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Abstract—A study was carried out, with use of the Cambridge Structural Database, to examine the role of the CH/x interaction in
the conformation of peptides. A number of short intramolecular CH/n distances have been shown in the crystal structure of pep-
tides bearing at least an aromatic residue in the sequence. The molecular structure in the crystal was inspected individually to know
whether the conformation is merely a consequence of the so-called packing forces, or the CH/=n interaction plays a role. It has been
demonstrated that the CH/n interaction constitutes one of the key factors in controlling the conformation of peptides. © 1999

Elsevier Science Ltd. All rights reserved.

Introduction

Evidence has accumulated that the CH/rn interaction!
plays an important role in determining the conforma-
tion of organic compounds.?? For instance, compounds
bearing an aromatic group in the peptide sequence are
often reported to prefer the folded conformation. A
compact structure was suggested for the solution con-
formation of a cyclic heptapeptide antibiotic ilamycin
B,.% Thus a high-field '"H NMR chemical shift observed
for one of the leucyl isopropyl methyl resonances was
attributed to the ring current effect of the indole ring of
a tryptophane residue in the peptide. litaka et al. deter-
mined the crystal structure of ilamycin B; and showed
that the isopropyl methyl groups in a leucine side-chain
lie just above the aromatic ring (Ar) of a tryptophane
residue.’ The perpendicular distances of the geminal
carbon atoms and the least-squares plane of the indole
ring were 3.70 and 4.00 A; the reason for this con-
formation remained unexplained. Here, we carried out a
database study, with use of the Cambridge Structural
Database (CSD),° to understand the significance of the
CH/r interaction in the conformation of peptides.
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Method

The method of exploring CH/r interactions in the crys-
tal structure was reported earlier.” Thus, we wrote a
program, with use of the CSD software QUEST3D, to
find contacts between CH groups and 7 systems. Several
kinds of distance (Dpin, Daim. Diin) and angle (0, o)
parameters were defined to cover every possibility
(Fig. 1). In this study, Dpa.x shorter than 3.05 A
(=2.9A% (1.2 A for C—H plus 1.7 A° for a half thick-
ness of the aromatic molecule)x 1.05) was considered as
relevant for the presence of CH/r interaction.'?

Results

First, a sub-database was edited, from the entire data-
base (CSD version 515: 181,309 entries), for peptides
and peptide derivatives bearing at least a phenylalanine,
tyrosine or tryptophane residue in the sequence. The
number of compounds in the sub-database was 130.!!
Next, nonbonded atomic contact was sought between a
CH'? (alkyl or aromatic) and an sp? carbon in the six-
membered aromatic ring in the Phe, Tyr or Trp side-
chain. Table 1 summarizes the results.

The number of compounds bearing at least one intra-
molecular CH/n interaction was 55. The ratio of pep-
tides with short CH/C(sp?) contact in their molecular
structure is 42% (55/130). The corresponding value for
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Figure 1. Method for exploring CH/n contacts in peptides. (a) O:
centre of the plane. C' and C%: nearest and second nearest sp>-carbons,
respectively, to H. o: dihedral angle defined by C'OC? and HC!C?
planes. 8: ZHCC!. D,,: H/n-plane distance (H/I). D,y: interatomic
distance (H/C"). Dyy: distance between H and line C'C? (H/J). (b) I:
region where H is above the aromatic ring. 2 and 3: regions where H is
out of region 1 but may interact with m-orbitals. The program was run
to search for H/m distance shorter than a cut-off value D, in every
region: Dy < Dmax, 0<60%, || <90° for region 1, Din<Dmax,
0<60%, 90° <|w| < 130° for region 2, and Dy, < Diax, 0<60°, 0=
180°—¢ (¢p: HC'), 90° < < 130° for region 3.

the intermolecular interaction is 94% (122/130). Figure
2(a) and (b) are histograms in the search. Note that
there are many CH/r distances shorter than the accep-
ted value of the sum of the van der Waals radii of the
relevant nuclei.

A short interatomic distance may arise from the balance
of a number of molecular forces. In other words, the
crystal structure may accommodate the CH/mt geometry
within the overall framework of various effects. The
structure of the above peptides was therefore inspected
to know whether the crystal conformation is merely a
consequence of the well-known packing forces such as
the hydrogen bond, or the CH/n interaction plays a
part.

Table 1. Intramolecular and intermolecular CH/n contacts disclosed
in the crystal structure of peptides bearing at least one Phe, Tyr or Trp
residue (Dpax = 3.05A)*

Entries® Distances® Daim (A)4

Intramolecular

CH/n 55 (45) 95 (69) 2.87+0.15 (2.81+0.11)
C(sp>)H/n 49¢ (38) 78 (54) 2.88+£0.15 (2.81+0.16)
C(Ar)H/n 107 (10) 17 (15) 2.82+0.11 (2.80£0.09)
Intermolecular

CH/n 122 (109) 432 (259) 2.89+0.13 (2.81+0.11)
C(sp*)H/n 109 (86) 295 (171) 2.89+0.13 (2.81£0.11)
C(Ar)H/n 61 (49) 134 (85) 2.88+£0.14 (2.81£0.11)

2 In the parentheses are data for a shorter cut-off value 2.9 A.

® Number of entries with short CH/Ar contact.

¢ Number of short distances.

4 CH/(Csp?) interatomic distance.

¢ CSD Refcode: BAINOP10, BAMGOLI10, BIHTUH10, BIH-
XULI10, BIXPAZ10, BOLWEE, CACNOJ10, CAHWEN, CINYED,
CITXEI10, COPHOE, COYRIR, DINROH10, DUPKEE, DUYTIA,
DUZDUX, FEYZEO, FIFMEM, FIZWIUOI, FILPLA, GERCEL,
GLYTYRI10, HEBHUR, HICJUY, HICKEJ, HICKIN, JADVAL,
JUXHAL, LINCOA, LPTILL, PHLEGL10, ROHVEP, ROHVIT,
ROHVOZ, SUPBOU, SUPBUA, VOMLEO, VUGMEP, WASPOV,
WIPXUO, WIPYAV, WIPYEZ, YIIDIE, YOWDAP, ZUBWUO,
ZUHNOF, ZUHNUL, ZUHPAT, ZYKRAY.

f CSD Refcode: DIRPUP, DUNLON, DUZDUX, FEYZEO,
FIFMEM, FONNAX, GEWWAG, KUSHAH, SUPBOU, TALDEP.

Figure 3 is the structure!® of L-phenylalanyl-glycyl-gly-
cyl-D-phenylalanine trihydrate.'* Short intramolecular
CH/Ar distances are found between a glycine and
an aromatic carbon of a phenylalanme (3.06 A: Gly3/
Phel) and between aromatic rings of the phenylalanines
(2.76 A: Phel/Phed4). NH/n contact is also shown
between NH of Gly3 and the aromatic rings of Phel.
The molecule adopts the compact structure without any
intramolecular hydrogen bonds.

Figure 4 gives the crystal structure of leucine-enkephalin
(Tyr-Gly-Gly-Phe-Leu) trihydrate.'> We see an aro-
matic CH/m bond (2.67 A) between the side-chains of
Tyr and Phe. The folded structure is assisted by two
hydrogen bonds.

Figure 5 is the molecular structure of z-butoxycarbonyl-
glycyl-glycyl-phenylalanyl-D-methionine methyl ester
dihydrate.'® CHs in the methionine side-chain are in
CH/=n contact (2.97, 3.03 A) with the aromatic ring of
the phenylalanine residue. Similar conformations were
found for the p-leucine (ZUHNOF) and p-homoleucine
analogues (ZHUPAT).

Figure 6 shows the crystal structure of cyclo(L-phenyl-
alanyl-D-leucyl-glycyl-L-phenylalanyl-L-leucyl-glycyl) tetra-
hydrate.!” Short CH/Ar distances (2.92, 2.96, 3.03 A)
are shown between the leucine and phenylalanme
side-chains. A hydrogen bond is found in the cyclic
structure. Similar conformations are also found for
its analogues cyclo-(L-Phe-D-Leu-Gly-D-Phe-L-Leu-Gly)
(CAHWEN) and cyclo-(L-Phe-L-Leu-Gly-pD-Phe-L-Leu-
Gly) (BIXPAZ10).

Discussion

Proportion of the crystal structures showing CH/n
interaction has been found considerable in the CSD; we
see many CH/n contacts shorter than the van der Waals
distance, intramolecular as well as intermolecular.
Inspection of the individual peptide structures has sug-
gested that the crystal conformation is not necessarily
the result of only well-known molecular forces. It is
remarkable that in a number of cases the molecule
adopts the compact structure without any intramol-
ecular hydrogen bonds.

Conformation of cyclic dipeptides

Kopple et al.'®2% reported on the preference of folded
conformation for a series of cyclic dipeptides (diketo-
piperazines), cyclo(Gly-L-Tyr), cyclo(L-Ala-L-Tyr) and
cyclo(L-His-L-Tyr). Later, the solid structure of cyclo
(Gly-L-Tyr) was found to be similar as in solution.?!
They attributed the phenomenon to the presence of an
attractive interaction occurring between the aromatic
ring and the neighboring polar systems. Preference for
the aromatic side-chain of a residue to fold over the
diketopiperazine ring has since been shown in a number
of solution??>?* and crystal structures, cyclo(L-Pro-D-
Phe),>> cyclo(L-Ser-L-Tyr),? cyclo(N-Me-L-Phe-N-Me-
L-Phe), cyclo(N-Me-L-Phe-N-Me-D-Phe),?” and cyclo



Y. Umezawa et al. | Bioorg. Med. Chem. 7 (1999) 2021-2026 2023

260 270 280 290 300 3.10

DATM/A

32

270 280 290 300 310 320 330
o
DATM/A

Figure 2. Number of observations plotted against the H/C interatomic
distance D, for CH/Ar interaction (Dpax=3.05 A): (a) intramol-
ecular interaction; (b) intermolecular interaction.

(D-Phe-L-y-thiaPro),?® cyclo(L-Leu-L-Tyr),?° cyclo(ami-
noisobutyryl-L-Phe),3° c¢yclo(L-Phe-L-Phe),3' cyclo(N-
Me-L-Phe-L-Phe)?? and cyclo(N-Me-L-o-aminobutyryl-
L-Phe).3? In Table 1, we find diketopiperazines showing
short CH/n contacts between CH(s) and the aromatic
ring. They are GLYTYRI10: cyclo(Gly-L-Tyr), BAJ-
NOP10: cyclo(N-Me-L-Aba-L-Phe) Aba = o-aminobutyric
acid, BOLWEE: cyclo(D-Phe-L-y-(S)Pro), COPHOE: cyclo

Figure 3. Crystal structure of L-Phe-Gly-Gly-p-Phe, 3H,O (CSD
Refcode FEYZEO). Dotted lines indicate CH/n and NH/n contacts.
The water molecules are omitted for clarity.

Figure 4. Crystal structure of leucine-enkephalin, 3H,O (GEWWAG).
Dotted and dashed lines indicate CH/n contacts and hydrogen bonds,
respectively. The water molecules are omitted.

Figure 5. Crystal structure of ¢-butoxycarbonyl-Gly-Gly-L-Phe-D-Met
methyl ester, 2H,O (ZUHNUL). Dotted lines indicate CH/rt contacts.
The Boc group and water molecules are not shown.

Figure 6. Crystal structure of cyclo-(L-Phe-D-Leu-Gly-L-Phe-L-Leu-
Gly), 4H,0 (PHLEGLI10). Dotted and dashed lines indicate CH/n
contacts and hydrogen bonds, respectively. The water molecules are
omitted.

(L-Leu-L-Tyr), COYRIR: cyclo(Aib-L-Phe) Aib=amino-
isobutyric acid, DUZDUX: cyclo(L-Phe-L-Phe) and
FIFMEM: cyclo(N-Me-L-Phe-L-Phe). It appears that
the CH/r interaction is playing an important role in
maintaining the compact structure of these compounds.
To illustrate an example, Figure 7 gives the crystal
structure of cyclo(glycyl-L-tyrosyl). The distance between
an o-CH of glycine and an o-carbon of the tyrosine aro-
matic ring is 3.03 A.
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Figure 7. Crystal structure of cyclo(glycyl-L-tyrosyl), GLYTYRI10. A
dotted line indicates CH/r contact.

Figure 8 is the crystal structure of cyclo(L-Leu-L-Tyr)
monohydrate. A CH (HP) in the leucine side-chain is
in CH/n contact (2.85 A) with the aromatic ring of the
tyrosine residue.

Figure 9 shows the crystal structure of cyclo(L-Phe-L-
Phe). We see two CH/r contacts (2.79, 2.87 A) between
the side-chain groups.

Crystal structure of acyclic peptides

Short CH/Ar distances have also been found in acyclic
dipeptides L-Asp-L-Phe (2.71 A, WASPOV) and L-Phe-
L-Pro (2.58, 3.00 A, JADVAL). Inspection of the crystal
structures listed in Table 1 showed a number of CH/x-
interacted conformations in higher analogues. Examples
include tripeptides Gly-Phe-Phe (DIRPUP), Phe-Gly-
Gly (FIZWIU), formyl-Met-Leu-Phe (FMLPLA), Lys-
Phe-Phe (FONNAX), and Leu-Leu-Tyr (GERCEL),
and higher peptides such as Pro-Tyr-Ile-Leu (LPTILL),
Tyr-D-Thr-Gly-Phe-Leu-Thr (HICJUY), Val-Phe-Phe-
Ala-Phe-Phe-Val-Phe-Gly (KUSHAH). Burley et al.
reported on the Ar/Ar proximate3*3> crystal structure
for L-phenylalanyl benzyl ester and N-phenylacetyl-L-
phenylalanine.3%37 This type of interaction is often
referred to as the ‘edge-to-face Ar/Ar interaction.” The
term ‘aromatic CH/n interaction’ is more adequate in
view of its nature.

Solution conformation of acyclic peptides

With regard to the solution conformation of acyclic
peptides, shielding of aliphatic side-chain protons has
long been known for linear dipeptides with one residue

Figure 8. Crystal structure of cyclo(L-leucyl-L-tyrosyl), COPHOE. A
dotted line indicates CH/n contact.

Figure 9. Crystal structure of cyclo(L-phenylalanyl-L-phenylalanyl),
DUZDUX. Dotted lines indicate CH/mt contacts.

aromatic and the other aliphatic.>®® Examples of the
folded conformation include flavinyl peptides,® soma-
tostatin,**#? bradykinin analogues*>** and a cyclic
hexapeptide cyclo(D-Tyr-Arg-Gly-Asp-Phe-Gly).*> Deber
and Joshua, in particular, suggested the folded con-
formation for a series of dipeptides bearing phenyl-
alanine (L-Phe-D-aa; aa = Asn, Asp, Gln, Glu, Arg, Lys,
Aba, norvaline), on the basis of a systematic NMR
study.*® Significant upfield shifts were observed, in every
case, for methylene protons of the residue aa, as com-
pared to those of dipeptides with only aliphatic residues
(L-Ala-p-aa). It is remarkable that more pronounced
upfield shifts were observed for methylenes in polar
residues (Asp, Glu, Arg, Lys). They discussed the results
in view of the presence of attractive interaction between
the phenylalanine aromatic ring and the side-chain
group of the residue aa. Preference of the CH/Ar prox-
imate conformation was suggested also for dipeptide
derivatives D-aa-L-Phe-Bzl (aa=Leu, Val, Ala; Bzl=
CH,C¢Hs)*” and D-Arg-L-Phe-NHBzl.*® Shimohigashi
et al. recently showed the preference of alkyl/Ar prox-
imate geometry for a series of chymotrypsin inhibitors
D-Leu-L-Phe-NHBzI* and D-Thr-L-Phe-NHBzI;* they
interpreted the result in terms of the CH/n interaction.
Kim et al.’! reported on the folded conformation of a
chymotrypsin inhibitory peptidomimetic 2-allyl-3-ben-
zenepropanoate and attributed the result to the CH/x
interaction. It is intriguing to speculate that the compact

shape of the peptides correlates with their biological
activity,!5:16,28,29.52-59

Conclusion

In view of the above discussions, we conclude that the
CH/rn interaction is a dominant factor in maintaining
the compact structure of the peptides. Recently, we
suggested that the CH/n interaction is important in sta-
bilizing the 3D structure of proteins such as enzymes,*
G proteins, SH2 domains®' and major histocompat-
ibility complex antigens,®> and their complexes with
specific substrates. The suggestion has been made on the
basis of the results obtained by analyzing the crystal
structures in the Brookhaven Protein Data Bank (PDB).
Coordinates of the hydrogen atoms (from neutron
studies) are available for bovine pancreatic trypsin
inhibitor (BPTT), ribonuclease A (RNase A), insulin and
myoglobin. However, the data in the PDB do not ordi-
narily contain coordinates of hydrogen atoms. In these
cases, hydrogens were generated on nonhydrogen atoms
and the positions optimized. The CH/r distances within
a cut-off value were then collected and the results com-
pared with those obtained by use of the neutron dif-
fraction data. Agreement of the two sets of data was
satisfactory in the cases of BPTI®* and RNase A, at
least in view of the purpose of surveying CH/n interac-
tions in the protein structure. Discussions regarding the
CH/n distances in the protein structures remained
qualitative, however, according to the limitation of the
methodology and the precision in the X-ray crystal-
lographic determination. The present finding that CH/n
interactions are often found in the crystal structure of
peptides renders a strong support to the above method
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of analyzing CH/r interactions in proteins. It is certain
that the CH/r interaction, which is responsible for the
peptide structure, also contributes to the stabilization of
the protein structure. Implication of the concept in
structural biology® 72 and drug design is apparent.
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