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Reaction pathway of proton transfer from the neutral to
zwitterionic forms of amino acids. Support for a water
molecule-mediated mechanism
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ABSTRACT: The analysis of bond valences and precise neutron diffraction data taken from the Cambridge Structural
Database were used to model the reaction path for the proton transfer of amino acids. The correlations confirm the
mechanism with the support of water molecules mediating the proton transfer and also show that intramolecular
proton transfer is much less probable owing to the strains within amino acid molecules. A concept of the basicity and
acidity in the crystalline state is presented. Copyrigh2000 John Wiley & Sons, Ltd.
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INTRODUCTION THE MODEL AND CHOICE OF DATA SAMPLE

Proton transfer reactions are of fundamental importancelt has been pointed out that the shape of correlation
in chemistry, biochemistry and biology. They participate curves between geometrical parameters of molecules
in many chemical reactions (including some industrial may be reminiscent of structural changes occurring along
processes), in catalysis and in particular in enzyme the pathways of the respective chemical reactfohi
catalysis, they determine the function of membrane other words, the points of the correlation curve
protein channels, the strength of hydrogen bonds>&tc. correspond to different states of the investigated system
Reactions of this kind are also associated with two forms during the reaction. For example, this method was used to
of existence of amino acids: the neutral and the study the reaction pathways for nucleophilic substitution,
zwitterionic form. Moreover, amino acids as constituents the addition and elimination reactions of carbonyl
of proteins belong to the most important molecules in derivatives and proton transfer within the O—HD
biological systems. These two forms of existence of system&$™
amino acids are related to each other by the proton The direct intramolecular proton transfer in amino
transfer reaction. Since the zwitterionic form of amino acids (Scheme 1) is connected with suitable changes of
acids is predominant for their molecules existing in water geometrical parameters, including the lengthening of the
solutions, and hence also in their native forms, the studiesO—H and N—H bonds, the changes in-HN and H--O
on the proton transfer from the neutral to the zwitterionic contacts, respectively, and the possibility of rotation
form may be very helpful in understanding life processes. around the CN bond. This, however, needs energy and
The importance of these processes and their universahence seems to be much less favorable.
character are a reason why studies on the reaction path for
the proton transfer of amino acids have been undertaken

and are the subject of investigation in this paper. For the f{ /H
analysis of the reaction pathway the accurate neutron ®N-H N-H
diffraction data of organic crystals taken from the /A — /
Cambridge Structural Database (CSmjere used. R'C|H H -~ T'CH
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PROTON TRANSFER IN AMINO ACIDS 741

Similar geometrical changes, except bond angles O—H:--O bond obtained from the bond valence $fim
deformations, occur for the proton transfer mediated by applied for the H atom within O—H-O systenf"%°
water molecules. This may be described in terms of the

following two-step equilibria processes: NoH + NH.o =1 (1)
first step  NH,—R—COOH+ H,0 = wherengy andny...q are the bond valences of the O—H
HsO" + NH,—R—COO" bond and H--O contact, respectively. The idea of bond
valence has been used in many problems in structural
second stefH30" + NH,—R—COO = chemistry*~*6For many types of bonds, the bond valence
H,0 + NH;* —R—COO" n correlates inversely with bond length. In order to

describe bond valence, two relations are usually used:

In order to study the respective changes of geometrical ni = (i /ro) ™ 2)
parameters during the proton transfer, the interatomic = /70
distances in the —C—O—HO— and —C=0--H—
O— as well as in —O—H-NH,— and —NH;"---O
systems were taken from the CSD. Only the accurate
neutron diffraction data were taken into account (e.s.d.s i = exp(ro —1;y)/B] 3
<0.005 AandR <8%).

and

wherer; is the length of the bond between atoimsnd
j andnj is the corresponding bond valend®.m andrg
are constants andq is usually the length of the
ANALYSIS OF NEUTRON DIFFRACTION DATA reference single bond not perturbed by intermolecular
interactions.
In order to study the H-bond geometry, or more generally Equations (2) and (3) are a consequence of the
the geometrical parameters containing the H atoms, it is character of intermolecular forcés! Equation (3) was
useful to consider neutron diffraction data since for this US€d in this study for calculations of bond valences. For
method the positions of the H-atoms are well determined. theé O—H:-O systemsr, = 0.957 A (the single O—H
Forty-four accurate neutron diffraction O—+O=C bond length for water molecules in the gaseous state).
systems and 98 ©H—O—C systems were found in 1he constant valueB may be determined from the
the CSD. For these two data sets the scatter plot isdefinition of bond valence [i.e. directly from Eqn. (3)] if
presented in Fig. 1, showing the changes in geometricalWe know the value oin; for a given bond length or
parameters during the proton transfer in amino acids in contact lengthry. The length of the contact is usually

aqueous solutions. known for the value ofy; equal to 0.5:
The circles correspond to the neutron diffraction data
and the continuous line represents the relation between 0.5 = exp [(0.957—ry2)/B] (4)

the O—H bond length and ©H distance within the o
wherer,»,=1.22 A is based on the averaged data of

Speakmart® The constant valu® obtained from Eqn.
(4) corresponding to the HO pair of atoms is equal to
0.38.

As shown in Fig. 1, the bond valence sum correspond-
ing to the O—H--O systems [egn (1)] is in very good
agreement with the experimental data (obtained from the
accurate neutron diffraction measurements) and properly
22 describes the geometrical changes for the amino acid
molecules during the proton transfer.

17 In the original definition of the bond number it was
stated than is the number of electron pairs involved in
the bond (the bond valence model described and studied
extensively by Browl’ has a similar meaning to the
bond number idea introduced by Pauliighe terminol-
07 ogy being in accordance with the bond valence model is
07 12 7 22 27 applied in this paper). Additionally, according to the
OH»H-0 bond valence mod&l the oxidation state for a given atom
Figure 1. Relation between O—H and H---O distances for i§ equal to the sum of bond valgnces of all its bonds
data sets taken from the CSD and containing C—O—H---O (intermolecular contacts and typical covalent bonds).
and C=0---H—O systems. All distances in A Then it is possible to express the bond valence sum

OH 0=C-= -0--HOC-
27

HO -»O-H

12
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Figure 2. Scatter plot of the C=0 bond lengths vs H---O Figure 3. N—H vs H---O (or H---N vs O—H), distances in A
distances and C—O bond lengths vs O—H bond lengths for

C—O—H---0 and C=0---H—O systems. All distances in A

distances not exceeding 2.6were included. Thus the
for the oxygen atom within the C=0H—O and small number of the NK--H—O systems is due to rather
C—O—H---0 systems in the following way; strict conditions of choosing the systems (accurate data
and H--N less than 2.6 A The NH, group is a weak
Nc—o + NH..o = 2 (59) Lewis base and this may also be the reason why not many
such systems have been foudd° The potential role of
or the amino nitrogen atom as a hydrogen bond acceptor has
been described in detd&f. The authors hold that the
Nc_o+Non=2 (5b) amino group can accept hydrogen bonds under special
circumstances in macromolecules; additionally, the
Equation (5a) was used earfiéo study the influence of  amino—hydrogen interaction is attractive but weaker than
intermolecular forces in the crystals on the C=0 bond a hydroxyl-hydroxyl hydrogen bond.

length. The neutron diffraction data are presented in Fig. 3 and
Nc=o (@ndnc_o) in Eqgn. (5) is defined according to  compared with the relation (continuous line) obtained
Ean. (3); from the bond valence sum:
Nc—o = exp [(rc_oo — rczo)/B*] (6) NN—H+NH.0o=1 (7)

and the constanB* can be calculated knowing the The way of calculating...o (Or no_) was described
lengths of the single and double C—O and C=0 bonds earlier in this paper. In order to calculatg_y (Ny...n)
(1.428 and 1.209 Arespectively) and it is equal to 0.32. the exponential definition of bond valence was alsq used
Figure 2 shows the theoretical relation (continuous [Edn. (3)]. Then appropriate constant valugs- 1.01 A
line) based on the bond valence sum applied for the (the single N—H bond length of methylamity B
oxygen atom of C=0 (and C—O) bond [Eqgns (5)]. The calculated from the value of,, (1.269 A?) and equal to
squares in Fig. 2 show the neutron diffraction data for the 0.37 were used to calculate timg_ and ny...y bond
C—O—H---O and C=0--H—O systems. The samples valences.
are the same as those used for the plot presented in Fig. 1. The agrement between the experimental data and the
The experimental results are in good qualitative agree- curve obtained from Eqn. (7) is excellent in spite of the
ment with the bond valence sum. simplicity of the model used here.
The process of proton transfer within amino acids is
also connected with the geometrical changes of the NH
groups. Then the —N---H—O and NH;"---O systems  THE ANALYSIS OF a-AMINO ACIDS
were taken into account to show the proton transfer
reaction path. The appropriate accurate neutron diffrac- In order to understand better the important role played by
tion geometrical parameteres were those taken from thethe proton transfer and hydrogen bonding for the
CSD. Forty-two NH*---O and two NH---H—O systems interactions occurring in polypeptides and proteins, and
were found. Only those systems were considered fortheir conformations, the geometry @famino acids has
which the H--O and H--N distances fulfil the criteria of  been investigated here. Hence a search of the CSD was
the existence of H-bonds. This means that only the performed for ordered, non-deuterated and precise
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Table 1. The data set of a-amino acids used for the
investigation of their acidities and basicities

Refcode Structure R value (%)
DLASPAO02 DL-Aspartic acid 4.2
DLSERN11 DL-Serine 2.0
GLUTAMO1 L-Glutamine 3.2
GLYCINO3 Glycine ¢-form) 3.2
GLYCINO5 Glycine ¢-form) 4.5
GLYCIN15 Glycine ¢-form) 25
GLYCIN16* Glycine (-form) 2.4
LALNIN12 L-Alanine 2.2
LCYSTN12 L-Cysteine 4.6
LGLUACO03 L-Glutamic acid ¢-form) 2.1
LGLUAC11 L-Glutamic acid g-form) 2.6
LHISTD13 L-Histidine 5.8
LTHREOO2 L-Threonine 6.8
LTYROS11 L-Tyrosine 4.0

743

are the H--X contacts and the larger is the value of the
N—H acidity, A. The sum of bond valences of
intermolecular contacts (HX) should be equal to the
N—H acidity. Figure 4 confirms approximately this
relation. In consequence, the bond valence sum for this
kind of systems may be described in the following wWay:

MN—H + 2NH.x =1 (8)

Only the strong H-bonds were taken into account,
which means that only short-HO and H--N contacts
were included (for greater distances the values of bond
valences are negligible).

& Temperature of the measurement 83 K; for all remaining structures A MEDIATION ROLE OF A WATER MOLECULE

the temperature was 295 K

DURING THE PROCESS OF PROTON TRANSFER

In earlier studies, the influence of water on the intramol-

(e.s.d.s<0.005 AandR <8%) neutron crystal structures ecular proton transfer in 8-hydroxyquinoline (oxine) and

of a-amino acids. To avoid unfavorable effects from the glycine was investigated (J. Langlet, E. Kassab, G.
inhomogeneity of the H-bonds as strong intermolecular Coquerel, and S. Petit, presented at the 8th International
interactions, the hydrochloride complexes and hydrated Congress of Quantum Chemistry, 19-23 June 1994,
structures were excluded from the investigations. Table 1 Prague) usingb initio calculations (6—31G* basis set,

presents the structures of the sample chosen for theHF and MP2 levels). The authors of that work held that
investigations. glycine appears to be more sensitive to the solvation

Figure 4 shows the dependence of the aciditiy of N—H
bonds of the NH" groups on bond valences of the
corresponding intermolecular contacts. If the N—H bond
is not involved in any H-bonding interaction (as an H-

effect than oxine since for glycine the zwitterionic form
is more stable than the neutral form by 4.3 kcal nol
and the energy barrier height between these two forms in
an aqueous solution is 3.7 kcal mdl (calculations

donor), then its bond valenegy should be equal to 1.00.
Any N—H---acceptor interaction will extend this bond
leading to a decrease of the bond valence valyg, thus
the quantity A=1—nyy will increase. This may be
associated with the acidity of the proton involved. The preferred by about 20 kcal mat, while the zwitterion is
N—H bond lengths were taken from the sample preferred by about 10 kcal mot in water solution.
presented in Table 1. The sum of bond valences of According to the authors it should be possible to observe
intermolecular contacts (HX) should be a measure of the transition from the gas phase neutral form to the
basicity of Xs. The stronger these interactions, the shorterzwitterionic form in the aqueous phase by successively
increasing the number of water molecules that surround
the glycine molecule. According to their investigations,
two dihydrated zwitterionic glycine structures are
possible and hence two mechanisms of the intramolecular
transfer; within the first mechanism the transfer of the
proton is possible directly from the COQyroup to the
NHs" group, and for the second mechanism the transfer
is possible via water molecules.

The calculations performed on glycine in the gas phase
and in water solution are in agreement with the other
investigations. For example, in order to examine the
influence of the solvent environment on protein H-
bridges, high-levelab initio calculations have been
performed in the gas phase and in three different solvents
on a salt bridge as modeled by formate and guanidinium
ions2® The authors held that according to the results of
calculations the neutral H-bonded complex is favored,

within the MP2 level). For both isolated and solvated
oxine the neutral form is more stable.

Recent investigations on glycine and wafe* show
that in the gas phase the neutral glycine structure is
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Figure 4. N—H bond acidity plotted against the sum of bond
valences of the respective intermolecular contacts
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Figure 5. Intramolecular x-ray H-bonds for six-membered
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For the curve obtained from the modified Lippincott—
Schroeder mod&land presented in Fig. 5 (solid line),
there is the minimum for 2.44 Avhich agrees very well
with the MP2 and B3LYP results obtained for the simple
system.

When the mean energy of all 89 six-membered H-
bonding systems is compared with the mean value for
seven-membered systems (seven cases),4 and
—15.7 kcal moi?, we find that the difference is dramatic,
indicating a significant role of strain in six-membered
rings. The situation in the case of intramolecular proton
transfer in amino acids is still worse energetically—the
strain in five-membered rings is even stronger and hence

systems taken from the CSD

whereas in polar solvents such as water and DMSO, the
zwitterionic form becomes much more stable. Similar
conclusions were presented by Scheiner and’Rarho
examined the H-bonds and proton transfer for the
complex between formic acid and methylenimine. The 1.
results of their calculations showed that the ion pair is 5
more stable than the neutral pair for large values of the
dielectric constant.

The correlations shown in this paper confirm the role
of water molecules in the mechanism of proton transfer. 4.
The mechanism without the mediation of water mol-
ecules has also been discussed in the literature (for which ¢
the intramolecular H-bonds are the conformations of the 7.
reaction path). However, such a mechanism requires
considerable changes of the molecular geometry. Apart o
from bond length variations present in both mechanisms,
the changes in bond angle may be energetically very
costly. To confirm this point, calculations of the H-bond
energies for six-membered intramolecular H-bonds taken11.
from the CSD were performed, applying a modifled
Lippincott-Schroeder modél. In these cases the
O—H---O bond is forced to approach the O—HD
angle close to 120 thus far away from the optimal value
of 180°. As a result, the experimental points in Fig. 5 are 15
biased by this form of energy (strain energy) and that is
why they are 5-10 kcal mof over the theoretical line
(continuous line), which corresponds to the unstrained ig
situation. That situation, for unstrained systems, is
presented in detail in Ref. 9, where the points lie exactly 19
on the line. Figure 5 is in agreement with the previous
investigations, the hydrogen bond strengths greater tharex.
20 kcal mol* correspond to low barrier hydrogen 22
bonds$® for which the O--O distance is in the range 3.
2.4-2.5 A Additionally, the solid line in Fig. 5 is in 24,
agreement with the hydrogen bond energies calculated a2>:
three levels of theory as a function of the--@ 26
distance?® For two levels of theory, MP2/6-31G(d,p)  27.
and B3LYP/6-3%G(d,p), the minimum of the H-bond 28
energy exists for an GO distance of 2.43 AThe HF
curve (the same basis set) shows the minimum for 2.52 A

3.

10.

12.

13.

16.

2
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this mechanism is much less probable.
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