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FGFG is the first example of a non-protected peptide
consisting of natural amino acids that adopt a fully extended
conformation in the crystalline state.

The backbone conformation of peptides and proteins is
determined to a very large degree by the intra- and inter-
molecular interactions in which the molecule takes part.
Examples of this are the «-helix and the 3-sheet. In the 3-sheet,
the peptide backbone is pleated. Pauling and Corey! demon-
strated that this pleating is necessary if the constituting amino
acids have side chains larger than a single hydrogen, i.e. aflat
[3-sheet can only be envisaged in polyglycine. Flat peptides are
therefore interesting since they exclude conventiona inter-
molecular backbone hydrogen bonding as a stabilizing motif.
Flat peptides adopt the fully extended peptide conformation, w;
= y = ¢ = 180°. They are stabilized by consecutive
intramolecular hydrogen bonds: Ni—H;---O;. This interaction is
referred to asthe Cs hydrogen bond asit forms afive-membered
ring: Ni—H;---O-Ci—Cv;. Several fully extended peptide struc-
tures are known in the literature.2 However, none of these
consists exclusively of natural amino acids. Here we show that
the tetrapeptide PheGlyPheGly (FGFG), consisting of natural
amino acids only, is essentialy flat in the crystalline state and
that the non-terminal N—H and C=0 groups do not participatein
classical intermolecular hydrogen bonds. It is the first such
peptide consisting only of natural amino acids and the first with
unprotected end-groups.

We solved the crystal structure of FGFG using single crystal
diffraction data collected at the Swiss Norwegian Beam Line at
the ESRF, Grenoble, France. The sample was very small,§ 191
X 13 x 13 um3. In spite of this minute sample size, data of high
quality could be collected and the structure refined to Ry =
0.0329 for all 1920 reflections.§ The total data collection time
was less than 3 h. The molecular structure is shown in Fig. 1.

The peptide backbone is nearly fully extended: the absolute
backbone torsion angles are al larger than 159°, the average
being 168.7(2)°, see Table 1. Thereisasmall buckling along the
backbone. The angles between the least squares planes of the
peptide units® vary between 5.69(10) and 32.06(12)°, the

Fig. 1 Molecular structure of FGFG. Ellipsoids are drawn at the 50%
probability level.

T Electronic supplementary information (ES|) available: details of the
crystallographic work, ab initio calculations (including coordinates) and
data base searches. See http://www.rsc.org/suppdata/cc/b2/b208306;/

T Present address: Department of Chemistry and Biochemistry, University
of California, Santa Barbara CA 93106-9510, USA.
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Table 1 Peptide backbone torsion angles? (°) for the experimental and two
ab initio structures

Angle Exptl. RE RP

21 162.9(2) —176.73 155.49
@2 —165.3(2) —168.44 96.04
VA 170.6(2) 167.63 —118.89
03 —159.5(2) —17351 —94.37
Vs 162.0(2) 17191 68.47
P4 164.3(2) —17258 114.04
A 177.8(2) 178.87 —153.90

ay; = Ni-GA-CGi—Nisa, ¢ = G Ni-GA-G;

average being 19.8°. Despite these rather large interpeptidic
angles, the backbone is essentiadly flat, Figs. 1 and 2. This is
confirmed by the fact that none of the non-terminal N-H donors
(N2, N3, N4) or C=0 acceptors (01, O2, O3) are involved in
strong intermolecular interactions. Instead, they all participate
in Cs (Fig. 1) and in intermolecular C-H---O hydrogen bonds
(Fig. 2).

The molecules pack in head-to-tail zigzag chains that run in
an antiparallel fashion along the c-axis as shown in Fig. 2. The
links between molecules along the chains are three-center
charge-assisted hydrogen bonds between the carboxylate and
ammonium groups. This packing leads to an effective shielding
of the charged end-groups and to an overall cancellation of the

Fig. 2 Crystal packing of FGFG. Left: view onto the a,c-plane. Right: onto
the b,c-plane. In both cases the c-axis is vertical. Dashed and dotted lines
represent N—H---O and C—H---O hydrogen bonds, respectively.
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very large molecular dipole moment arising from the extended
conformation. In addition, the packing leads to separation of the
hydrophobic and hydrophilic parts of the peptide (Fig. 2).

The three carbonyl oxygens and O4’ are involved in the Cs
hydrogen bonds typical of the fully extended peptide conforma-
tion.2 The dimensions are al very similar, the spread in N---O
distances being only 0.023(3) A with an average of 2.676(2) A.
It is the consecutive sequence of Cs hydrogen bonds that |eads
to/supports the overall extended conformation of the peptide.
The zigzag chains are linked parallel to the a-axis by C—H---O
interactions, four per molecule (Fig. 2). The averageH---O and
C---O distances are 2.43 and 3.163(6) A, respectively. In
comparison, al the shortest intermolecular backbone (N-)-
H..-O distances are longer than 2.6 A and do not represent
hydrogen bonds.

The hydrophobic region is held together by van der Waals
contacts and C—H---m interactions between the C1B and C3B
protons and neigboring aromatic rings (H---ring-center ~3.1
A). Interestingly, there are no short zt-- -7t contacts (ring-center
to ring-center distances are al longer than 5.4 A).

Ab initio calculations* confirm that the fully extended
conformer is not the most stable geometry of the zwitterion in
vacuo. Two geometries were investigated: (1) direct optimiza-
tion of the X-ray structure (RE) and (2) optimization of afolded
conformation found by a previous PM3 calculation (RP). RPis
248 kJ mol—1 more stable than RE predominantly due to the
large charge separationin RE (~13.6 A) comparedto RP (~ 2.8
A). RE is completely extended: the absolute values of the
backbone torsion angles are in the range 167.6-178.9°, the
average being 174.3°, see Table 1. RE is thus flatter than the
conformation in the crystal. This difference is most likely
caused by the crystal field, which arisesfrom the presence of the
charged end-groups and the separation of the hydrophobic from
the hydrophilic parts of the peptide.

To gain further insight into the relation between the Cs
hydrogen bond and the flatness of the peptides, acyclic flat
peptides where extracted from the Cambridge Structural
Database® and combined with the recent literature (see ESI T for
details). Two families of peptides were extracted: the fully
extended ones (8 structures in total), and molecules that were
close to planar but with one or more backbone N-H groups
involved in intermolecular hydrogen bonding (3 structures).
One example of the latter classis GGG, for which the absolute
values of the backbone torsion angles in the two independent
molecules vary between 150 and 170°. The hydrogen bonding
in GGG is complex and not all possible Cs bonds are formed.
The situation may best be described as a ‘modified $-sheet’:
intermolecular backbone N—H---O hydrogen bonding occurs as
in B-sheets but the C,«---C* distances are 7.27 and 7.18 A in
the two molecules as opposed to 6.68 A in the standard B-sheet.
Similar bonding situations occur in [MetS]enkephalin and in one
of the crystal forms of [LeuSlenkephalin, where backbone
torsion angles cover much the same range as in GGG.”
However, all three structures show much larger deviationsfrom
planarity than FGFG and conventional intermolecular backbone
N-H---O hydrogen bonding occursin all of them.

The Cs N---O distance distribution of the modified 3-sheet
structuresis centered around asignificantly longer distancethan
that of the fully extended peptides, Fig. 3. Thisreflects that the
Cs's are in competition with the intermolecular, strong, N—
H---O hydrogen bondsin the former, while they in the latter are
the only hydrogen bonds present. The Cs N---O distancesin the
FGFG crystal structure are in between those of the previously
known fully extended peptides and the modified (B-sheet
structures, see Fig. 3. The RE structure, on the other hand, is
lying within the traditional fully extended distribution. This
indicates that the slight buckling of the FGFG backbone and the
lengthening of the Cs hydrogen bonds in the crystal are caused
by the influence of the strong crystal field.

Itisunlikely that the fully extended conformation is stablein
solution and the ab initio calculations clearly show that it is not
the stable form in vacuo. This is easily explained by the long

A LOA @

frequency
o
7

0.05 -

0.00 . :
250 255 260 265 270 275 2.80

NO/A
Fig. 3 Digtribution of the Cs intramolecular peptide N-H---O hydrogen
bond for fully extended peptides (shaded) and modified -sheet structures
(unshaded). The N---O distancesin the FGFG crystal structure (circles) and
the RE ab initio structure (triangles) are also given.

distance between the charged end groups that are neutralized by
neighboring molecules in the crystal. In a protic solvent like
water, some charge neutralization would take place by inter-
action with the solvent, but it is more likely that a folded
conformation akin to RP would form.

We thank the staff of the Swiss-Norwegian Beam Line for
their kind support, the Swiss National Science Foundation for
funding and Mrs Snigireva (ESRF) for access to and assistance
with the electron microscope. H. B. thanks the Danish Research
Training Council for additional financial support.
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