the fourth link on H1 
shift is very weak. Consequently, the 3th and 5th links 
are peaks on the wave, separated by the node at the 4th 
link. As seen from Fig. 12a, there is one more node at 
the 7th link. 

Figure 12b shows changes in O–H bond lengths, 
corresponding to changes in H-bond lengths. Here, too, 
we can see a wave with nodes at the 4th and 7th links; 
this wave is dissymmetrical to that Fig. 12а. The 
waves in Figs. 12а and 12b are likely to propagate 
until the 9th link, and further on the effect of H1 shift is 
appreciably attenuated. Note that as H1 shifts from 1.10 
to 1.14 Å, and further to 1.18 Å, the deformation wave 
propagates along the chain. Additional calculations (not 
given here) show that the wave begins to shift to the right 

Fig. 13. Dependence of the central maximum position on R
(N...C1) in the complex methylimidazole (H+)···(H2O)7···CH3COO– 

(according to B3LYP/6-31+G** calculations, see Fig. 2). R
(N...C1), : Å: (■) optimization; (▲) 15; (◊) 17; (□ ) 19; ( ♦)  21; 
and (∆) 23. 

Chain link number 
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at r(O1–H1) > 1,18 Å and propagates until all protons 
completely shift from the donor to acceptor. At r(O1–H1) = 
1.22 Å the wave reaches the right end of the H-bonded 
chain, and even H11 appreciably shifts toward the NH3 
acceptor. 

Another aspect of the periodicity in the H-bonded 
chain follows from an analysis of the electron density 
distribution in molecular complex С11. The data in 
Table 7 show the changes in the charges on water 
molecules in complex C11, associated with proton 
displacements along the chain. As seen, the charge on 
certain water molecules, say 1st, 5th, and 8th, 
gradually decreases during the proton-transfer process, 
and whereas the charge on the other molecules grows. 
The charge of certain molecules fluctuates; for 
example, the charge on the third molecule first 
increases and then decreases. One more evidence for 
the fluctuating behavior of the molecular charges 
comes from the data for the 7th molecule whose 
charge reaches a minimum in the middle of the proton-
transfer process. 

The wave analogy can be developed further. If the 
proton wave frequency is taken to be equal to the 
frequencies of O–H bond vibrations that initiate the 
wave, then the wave number of about 3000 cm–1 will 
correspond to the frequency of 9×1013 s–1. Since the 
length of the proton wave is about 8 Å, then, in view of 
the above-mentioned frequency, the wave velocity 
should be 7×104 m s–1. Taking the whole distance for 
the wave to propagate equal to the length of the H-
bond chain between the donor and acceptor (30 Å), the 
time of this process can be estimated at 4×10–14 s = 40 fs. 
Note that this estimate is close to those for the proton 
transfer in aromatic Schiff bases, obtained by means of 
femtosecond spectroscopy [105]. 

It is interesting to consider how the donor–acceptor 
distance affects H-bond proton positions. To this end, 
we have studied complex I7 in which the protonated 
methylimidazole and CH3COO– are intervened by a 
chain comprising seven water molecules [73]. In our 
calculations for this complex at varied fixed 
interatomic distances R(N···C1) (see Fig. 2) and 
optimization of other geometric parameters we 
determined the shifts of H-bond protons relative to 
their positions in the same complex but in the absence 
of protonated methylimidazole and CH3COO– anion 
(Fig. 13). When R(N···C1) is equal to or smaller than 
17 Å, we observe an appreciable proton shift in the 

middle-chain 4th link. However, as the donor–acceptor 
distance increases, the maximum shift is already 
observed in the fifth link at R = 19 Å, and then in the 
sixth link at R = 21 Å, and, finally, in the last, seventh 
link at R = 23 Å. In the last case, the minimal proton 
shift is observed in the middle of the chain, i.e. the O–
H bond in the 4 water molecule proves to be the shrtest 
in the chain.  

CONCLUSIONS 

Our research showed that the barrier to proton 
transfer in a complex in which the proton donor and 
proton acceptor are bridged by a water molecule is 
independent of the position of the bridging molecule. 
However, the energy barrier tends to increase with 
increasing distance between the donor and acceptor. 
Double proton transfer occurs by a concerted 
mechanism, if the potential that describes the 
translational motion of water molecules have a single 
minimum; in the case of a two-well potential, 
successive proton transfer takes place. As the number 
of water molecules in the chain increases, the barrier to 
proton transfer, which is linearly related to the 
difference in the electrostatic potentials between the 
donor and acceptor, becomes less sensitive to donor–
acceptor distance.  

The lengths of H and O–H bonds were found to 
fluctuate as proton shifts along the water chain 
bridging the donor and acceptor. Proton transfer is 
associated with propagation of H-bond deformation 
wave along the chain. As the wave propagates along 
the chain, which can be referred to as vibrational 
motion of separate H-bond protons, the electron charge 
is transferred from one end of the chain to the other. 
The wave length is about three chain links. Provided 
the wave frequency is equal to O–H vibration 
frequency, the wave velocity can be estimated at about 
7×104 m s–1, and the time of proton transfer along the 
chain, at 40 fs. The latter value is consistent with 
experimental data for H-bonded complexes. 
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