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Two crystalline modifications of the tripeptide L-Ala-L-Tyr—L-Ala, which have different solvent
molecules in the crystal structure (water and ethanol for modifications 1 and 2), were the subject of
experimental charge density studies based on high resolution X-ray data collected at ultra-low
temperatures of 9 K (1) and 20 K (2), respectively. The molecular structures and the intermolecular
interactions were found to be rather similar in the two crystal lattices, so that this study allowed the
reproducibility of the charge density of a given molecule in different (but widely comparable) crystalline
environments to be examined. With respect to bond topological and atomic properties, the agreement
between the two modifications of the title tripeptide was in the same range as found from the
comparison with the previously reported results of tri-L-alanine. It follows that the reproducibility and
transferability of quantitative topological data are comparable and that within the accuracy of
experimental charge density work the replacement of the central amino acid residue L-Ala by L-Tyr has
no significant influence, neither on bond nor on the atomic properties of the oligopeptide main chain.
Intermolecular interactions in the form of hydrogen bonds were characterized quantitatively and
qualitatively by topological criteria and by mapping the charge density distribution on the Hirshfeld

surface.

Introduction

Thanks to the technical developments of recent years, the time
consuming nature of high resolution X-ray diffraction experiments
has been reduced significantly, so that experimental charge density
determinations on entire classes of chemically-related compounds
or on larger molecules can be carried out in a reasonable
time."? Almost at the same time, computational and theoretical
developments have taken place allowing the quantitative proper-
ties of a chemical system to be determined. Especially, Bader’s
quantum theory of atoms in molecules (QTAIM)® allows the
derivation of bonding, non bonding and atomic properties from
the topological analysis of a charge density distribution p(r). One
key concept of Bader’s theory is the transferability of submolecular
or atomic electronic properties providing a tool to enter these
fragments as building blocks for the additive generation of electron
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densities of macromolecules, like proteins or oligonucleotides,
which are otherwise obtainable only in exceptional cases. Since the
transferability concept is essential for the application of database
approaches to model the electron density of larger systems, its
experimental verification is of major importance. In the class of
the 20 genetically encoded amino acids, the so-far experimentally-
derived topological properties of 16 of the 20 compounds can
serve for that purpose.*’® They have, in addition, been completed
by theoretical calculations by Matta & Bader for all 20 amino
acids in their neutral forms."'*3

The measure of transferability has to be seen in the light of
the reproducibility of topological quantities obtained from an
experimental charge density study. We have studied this aspect
in two cases, once by two high resolution data collections on
a hexapeptide under different experimental conditions' and in
another study on strychnine where we compared topological
results based on four data sets taken at different temperatures
and with different experimental setups.’® The general finding in all
cases was that transferability and reproducibility was confirmed,
for example, for the electron densities p(rgcp) and the Laplacians
V2p(ryep) at the bond critical points rpep (defined by the condition
that the gradient Vp(r) vanishes at rpcp) within 0.1 eA= and 3-
4 A=, respectively.

For an experimental verification of transferability also in the
oligopeptide field, we entered into comparative charge density
studies of tripeptides of the type L-Ala—xxX-L-Ala, where XXX
was to be varied among the 20 naturally occurring amino acids.
A corresponding study of the reference tripeptide L-Ala—L-Ala-L-
Ala (tri-L-alanine, 3) has been published recently.’® Here we present
as a second example a comparison of the experimental charge
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densities of two modifications of L-Ala—L-Tyr-L-Ala with different
solvent molecules in the crystal lattice, water for modification 1 and
ethanol for modification 2.

From the conventional spherical structure analyses'” it was
found that the molecular structures in the two modifications were
very similar and that even the intermolecular interactions in terms
of hydrogen bonds were, in most cases, comparable with only
few exceptions in the contacts to the different solvent molecules.
Hence, this study represents a favorable case where the repro-
ducibility of the charge density of a given molecule in different
crystal structures but widely comparable crystalline environment
can be studied more so, since also the experimental conditions (see
the Experimental section) are different. In addition, concerning
transferability, the atomic and bond topological properties of the
main peptide chain can be compared to the corresponding values
of tri-L-alanine.

Results and discussion
Charge density and bond topological analysis

The molecular structures with atom-numbering schemes of both
investigated modifications of L-Ala-L-Tyr-L-Ala (1 and 2) are
shown in Fig. la-b. Modification 1 consists of one tripeptide
molecule and an average of 2.6 water molecules (1 + 1 + 0.6) in
the asymmetric unit. For the second one, the solvent is represented
by one ethanol molecule. The molecular structures and crystal
packings were well discussed before.’” The agreement in bond
lengths and further geometric properties between the present
high-order multipole refinements and previous low-order spherical
refinements is in the range of 3o, hence no detailed discussion is
needed.

To get a quantitative description of the electronic structures of 1
and 2 full topological analyses were carried out with the XDPROP
program of the XD program package.”® The bond topological
properties in terms of p(rgcp) and V2p(rgep) values for the 15
main chain bonds are summarized in Table 1 together with the
corresponding properties of 3.

The electron densities p(rpcp) of all 23 non-hydrogen bonds
differ between 1 and 2 within an average of 0.07 eA=> whereas
the Laplacians V2p(rycp) differ by 4.9 eA-. As already mentioned
comparable discrepancies were reported in the literature for
averages from experimental studies in the peptide field and
also for the results obtained from different data sets of one
compound. In our study on strychnine’® two data sets were
measured at comparable experimental conditions as in the present
case (synchrotron and Mo Ka primary radiation, 7" ~10-20 K).
The average differences in p(racp) and V2p(ryep) were 0.07 A~
and 2.7 eA-*, respectively. Similar results were also obtained for
the above mentioned hexapeptide. While in these cases the same
crystal lattice was subject to electron density determinations at
different experimental conditions, the present study provides bond
topological data of a given compound in two crystal lattices where,
however, the intermolecular environments are rather alike. Hence
average spreads in the range of 0.1 eA=> and 3-5 eA— seem
to indicate the reproducibility of these quantities from charge
density determinations at different experimental conditions and
even in different crystal lattices if the intermolecular interactions
are comparable.

9]

Fig. 1 Molecular structures of 1 at 9 K (a) and 2 at 20 K (b) with the
chosen atom-numbering scheme. Displacement ellipsoids are drawn at a
50% probability level and H atoms are shown as small spheres of arbitrary
radii.*?

It is interesting to note that a comparable spread is also seen
if experimental and theoretical values for p(rpep) and VZp(rycp)
are compared, see corresponding results of a B3SLYP/6-311 + +
G(3df,3pd) calculation at experimental geometry, listed also in
Table 1. The agreement between the experimental averages of
1 and 2 and theory for the 15 main chain bonds in Table 1
is 0.12 eA and 6.4 eA~, respectively. Noticeable differences
exist for the Laplacians of the polar C-O bonds, which are
significantly stronger negative experimentally compared to theory.
This is a general finding, even positive theoretical Laplacians
are reported in the literature for C-O bonds.”®* The limited
flexibility of the radial functions is considered responsible for
such observed discrepancies.”” For the remaining 11 non C-O
bonds the experimental/theoretical differences reduce to 0.08 eA >
and 3.7 eA~5, so that in total the experimental and theoretical
bond topological properties can be regarded reliable in these
ranges.
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Table 1 Bond topological properties p(racp) and V2p(ryep) of comparable bonds for L-Ala—L-Tyr—L-Ala (1 and 2) and L-Ala-L-Ala-L-Ala (3) (in eA~
and eA%). The types of the neighbour atoms not directly involved in the bond are given in brackets. For the title compound the first and second lines
refer to modifications 1 and 2;for 3 they refer to the two crystallographically independent molecules

Experimental 1/2 Theoretical 1/2  Experimental 3 Experimental 1/2 Theoretical 1/2  Experimental 3
Bond type Bond p(r) p(r) p(r) Vip(r) Vp(r) Vip(r)
Namn—=Co{Cpepl N(1)-C(1)  1.70(3) 1.59 1.83(4) —8.9(1) —13.2 —14.2(2)
1.71(3) 1.69(4) -9.3(1) —8.3(2)
Npep—Coop[CoNamm]  NQ)-C(2)  2.44(4) 2.32 2.39(4) —20.6(2) —26.3 —23.3(2)
2.43(3) 2.43(4) —24.4(2) -21.9(2)
[Coarbox—CulNpep—Crep N(3)-C(4)  2.39(4) 2.31 2.43(4) —19.2(2) —26.1 —22.0(2)
2.53(3) 2.45(4) —27.0(2) —24.8(2)
Noep—CoCrepl N@2)-C3) 1.75(3) 1.72 1.82(4) —9.4(1) —15.8 —9.4(2)
1.84(3) 1.88(4) —12.5(1) —13.2(2)
Npep—CoaCoarvox] N@3)-C(5) 1.81(3) 1.71 1.80(4) —9.6(1) —153 —10.7(2)
1.88(3) 1.80(4) —14.4(1) —10.9(2)
[Numm]-Co—Crep C(1)-C(2) 1.67(3) 1.72 1.74(4) —8.9(1) —15.2 —11.3(2)
1.75(3) 1.76(4) —13.6(1) —11.7(2)
[NoepFCo—Crep C(3)-C4) 1.64(3) 1.71 1.64(4) —7.8(1) —15.0 —9.0(2)
1.76(3) 1.72(4) —12.9(1) —13.1(2)
N FCo—C C(H)-C(7) 1.71(3) 1.64 1.59(4) -9.9(1) —13.6 —8.4(2)
1.79(3) 1.61(4) —13.7(1) —-9.4(2)
[Cearvor}FCo=Cy C(5)-C(@8)  1.60(3) 1.62 1.59(4) —8.3(1) —133 —9.0(2)
1.68(3) 1.61(4) —10.9(1) —10.2(1)
[Ny -Co—Cs C(3)-C(20) 1.61(3) 1.55 1.58(4) —7.3(1) —11.9 —7.2(1)
1.63(3) 1.62(3) —10.9(1) —10.0(1)
[Npep-Co—Cearvox C(5)-C(6) 1.59(3) 1.67 1.79(4) —6.7(1) —14.2 —11.5(2)
1.77(3) 1.77(4) —14.2(1) —10.9(2)
Oearbox—Caarvos [shorter]  O(3)-C(6)  2.97(4) 2.61 2.82(5) —34.5(3) —17.1 —32.6(3)
2.81(4) 2.82(5) —30.1(3) —33.5(3)
Olarbox—Caarvox [longer]  O(4)-C(6)  2.64(4) 2.51 2.76(5) —24.1(2) —21.8 —30.6(3)
2.75(4) 2.67(5) —34.7(2) —25.3(3)
Obep—Crep[CoNumm]  O(1)-C(2)  2.95(4) 2.72 2.92(5) —25.6(2) —17.3 —30.4(3)
2.83(5) 2.82(5) —35.7(3) —24.5(3)
Opep—Crep 0(2-C4)  2.994) 2.71 2.88(5) —28.8(3) —16.8 —32.4(3)
2.98(5) 2.86(5) —42.8(3) —30.5(3)

Two peptide bonds link the three amino acid residues, being next
to the N-terminus and the C-terminus, respectively. It follows from
both experimental and theoretical results that comparable types
of bonds (Nep—Creps Npep—Cos Ci—Crep» Opep—Crep) are characterized
by a similar topology disregarding the different neighbour groups.
Hence a next nearest neighbour influence is not detectable, which
holds also for the C,—C, bond in spite of the different substituents
at C;.

Atomic properties

Following Bader’s quantum theory of atoms in molecules
(QTAIM) a molecule can be partitioned into submolecular
fragments. The partitioning procedure to obtain atomic regions
makes use of the zero-flux surfaces in the electron density gradient
vector field Vp(r). In order to evaluate the atomic volumes and
charges, the algorithm available through the TOPXD program?
was applied. The results for the main chain atoms of 1,2 and 3 are
summarized in Table 2.

The total atomic volumes, V', are defined by the interatomic
boundaries in the crystal. It is common practise to consider also
the V', volumes, defined by a cutoff at p = 0.001 au, which are
used to compare with theoretically obtained charge densities of
isolated molecules. For both modifications, 1 and 2, the sum of
V. (multiplied by Z = 2) reproduces the unit cell volumes to
within 1%, whereas the charges add up to zero within +0.04 e,
indicating that the partitioning procedure has worked properly.

It is interesting to note that the total volume of a single
tripeptide molecule of the water modification (~388 A®) is smaller
than the ethanol one (~412 A%). Detailed analysis revealed that
the essential differences in the atomic volumes are observed for
the methyl and ammonium groups and the oxygen atom O(5),
hence the outer regions of the peptide molecules where the major
intermolecular interactions take place. Based on V), the above
mentioned differences vanish (both ~343 A%). Taking into account
these findings and a number of potential hydrogen bonds in both
crystals, it seems that the molecules in the water modification
crystal are more densely packed than in the ethanol one.

Consideration of individual atomic properties suggests the
following trend:

For the nitrogens the N,,,, atom has a slightly larger volume
than the peptide nitrogens being accompanied by a somewhat
more negative charge.

However, the carbons differ strongly by their atomic charges.
The C, and C, atoms have weak positive charges, while the charges
of the peptide carbons are close to +1 and the C,,. carbon is even
stronger positively charged. No significant differences are seen
between the O,., and O, 0Xygens having comparable volumes
and agree in charges close to —1.

As already found for the bond topological properties, the atomic
properties in the peptide bond regions also do not depend on
whether this region is next to the N-terminus or the C-terminus.
In total the average agreement of V', and Q,, values for the atoms
listed in Table 1 for 1 and 2is 0.8 A% and 0.1 e, respectively.
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Table 2 Atomic volumes (V,/ A¥and Vi, / A") and charges (Qy, /¢) for comparable atoms of 1, 2 and 3 derived from the experimental charge density.
The neighbour atom types are given in brackets. First and second lines defined as in Table 1

1/2 1/2 3 1/2 3
Atom type Atom Vot Voo Voo Qoo (o
Namm N(1) 17.87 16.33 13.90 —1.51 —-1.12
14.53 14.18 14.80 —1.46 —1.34
Namm—Ca—Coepl Niep NQ) 13.62 12.50 12.49 —0.93 ~1.04
13.98 12.53 12.80 —1.09 —1.00
[Cearbox—Cul-Npep NQ@3) 12.59 12.15 12.58 —0.91 —1.06
14.51 12.81 12.64 —1.03 —1.02
Namm—Col-Coep Q) 6.83 6.62 578 0.88 1.10
7.25 6.64 591 1.01 1.05
[Nyey~Cul-Cep C@) 7.12 6.78 6.04 0.83 111
7.15 6.56 5.87 1.04 1.14
[Num]-C. (1) 6.75 6.69 7.34 0.24 0.07
7.24 7.03 7.29 0.18 0.04
[Ny -Co[Cpor] Cc3) 6.52 6.52 6.98 0.25 0.17
7.47 7.25 6.77 0.09 0.27
[Conrbo]-C ) 7.11 6.95 7.06 0.26 0.21
7.83 7.54 6.82 0.14 0.22
[Nommn—C.]-C C(7) 9.29 8.82 8.90 0.19 0.25
12.21 9.53 8.39 0.10 0.26
[Cearbox—C]-Cy C(8) 9.95 9.10 9.30 0.19 0.16
10.72 9.67 9.28 0.10 0.13
Carbox C(6) 5.24 5.08 6.08 1.36 1.13
6.97 6.35 5.70 1.23 1.21
Numn—CoCrepl-Opep o(1) 17.61 15.87 16.20 ~1.06 ~1.09
17.65 15.65 15.92 —0.93 —1.15
[Npey=C~Crep-Opp 0Q) 19.48 16.11 15.98 —0.99 ~1.09
17.48 14.38 15.97 —1.09 —1.13
Oeurvex [shorter] 003) 18.46 16.00 16.46 ~1.09 ~1.01
17.90 16.47 16.52 —1.04 —0.96
Ot [longet] 0(4) 16.20 14.84 15.28 ~0.96 ~1.03
18.18 16.64 14.80 —1.04 —0.98
Hydrogen bond topology supported by the highest H-bond energies for these interactions

An analysis of the crystal packing of both modifications of L-
Ala—L-Tyr-L-Ala provided information about potential hydrogen
bonds (HBs). The discussion based on the spherical structure'’
considered only steric criteria which are, for example, applied in
geometry analysis programs like PLATON.* However, various
criteria have been developed to describe HBs according to topo-
logical properties. For example, Koch & Popelier?* have evaluated
eight concerted effects occurring in the charge density, which
are indicative of hydrogen bonding while Espinosa et al.?* have
derived exponential relations for HB energies from the analysis
of experimental electron density studies, so that quantitative
topological criteria allow a better insight into the strengths of
these interactions. Geometrical and bond topological parameters
of the possible HBs for 1 and 2 are listed in Table 3 (see the ESI
for nonbonded valence shell charge concentrations (VSCCs)).

According to the topological criteria for the existence of
hydrogen bonds, postulated by Koch and Popelier,® 11 such
intermolecular interactions are found for 1 and 7 for 2. Each of
them is characterized by low values of the electron density and a
positive Laplacian at the hydrogen - - - acceptor bond critical point.
Moreover, a decrease of volume and a loss of charge of hydrogen
atoms participating in H-bond interactions are observed.

Taking into account the geometrical (D---A and H---A
distances) and topological criteria (p(rpcp), V2p(rpcep)) together, the
hydroxyl group of the tyrosyl fragment creates the strongest HB
in both modification of L-Ala-L-Tyr-L-Ala. This observation is

(= 60 kJ mol™). All energies presented in Table 3 are calculated
with the relation given by Espinosa et al, [Eys = 25300 X
exp(—3.6 x (H---A) kJ mol~'].>> The next strong intermolecular
interactions are O(6)-H(16) - - - O(3) and N(1)-H(11C) - - - O(2) for
2, which are characterized by electron density values of 0.26 and
0.25e A3 and their H-bond energies amount to 51.8 kJ mol~'. The
remaining O-H - - - O and N,,,,,—H - - - O HBs are weaker with the
electron density in the range of 0.08-0.23 ¢ A-. The interactions
of the type N,,—H...O,., are the weakest ones with HB energies
below 20 kJ mol~'. A similar observation was also made for tri-
L-alanine where the four interpeptide linkages belonged to the
weaker ones and there was a tendency, also seen in this study, that
the stronger HBs were established to solvent molecules.

Finally, for all HBs described for both modifications of L-Ala—
L-Tyr-L-Ala, the exponential correlation between electron density
(or corresponding Laplacian) and the hydrogen - - - acceptor dis-
tance have been found; the correlation coefficients (R) amount
to 0.90 and 0.93, respectively (Fig. 2a-b). These findings are in
agreement with Espinosa’s studies.”® Moreover, a linear relation-
ship between the electron density and H-bond energy is observed
(R =0.92), which is presented in Fig. 2c.

The site and strength of an intermolecular interaction can be
made visible by means of the Hirshfeld surface* which is defined
by the share-holder principle pue/pay = 0.5. It is displayed in
Fig. 3 for modification 2 together with the electron density mapped
by a colour code on this surface. The graphics was generated with
the in-house written program MOLISO.* Strong interactions can
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Table 3 Geometric and topological parameters of the hydrogen bonds for 1 and 2 (distances in A, angles in deg, electron density at H - - - 4 BCP in eA~
and its corresponding Laplacian in e A=, Eyp in kJ mol™")

D-H---4 D—H H---4 D---4 D—H---A p(r) V2p(r) Eus
1

O(5)-H(15)---O(7) 0.97 1.68 2.6301(7) 167 0.21(3) 5.3(1) 59.9
0(6)-H(61) - - - O(3) 0.97 1.89 2.8462(8) 169 0.082)  3.2(1) 28.1
O(6)-H(62) - - - O(4)" 0.97 1.86 2.8208(6) 173 0.15(3) 3.4(1) 31.3
O(7)-H(71)--- O(3)* 0.97 1.79 2.7473(6) 171 0.16(3) 4.3(1) 40.2
O(7)-H(72) - - - O(6) 0.97 1.81 2.7702(6) 174 0.103)  4.2(1) 37.4
O(8)-H(81)---O(7) 0.97 1.95 29167 174 0.08(1) 3.2(1) 22.6
N(I)-H(11A) - - - O(4)* 1.03 1.79 2.8274(6) 177 0.17(2) 3.1(1) 40.2
N(1)-H(11B) - - - O(5)° 1.03 1.76 279345 173 0.173)  44(1) 448
N(1)-H(11C)--- 02y 1.03 1.85 2.8233(8) 156 0.15(2) 3.0(1) 324
N(©2)-H(12)--- O(1)¢ 1.01 2.00 2.9488(5) 156 0.07(2) 2.2(1) 18.9
N(G3)-H(13) - - - O(4)" 1.01 2.04 3.0300(8) 168 0.042)  1.8(1) 16.4
2

O(5)-H(15) - - - O(6)" 0.97 1.67 2.62496) 170 0273)  5.1(1) 62.0
O(6)-H(16) - -- O(3) 0.97 1.72 2.6883(6) 178 0.26(3) 4.1(1) 51.8
N(1)-H(11A)---O(4)* 1.03 1.77 2.7844(5) 168 0.23(2) 3.4(1) 43.2
N()-H(11B)--- O(5)% 1.03 1.84 2.8738(5) 174 0.18(2) 3.3(1) 33.6
N(1)-H(11C) - -- O2)" 1.03 1.72 2.7501(7) 178 0.25(3) 3.9(1) 51.8
N(@2)-H(12)---O(1) 1.01 2.04 2.9773(5) 153 0.09(2) 2.0(1) 16.4
N(3)-H(13) - - - O(4)" 1.01 1.99 2.9656(8) 161 0.092)  2.3(1) 19.6

Symmetry codes:® —x, y — 1/2,2 —z.% 1 —x, 1/24+p,2 —z.°x, 1 +p,z.%%, y,z— L. 1l —x,y—1/2, 1 —z./—x,y—1/2, l —z.8—x, 1/2+y,1 — z.

Ml—x, 1249, 1z

easily be identified in the donor regions close to H(15) and H(11A)
and the acceptor region next to O(2). Further strong interactions
as listed in Table 3 are on the back side of the molecule with respect
to Fig. 3 and made invisible in this representation for clarity. The
software used to generate this drawing allows an online rotation
of this image on a graphic screen, so that all close contacts and
their implications on the charge density rearrangement can be
visualized and examined in three dimensions.

Electrostatic potential

The electrostatic potential (EP), which can be derived directly
from the electron density, is an analytical tool which is used to
predict the reactive behaviour of chemical systems and to study,
for example, biological recognition processes. It was calculated
from the experimental data using the method of Su & Coppens*
and is displayed in Fig. 4 for both modifications 1 and 2. The EP
is represented by a color code (see color bars) on the iso electron
density surface at p = 0.5 ¢ A2,

First of all it can be seen that the EP distributions on both
molecular surfaces are rather alike, confirming the conservation
of the electronic properties of the tripeptide in both crystal
lattices. Moreover, the polarization of the electron density is
visibly very pronounced in regions involved in hydrogen bonding.
Donor hydrogen atoms, for example the ammonium hydrogens,
the phenolic OH hydrogen of the tyrosine side group and the
water hydrogens, exhibit stronger positive regions than are seen
for methyl or phenyl hydrogens. The negative potential is then
concentrated around the oxygen atoms, being the HB acceptor
atoms

Transferability of submolecular fragments

With respect to the transferability of electronic properties of
chemically equivalent atoms the topology of the main peptide

chain of both modifications of L-Ala—L-Tyr-L-Ala have been
compared with literature data for tri-L-alanine.’® Considering
bond topological parameters, average differences between 1/2 of
Ala-Tyr—Ala and tri-L-alanine are 0.08/0.06 ¢ A~ for the electron
densities at the bond critical points and 2.5/3.9 e A~ for the
corresponding Laplacians, respectively. Of major interest are the
topological descriptors in the five important backbone bond types
O,ep—Corep> Npep—Cheps Npep—Cos Co—Chep, C,—C;. The distribution of
their p(rgep) and V2p(rgep) values in the eight peptide bond regions
(four in Ala-Tyr—Ala molecules of 1 and 2 and four in the two
crystallographically independent tri-L-alanine molecules) is shown
in Fig. 5. It can be seen that the spread is small for the electron
density values and larger for the Laplacians, however, in no case is
an influence of the central amino acid on the main chain topology
seen. This is confirmed by the averages listed in Table 4, where the
statistical uncertainties (0.04-0.07 ¢ A= and 2-6 ¢ A=5) are in the
same ranges as given above when only corresponding properties
for 1 and 2 of Ala-Tyr—Ala were compared.

This transferability found for bond topological properties is
supported by a comparison of atomic properties. This can be seen
from individual atom volumes and charges which are listed for 1, 2
and both independent molecules of tri-L-alanine (3) in Table 2, but
even better from the averages summarized in Table 5. For all atoms

Table 4 Averaged values of electron density and Laplacian at the BCPs
(ine A~ and e A3, respectively) for the different bond types in 1, 2 and 3
derived from experiment, n = no. of contributing data

Bond type n p(r) V2p(r)
Opep—Crep 8 2.90(7) —31.3(58)
pep” “~pep 8 244(4) —229(25)
pep—Ca 8 1.82(4) —11.3(19)
«Crep 8 1.71(5) —11.0(22)
Ci—Cp 12 1.64(6) —9.6(18)
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(c) Correlation between the H-bond energy/kcal mol~' and p(rsep)/e A~
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in the peptide bond region the internal consistency is within 0.1 e
for the charges and 0.9 A® for the volumes. Moreover the averages
for the eight peptide groups in 1, 2 and 3 compare properly with
the corresponding results from a study on five dipeptides and one
hexapeptide (second lines in Table 5).%

Table 5 Averaged charges Oy, (¢) and volumes Vo, (A¥)for the atoms in
the peptide groups of 1, 2, 3 (first line), corresponding averages from the
literature?’ (second line), n = number of contributing data

Atom n Qoo Voo

C, 12 0.18(7) 7.0(3)
16 0.24(9) 7.1(6)

Cpep 8 1.02(10) 6.3(4)
11 0.98(7) 6.6(4)

Opep 8 —1.07(7) 15.7(6)
11 —0.87(10) 16.1(6)

Nopep 8 —1.01(6) 12.6(2)
11 —1.00(6) 11.7(9)

Hence, neither from bond topological nor atomic properties
can be seen any influence from whether the central amino acid is
alanine or tyrosine. This verifies experimentally Bader’s concept
of the transferability of chemically equivalent submolecular frag-
ments and encourages the use of database approaches for electron
density modelling of macromolecules.?®!

Experimental

Two modifications of the tripeptide L-alanyl-L-tyrosyl-L-alanine
with different solvent molecules were obtained by two ways of
crystallization. The crystallization from water by slow evaporation
of the solvent yielded crystals of modification 1. Crystals of
modification 2 were prepared by diffusion of ethanol into an
aqueous solution of the tripeptide at room temperature.

Crystal structures of both modifications of Ala-Tyr—Ala have
already been published based on low-order X-ray data sets
(sin/1 < 0.85 A=")."” In order to obtain the high order reflections
for water modification 1 we continued the measurement up to
a resolution of sinf/4 = 1.24 A~' with synchrotron radiation
(beamline D3 at Hasylab/DESY, Hamburg, Germany) using a
recently installed He gas stream cooling (Helijet) to allow a data
collection at 9 K. { For 2, intensity data was measured with Mo Ka
radiation at 20 K on a Huber four circle diffractometer equipped
with a double stage closed-cycle He cryostat where a 0.1 mm
Kapton film vacuum chamber around the cold head was used.??}
Diffracted intensities were measured with a MAR165-CCD area
detector at the synchrotron beamline®® while a Bruker APEX-
CCD detector® was used at the Huber diffractometer. The XDS
software® was applied for integration of the MAR detector data,
while this was done with SAINT and SADABS* for the APEX
data.

Spherical refinements of both structures 1 and 2 were performed
with SHELXL?* and the obtained spherical models were used
as the input for aspherical atom multipole formalism*®” using the
program package XD." The hexadecapolar level of the multipole
populations was used for C, N and O atoms, while bond-directed
dipoles were applied for H atoms. Moreover, for the partially
occupied water molecule the occupancies of O(8), H(81) and
H(82) atoms were kept fixed and the multipole parameters were
constrained to those of the fully-occupied water molecule: O(6),
H(61) and H(62). During the final cycles of both refinements for 1
and 2, ten x parameters were refined in the least-squares procedure.
Three-fold symmetry, 3, was introduced for methyl carbon atoms
(C7, C8, C32) and ammonium nitrogen atom (N1). Moreover,
m symmetry was assigned to the atoms of peptide bonds (C2,
N2, C4, N3), the carbon atom of carboxylate group (C6), the C
atoms in phenyl ring (C21-C26) and water oxygen atoms (06, O7,
08). The bond lengths to H atoms were set to standard neutron
distances.®®

Fig. 6a-b show the residual density maps in the planes of the
peptide bond O(1)C(2)N(2) for 1 and 2. It should be noted that
for the water modification (Fig. 6a) a slightly higher noise level is
observed in comparison to the ethanol one (Fig. 6b), however, no
significant residual density shows up.

1 CCDC reference numbers 609565-609566. For crystallographic data in
CIF format see DOI: 10.1039/b607744¢
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Fig. 3 Three-dimensional representation of the Hirshfeld surface for the ethanol modification 2 calculated from experimental charge density (drawing
generated with Moliso®). Crystal electron density (¢ A=) mapped by a colour code onto this surface, see colour bar.

Further details of the multipole refinements for 1 and 2 are
presented in Table 6.

Theoretical calculations

To explore experimental results versus theory, single-point density-
functional calculations were performed using the program pack-
age GAUSSIAN 03.* The calculations were based on the experi-
mental geometry of 1 and 2 at the B3LYP/6-311 + + G(3df,3pd)
level of approximation. Topological analysis was performed with
the program ATM 2000. Since the molecular geometries of 1 and
2 are very similar, the derived topological properties from these

Table 6 Crystallographic data and multipole refinement details for 1 and 23

calculations agree within 0.01 e A-3/0.2e¢ A5 for p(reep)/ V2p(rycp),
so that only the theoretical means of 1 and 2 are listed in Table 1.

Conclusions

The existence of the title tripeptide L-Ala-L-Tyr-L-Ala in two
crystal lattices with similar molecular structures (and even similar
intermolecular interactions, in most cases) offered the favorable
opportunity to examine the reproducibility of the charge density
of the title molecule in different crystal structures but widely com-
parable crystalline environments. In addition, the experimental
conditions were different, synchrotron primary radiation, open

2

1
Chemical formula
M, 370.82
Cell setting, space group, Z
a, b, c/A
B (deg) 91.21(2)
v /A3 946.2(7)
T/K 9
sinf/4/A-" or d/A 1.24 (0.40)
No. of measured reflections 203534
No. of unique reflections 14111
Redundancy 14.4
Completeness (%) 91.2
Ry 0.0535
No. of reflections (N r) 12875
No. of variables (N,) 683

R(F), R (F), R, (F)

R (F?), Ru (F?), R, (F?)
G 2.06

N/ N, 18.8

Apuins Apun /& A7 —0.360, 0.329

C1sHyN,O5 x 2.634 H,0

Monoclinic, P2, (no.4), Z =2
8.121(4), 9.299(6), 12.532(5)

0.0293, 0.0351, 0.0208
0.0350, 0.0364, 0.0412

C,sH,,N;0; x C,H;OH
369.42

Monoclinic, P2, (no.4), Z =2
8.845(2), 9.057(2), 12.364(3)
94.56(3)

987.3(3)

20

1.11 (0.45)

112650

11703

9.6

99.4

0.0415

10901

722

0.0223, 0.0264, 0.0177
0.0292, 0.0300, 0.0350

1.63

15.1

—0.235,0.273
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Fig. 4 Three-dimensional representation of the electrostatic potential for 1 (a) and 2 (b) calculated from the experimental charge densities (drawing

generated with Moliso®). The colour code is shown by the colour bar.

flow He gas stream cooling, MAR165-CCD area detector for 1;
conventional Mo Ka radiation, closed cycle cryostat cooling and
Bruker APEX-CCD area detector for 2. The topological analysis
of the experimental charge densities allowed a detailed quantitative
comparison of both data sets and indicated a reproducibility
of bond topological properties within 0.07 ¢ A—=/4.9 ¢ A= for
P(Tace)/ V2p(rycp) and 0.8 A3 and 0.1 e for atomic volumes ¥y,

and charges Qy,. These average uncertainties are in line with
several literature studies, where quantitative data of this type were
compared.

The important question of the transferability of submolecular
properties was examined with respect to the reference tripeptide
L-Ala-L-Ala-L-Ala. The agreement of bond and atomic topo-
logical properties is in the same range as given above for the

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 3242-3251 | 3249



1 -20

AYA-water S—
AY A-ethano| mmmmm

1{ -e0
{ -0
1|
0 -100

OP@F{PEP NWP’CP?P Npep~Ca Cu{;‘ép CaCp

Pleacp) / eA™
2 1-5
Voplracp) / eA

=]

Fig. 5 Comparison of the bond topological properties of different types
of bonds within the main peptide chain for L-Ala-L-Tyr-L-Ala (1 and 2)
and L-Ala-L-Ala-L-Ala (3), molecules I and II derived from experiment.

VA

Fig. 6 Residual maps in the peptide bonds for 1 (a) and 2 (b). Positive,
negative and zero contours are represented by solid, dotted and dashed
lines, respectively. Contour intervals at 0.1 ¢ A=,

reproducibility. It follows that from the replacement of the central
amino acid L-Ala by L-Tyr no influence is seen, neither on bond nor
on the atomic properties. If there is any influence it is beyond the
accuracy of experimental electron density work being reachable at
present. These findings confirm experimentally the nearest/next
nearest neighbor approximation* and support the use of the
presently developing data base approaches for electron density
modelling of polypeptides where the transferability principle is an
essential prerequisite for their validity. To substantiate the present
results further, more charge density studies on the system Ala-
XXX-Ala are in progress so that the influence of individual amino
acid residues on the topology of oligopeptide main chains can be
studied on a broader basis of quantitative properties.
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