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Transferability of Atomic Volumes and Charges in the Peptide Bond Region in the Solid
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Bader’s partitioning scheme that makes use of the zero flux surfaces (ZFS) in the electron density gradient
vector field has been applied to the peptide bond regions of three oligopeptides (two dipeptides, one
hexapeptide), yielding eight peptide bond regions to compare. From integration over the atomic volume, very
reproducible atoms in molecules (AIM) charges were calculated which agree within the given atom types by
0.04-0.08e. The polarization of the peptide bond atoms is high compared to the charges normally used in
force field parametrization. The positive charges of the €, and H atoms sum up t& +1.6 e, while the
negative charges of N and O amountto-1.85¢, so that for each peptide bond region an excess@p5

e has to be compensated by the I&/drogen and the side chains.

Introduction

In Bader’s theory of atoms in molecules (AlMhe experi-
mentally obtainable charge densiifr) plays a central role, in
that major properties of a chemical system are functionally
related to its distribution of chargeOne important aspect of
this theory is the partitioning of a molecular structure into
submolecular regions, functional groups or single atoms. Having,
on one hand, the tools to obtain well-defined submolecular N
fragments, itis, on the other hand, an important question whether 02
the atomic properties can be used to construct or predict
molecular ones, that is, to what extent submolecular topological
properties are additive and transferable to larger systems. The
procedure of partitioning a molecule into atomic regions makes
use of the zero-flux surfaces (ZFS) in the electron density
gradient vector fieldVp(r).! Surfaces of this type establish Figure 1. ORTEP [15_]_ representation (left) with atomic numbering
atomic basins around nuclear attractors of the corresponding>c"eme (50% probability).
trajectories ofVp(r) and uniquely define atomic volumes. They
can be used to evaluate a number of atomic or functional group
properties; for instance, atomic charges can be obtained by
integration over the charge density in the given atomic volume.
Algorithms for the calculation of these AIM charges from
experimental charge densities have become available recently
for example, by VALRAYE and through the TOPXD prografn;

refinement and prediction of electrostatic properties for peptides,
follows Pichon Pesme et &.but uses only theoretical data.
Our complementary approach to that question is based on
experimental charge density determinations on some oligopep-
tides. Here we report on the results of such a study on the
centrosymmetric dipeptide Glyt-Phe (see molecular structure
> . . and atomic numbering in Figure 1), where a full topological
however, applications have been restricted mainly to smaller analysis to derive bonding properties was performed and in
molecules:™ ) o addition atomic volumes and charges were derived from the
Bader and co-workers have studied the possibility of & gxperimental charge density. Atomic partitioning was also
theoretical construction of polypeptidésaand other, chemically applied to the dipeptide Gly-Thr dihydrate and the hexapeptide
more complicated moleculé8. They have shown that the  cyqio (-Ala),(o,L-Prop monohydrate. Their experimental charge
properties of a number of oligopeptides can be predicted from gensities were determined earlier, but at the time of their
those_ corresponding to the constituent amino acid fragments Ofpublicatiori314the partitioning algorithm was not applied. From
functional groups. these data, atomic properties of eight peptide groups of three

Koritsanszky et al. have investigated several tripeptides by ifferent oligopeptides are available, so that some comparative
calculation of structure factors from wave functions for isolated resyits can be obtained.

molecules followed by a multipole refineméafTheir approach,
building a database of transferable pseudoatoms for improvedgxperimental Section
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TABLE 1. Selected Crystal Data and Experimental TABLE 2. Selected Topological Bond Descriptors in
Conditions for Gly-pL-Phe Gly-pL-Phe?
empirical formula G1H12N203 bond plrep)  V2p(rep) d method
formula weight 222.24 — _ -
measurement temperature 100K 0@-C@) 22..g56(3) _35:;1(2) 8;213 a)l(:eg-r\!snlig—tgl(Zd 2p)
sample detector distance 8 cm (low Qrder), _ 260 ~19.2 0.8159 B3LYP/6-31&+é(2d,2p)
) 6 cm (medium and hlgh order) 2.83(11) —35.6(36) 0.772(15) litX
time per frame 2s (|OW orderd s (medium), O(3)-C(4) 2.62(3) —31.6(2) 0.7843 exp
8 s (high order) 259 176 0.8408  HF
increment 0.2imwor¢ 2.55 -19.4 0.8208  B3LYP
crystal size 0.4 0.16x 0.12 mn? 2.71(9) —33.6(45) 0.791(17) it
crystal system, space group Pbca N(1)-C(1) 1.82(3) —15.4(1) 0.8562  exp
wavelengtht 0.540 A 1.62 —11.4 0.9925 HF
lattice constants (A) a=09.213(1),b = 28.108(1), 1.62 —14.4 0.9171 B3LYP
c=8.619(1) 1.68(5) —10.8(21) 0.853(17) litt
unit cell volume 2231.96 A C(3)-C(4) 1.68(2) —12.7(1) 0.7570 exp
Z 8 1.75 —16.4 0.8018 HF
density (calc) 1.323gcm 1.64 —12.7 0.7968  B3LYP
absorption coefficient 0.06 mrh C—Cq 1.75(6) —13.0(22) 0.759(19) li*
F(000) 944e C(3)-C(5) 1.62(2) —7.0(1) 0.7785 exp
min/max.hkl —21<h<20,-48 <k < 64, 163  -134 0.7855  HF
(before merging) —14<1<19 155  -107 0.7838  B3LYP
total number of reflections 77231 Co—Cp  168(8) —11.7(21) 0.778(16) liE!
unique reflections 14106 C(2)-N(2) 2.28(3) —23.2(1) 0.7910 exp
Fo > 2.50(Fo) 11404 238  —326 0.8447 HF
resolution (Sind/A)max 1.16 A1 2.31 —26.6 0.8065 B3LYP
Rin(F?) 0.035 ap(rep) denotes the electron density, aRdo(re), the Laplacian at
Ru(F) 0.027 the bond critical pointi,. d is the distance from the first atom defining
Ru(F) 0.029 the bond to the cp.
Rai 0.041
GoF 1.77 . . .
overall redundancy 4.85 the nz_iturally occurring amino faudb.Th_e agreement of the
completeness 97% experimental topological descriptors with the mean values of
diffractometer Huber Eulerian Cradle the literatur&?is 0.1e A=3 for p(r¢p) and 3e A=5 for V 2o(rep),
beamline (HASYLAB) F1 confirming, as stated earliét:2? that this is the range where
detector Smart CCD

transferability of topological parameters can be considered. The
. ) . . agreement between experiment and theory is in the same range
procedure as described in rfef 13. The da}ta were mterpreted Withas that given above, with the exception for the Laplacians of
the HanserCoppens multipole formalisrf. The multipole the G—0 bonds, which was also found earlier and attributed to
reflnement (startlng_ atomic parameters taken from Marsh'éx al. the inflexibility of the deformation radial functior?d:23

was carried out with the full-matrix LSQ program (XDLSM) Figure 2 shows gradient vector fields of Gly-Phe together

of the XD program packagd®.In the multipole formalism the . ] : )
core and the spherical valence density of the heavy atoms wereWIth the molecular graph: one in the plane of the peptide bond

composed of HartreeFock wave functions expanded over and the other one in the. p"?‘r.‘e of the phenyl group. They
Slater type basis functions. A total number of 481 variables, of |Ilustrat(-a the shape of the |nd|V|(.JIuaI atoms.. )

which 280 were multipolar parameters (includingdparam- Atomic volumes and charges in the peptide bond region are
eters), were refined. To reduce the number of variabies summarized in Figure 3. The averages of comparable quantities
symmetry was used for the carbon atom C(4) and the aromaticSnOW that the internal consistency for volumes<is A® for N
carbon atoms. They were, like the hydrogen atoms of the phenyl Put better than 0.2 Afor C,. The atomic volumes at the,C
ring, of the amino group, and of the methyl group, chemically and C atoms are eq_ual within the statistical error, exceptif C
constrained. A list of all multipole parameters as well as maps Pelongs to a Gly residue. The average volumes of the (non Gly)
of the deformation density and the residual electron density in Ce toms and the Gatoms are by 1.5 Asmaller than those of
the planes chosen for the gradient vector field can be found in te glycine G atoms, where the second hydrogen allows the
the Supporting Information. Bond distances to hydrogen atoms carbon atom to expand. The high spread of the N atomic
were normalized to standard neutron diffraction distances. After Volumes is mainly caused by the nitrogens in the proline residues
multipole refinement using hexadecapoles for C, N, and O and ©f the hexapeptide, where they are part of the five membered

bond directed dipoles for hydrogen atoms, fRdactor was ring and bonded to a second carbon atom instead of hydrogen,
2.7%. ' which reduces the volume by about 2 #nalogous to the above

For Gly+-Thr dihydrate and cyclos¢Ala)s-(p,L-Proy mono-  duoted volume expansion for the glycing.C N
hydrate, similar procedures to derive the charge density have The AIM charges (averages; see also Figure 3) agree within

been applied and recently been publisketf. the given atom types by 0.64.08e, which is a surprisingly
For the calculation of the theoretical electron density, the Small spread. The Latoms carry a small positive charge, the
programs Gaussian $8and AIMPAC? were used. hydrogens of the peptideNH carry a medium positive charge,

and the C atoms carry a high positive charge, while strong

negative charges of almostelare seen on the N and O atoms.

These experimental results indicate that the polarization of Bader
In Table 2 bond critical points are given for Giy-Phe for atoms is much higher than that obtained, for example, from

some chosen covalent bonds and compared to the results frontheoretical orbital methods (NBO or Mulliken chargés) than

HF and B3LYP quantum chemical calculations on the experi- that used in force field parametrization. The AMBERorce

mental geometry as well as to mean values obtained for 13 of field, for example, uses charges ©0.5 for oxygen,+0.5 for

Results and Discussion
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charges has been under controversial discussion in the last
years?* and charges derived from different methods may differ
significantly. AIM charges are based on well-defined atomic
segments of the electronic charge density and can be derived
from an experiment.

Koritsanszky et al! compare AIM charges directly obtained
from the isolated molecule DFT wave function for the atoms
in the peptide bond region with charges obtained from the
multipole fit and discuss the differences. Their results support
our experimental findings, although differences exist, mainly
at the C atom.

Very recently Li et a8 have published AIM atomic charges
for a pseudopentapeptide of which a structural study has been
published beforé” They make a comparison to AIM charges
from a molecular theoretical DFT calculation and find that the
theoretical AIM charges almost consistently exceed the experi-
mental AIM charges, indicating a possible systematic difference
apart from the effect of intermolecular interaction.

Their experimental AIM charges for the atoms in the peptide
bond (volumes were not published) are included in Figure 3
and fit very well to the charges derived for our three substances.
Two of their peptide bonds, the one in the glutamine rest group
and the bond to the boc protected residue, were, due to the
different chemical environment, not included.

As the three molecules studied here are quite large, a
comparison to periodical theoretical calculations exceeds our
actual computational capacities. The interesting question of the
origin of the discrepancies between theoretical isolated molecule
or crystal environment AIM charges on one hand and the
experimental values on the other, as reported in ref 26, requires
further investigations.

Figure 2. Gradient vector field in the peptide bond plane (top) and A preliminary conclusion of this study for the peptide bond
the phenyl ring plane (bottom) of Giyt-Phe. is that very reproducible charges for the contributing atoms were
derived. The positive charges of thg,', and H atoms sum

100 7.0 . . ;
1.01 6.5 up to approximatelyt+1.6 e, while the negative charges of N
38 83 and O amount te- —1.85eg, so that for each peptide bond region
e $ 090 69 the excess 0f-0.25e has to be compensated by the neighboring
0.44 23 ?;gg g:? atoms, the ¢ hydrogen and gof the side chain or, in the case
g? gjé g? 097 6.8 of a glycine residue, another hydrogen atom. Although our
AA o4 24 H - results summarized in Figure 3 are based on three different
ﬁﬁ — — 1.10 0.30 8,3 charge density investigations under (in parts) different experi-
AP AR BEE) | 1]'t1)\6(3) 53 53 mental conditions with eight peptide bonds involved, the sample
EAF’ ' ’ N N\ " 8%1 g 3 is too small for a general conclusion based on a sound statistic,
Ciaral P \\ L Ca+1 0_2} 6.8 more so, since the three investigated molecules contain only 5
P Coc ]ég ' ﬁg g-g? 2‘? of the 20 usually occurring amino acid residues. Hence, further
027 ° 6.8 099 125 || 020 studies on this subject are required.
0.11 - 097 119 0.13
021 6.7 5 12, ’ 0.21
021 69 087 120 O 1oL 182 oo Acknowledgment. We thank the Deutsche Forschungs-
051 69 Da1 }8-3 \-086 153 gemeischaft (Lu 222/22-1, 22-2) for financial support and M.
027 65 004 116(8) 08 1es Messerschmidt for help with using TOPXD.
051 e8@ o0 078 153
g-?g -0.98 081 152 Supporting Information Available: List of all multipole
021 -0.97(7) 087 15.9(6) parameters as well as maps of the deformation density and the
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'g'éé{a) vector field. This material is available free of charge via the

Internet at http://pubs.acs.org.

Figure 3. Comparison of AIM charges and volumes for different

peptide bonds: The values correspond to the residues given in the
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