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Internal S-Turn Hydration: Crystallographic Evidence and Molecular Dynamics Simulation
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The X-ray structure analysis of the monohydrate phase of the peptide For-Met-Leu-A?Phe-Phe-OMe has
revealed that the type-II S-turn supported by the 4 — 1 H-bond, expected for the backbone containing the
o,fB-unsaturated residue A?Phe, has been modified by the water molecule. The water prevents the 4 — 1
H-bond between Met CO and Phe NH groups, forming a H-bonded bridge between these groups and causing
significant modification of the secondary structure. The hydrated 8-turn found in the crystal can be an
interesting static model useful for the comprehension of the internal hydration mechanism of S-turns, secondary
structures largely present in globular proteins, but generally distributed only on their surface. The internal
hydration, with a H-bonded water bridge and modification of the secondary structure, differs from the most
common external hydration, where the externally bound water does not cause modification of secondary
structure. In order to verify whether the internally hydrated §-turn could be found even in solution, a molecular
dynamics simulation has been performed. The results show that the two forms, the S-turn with the 4 — 1
H-bond and that with the H-bonded water bridge, do not differ substantially in their energy values. Moreover,
no high-energy barrier prevents interconversion between the two forms. The internal S-turn hydration presents
strong analogies with the internally hydrated helical peptide segments found in oligopeptides and proteins.

1. Introduction

The X-ray structure analysis performed on the monohydrate
crystal phase of the peptide For-Met-Leu-A?Phe-Phe-OMe,!
containing the (Z)-2,3-didehydrophenylalanine (AZPhe), has
revealed that the strong tendency of the a.,f8-unsaturated residue
to induce the type-II B-turn? has been modified by the water
molecule. The water prevents the 4 — 1 H-bond® between Met
CO and Phe NH groups, forming a H-bonded bridge between
these two groups and an additional H-bond with the Phe CO.
This conformationally constrained peptide, which is an analog
of the chemotactic prototype For-Met-Leu-Phe-OMe,*"¢ has
been designed in order to check whether a folded backbone,
possessing the formyl group not engaged in an intramolecular
H-bond, could still maintain biological activity. This structural
feature has already been related to its biological activity.! In
this paper we consider the aspects regarding the specific
interaction between water and S-turns, since in globular proteins
these secondary structures are generally located on the surface
exposed to the solvent. Full details of the internally hydrated
B-turn together with the analysis of the crystal packing are here
reported to comprehend all the interactions favoring the access
of the water molecule to the peptide polar sites. A molecular
dynamics (MD) simulation has also been performed in order to
determine whether the internally hydrated -turn could be found
even in solution and to compare its energy to that of the 8-turn
with the 4 — 1 H-bond.

It will be shown that the internally hydrated S-turn found in
the crystal can be an interesting static model useful for the
comprehension of the hydration mechanism of a 8-turn peptide
segment. This model presents strong analogies with the
internally hydrated helical peptide segments.
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TABLE 1: Crystal Data of
For-Met-Leu-A?Phe-Phe-OMe'H;O

empirical formula

C31H4oN4O6S*H,O

formula weight 614.7

crystal system orthorhombic

a 9.447(6) A

b 12.636(8) A

c 28.454(14) A

v 3397(3) A3

space group P212)24

d; 1.20 gem™

z 4

F(000) 1312

A(CuKa) 1.5418 A
#(CuKa) 1.23 mm™!

crystal size 0.1 x 0.3 x 0.04 mm
260mex 138°

refl. with I > 2.50(]) 2409

R, Ry 0.069, 0.089

large diff in AF synthesis —0.25,+0.35 e A™!
S 0.3
observations/parameter 6.1

II. Experimental Section

Crystal Data. Crystals were obtained by slow evaporation
of a 1:1 water—methanol mixture in which the tetrapeptide was
dissolved. A four-circle SYNTEX P2, automatic diffractometer
equipped with a graphite monochromator and Cu Ka radiation
was used for crystal and intensity data measurements. The
refined unit-cell parameters, determined by a least-squares fit
of the angular setting of 18 reflections in the range 15° < 8 <
50°, are given in Table 1. Intensity data were collected by the
6—26 technique with a scan speed within the interval 1.5—
14.5 deg/min~! over a range of 1.6°. Background counts were
taken for a time equal to half the scan time. Three standard
reflections, monitored after every 100 collected reflections,
showed only small random deviations from their means. Out
of a total of 3469 collected reflections, 2409 had I > 2.5¢(])
and were considered observed and used in the calculations.
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Lorentz and polarization corrections were applied, but intensities
were not corrected for extinction and absorption.

Structure Solution and Refinement. The structure was
solved by direct methods using the program SHELXS 867 and
Fourier recycling. The heavy atom positions were refined
isotropically, then anisotropically, by the full-matrix least-
squares method minimizing the function Xw(|Fo| — |F.|)?, where
w = (a + |Fo| + c|F,|»~! with a and ¢ equal to 2Fymin) and
2/Foimax)» respectively. A difference Fourier map computed at
this stage showed two peaks of residual electron density, which
were interpreted as due to a minor conformation adopted in the
crystal by the terminal pari of the Met side chain. The
refinement was therefore continued with two sulfur and two
methyl groups; 0.6 and 0.4 occupancy factors were assigned to
both atoms of each species, respectively. After refinement, the
geometry of the disordered atoms is C;7—S,%! = 1.75 A, §,°!—
Cie' = 1.70 A, C\7—S$,'=C<! = 95°, C;"=8,%> = 1.86 A,
$192—C2 = 1.79 A, C,"—=S$,92—C 2 = 98°, After each cycle
of refinement the H atoms were generated at the expected
positions with C—H and N—H bond lengths of 1.09 and 1.00
A, respectively, and thermal isotropic parameters deduced from
the carrier atoms. The correction for the real and imaginary
parts of the anomalous dispersion was taken into account for
the sulfur atom. The final atomic coordinates together with their
Beq of the non H atoms are given in Table 2. The scattering
factors were taken from ref 8. Valence bond lengths and angles,
anisotropic thermal parameters, and observed and calculated
structure factors have been deposited as supplementary material.
The calculations were carried out on the D.G. ECLIPSE MV/
8000 II computer using the package of programs of ref 9.

Molecular Dynamics Simulations. Molecular dynamics
simulations were performed with programs from the Groningen
molecular simulation (GROMOS) system software package.'?
The applied empirical potential energy function contains terms
representing bond angle bending, harmonic dihedral angle
bending (out-of-plane, out-of-tetrahedral configuration), sinu-
soidal dihedral angle torsion, and van der Waals and electrostatic
interactions.!! A dielectric permittivity, € = 1, was used. The
cutoff radius for the nonbonded interactions was 8 A. The bond
stretching term was not included in the calculation: the SHAKE
algorithm'? was used to constrain bond lengths. The use of
constant bond lengths in MD is widely adopted since it allows
a longer time step and computational time saving; it was also
proved that this approximation does not cause modifications of
physical and chemical properties.!*> The tetrapeptide was
immersed in a rectangular box with edges of 20.14, 24.05, and
26.61 A, containing 292 solvent molecules (water—methanol
mixture in a 1:1 molar ratio), subjected to periodic boundary
conditions. The starting conformation of the peptide was that
found in the monohydrate crystal phase. Weak coupling to an
external thermal bath at the desired temperature, with a coupling
time constant of 0.1 ps, and to an external pressure bath of 10°
Pa with a coupling time constant of 0.5 ps was used to maintain
constant temperature and pressure during the simulations.'* The
simple point charge (SPC)'> model was adopted for water, while
the potential model and geometry of the methanol were taken
from the GROMOS Library Manual.'® In the MD simulations
H-bonds were accepted when the contacts donor—H- « *acceptor
and the angles donor—H?- - *acceptor involved were shorter than
2.5 A and larger than 125°, respectively. The calculations were
performed on the ALPHAs DEC 3000/500 of CASPUR at the
University of Rome.

II1. Results

Molecular Structure. A perspective view of the crystal
conformation together with the adopted numbering scheme is

Di Nola et al.

TABLE 2: Final Fractional Coordinates and B, (Az) with
esd’s in Parentheses for the Non H Atoms

Beq = 4/3 Zzaiajﬂij
i

X y z Beg
Co 0.3370(7) —0.0987(6) 0.7399(3) 5.4(2)
Oo 0.4440(4) -0.0646(4) 0.7574(2) 6.1(1)
N; 0.2069(5) —0.0781(4) 0.7550(2) 5.0(2)
(of 0.1791(6) -0.0117(5) 0.7951(2) 4.7(2)
Cy# 0.2186(9) —0.0640(6) 0.8423(3) 6.6(2)
Cy7 0.131(1) —0.159(1) 0.8539(5) 11.2(4)
S,21a 0.184(1) —0.2306(4) 0.9037(2) 11.3(2)
S92 0.092(2) —0.170(1) 0.9177(5) 13.5(5)
Ccla 0.100(5) -0.151(3) 0.943(1) 16(1)
Cye® 0.270(4) —0.160(3) 0.939(1) 11.3(9)
c/’ 0.2426(6) 0.1004(5) 0.7902(3) 4.4(2)
O 0.3045(5) 0.1423(4) 0.8228(2) 5.7(D)
N> 0.2225(5) 0.1447(4) 0.7493(2) 4.2(1)
Cy* 0.2817(6) 0.2498(4) 0.7377(2) 39(H)
C/ 0.2894(7) 0.2630(5) 0.6841(2) 4.9(2)
Cy 0.3697(8) 0.17547) 0.6593(3) 6.1(2)
Cy 0.5181(9) 0.1612(9) 0.6773(4) 9.0(3)
Cy% 0.370(2) 0.199(1) 0.6059(3) 10.1(4)
C’ 0.1888(6) 0.3383(5) 0.7577(2) 3.8(1)
0 0.0636(4) 0.3276(3) 0.7658(2) 4.8(1)
N3 0.2550(4) 0.4331(4) 0.7612(2) 3.6(1)
Cy® 0.1728(5) 0.5268(5) 0.7708(2) 3.7(1)
Cy 0.1563(6) 0.6048(5) 0.7395(2) 4.0(1)
Cy7 0.2082(6) 0.6108(5) 0.6898(2) 4.3(2)
Csh 0.3448(7) 0.5804(6) 0.6777(3) 5.2(2)
C;% 0.1176(7) 0.6471(6) 0.6561(3) 5.3(2)
C,€ 0.3863(8) 0.5848(8) 0.6318(3) 6.5(2)
Ci®2 0.1544(9) 0.6473(8) 0.6098(3) 6.9(3)
Cst 0.292(1) 0.6166(8) 0.5973(3) 6.9(2)
Cy 0.1015(6) 0.5335(5) 0.8163(2) 4.0(2)
0 —0.0116(5) 0.5834(4) 0.8213(2) 5.5(1)
N4 0.1657(6) 0.4889(4) 0.8532(2) 4.7(1)
Cy& 0.1024(9) 0.4890(6) 0.8990(2) 5.5(2)
Cs 0.0228(9) 0.3830(7) 0.9075(3) 6.1(2)
Cy7 —0.0779(9) 0.3845(8) 0.9490(3) 6.5(2)
C —-0.047(1) 0.3400(9) 0.9906(3) 8.4(3)
Cy%2 —0.210(1) 0.425(1) 0.9438(5) 11.1(5)
Cq8 —0.145(2) 0.339(1) 1.0276(4) 10.6(5)
Cy2 —0.307(2) 0.430(1) 0.9777(7) 13.9(7)
Csé —0.275(2) 0.386(1) 1.0198(7) 13.5(7)
Cy 0.217(1) 0.5063(8) 0.9355(3) 6.9(3)
O4 0.335(1) 0.474(1) 0.9314(3) 12.8(4)
oy 0.172(1) 0.5565(6) 0.9716(2) 10.5(3)
Cs 0.271(3) 0.581(1) 1.0087(4) 18(1)
O. 0.4174(8) 0.3400(5) 0.8503(2) 8.6(2)

7 An occupancy factor of 0.6 was assigned to this atom during the
refinement. ® An occupancy factor of 0.4 was assigned to this atom
during the refinement.

reported in Figure 1, while the relevant backbone and side-chain
torsion angles are reported in Table 3. Considering that o8-
unsaturated residues are strong inducers of type-II S-turns when
inserted at (i+1) or (i+2) corner positions? and that the A?Phe
is the (i+2)th term because of its penultimate position, the 4 —
1 H-bond acceptor should involve the Met CO group, leaving
the For CO free from intramolecular H-bonding. In the crystal,
the A?Phe residue induces backbone folding in the form of an
unexpected “open turn” described by the following torsion
angles: @ = 57.2°, ¢ = 44.7°, ¢, = —81.1°, y, = 161.2°,
@3 = 65.2° 3 = 33.4°, @; = —141.6° y, = 148.3°. Helical
and extended conformations occur at the N- and C-terminal
residues, respectively, while the ¢ and ¥ of the two central
residues deviate significantly from those of the type-II S-turn
(—60°, 120°, 80°, 0°).> Such deviations, the largest one being
41° for vy,, allow the penetration of the water molecule into
the backbone loop, where it forms three H-bonds with the Met
CO and with the Phe NH and CO groups, respectively. The
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Figure 1. Perspective view of the crystal conformation of the
monohydrate tetrapeptide.

water, bridging the Met CO and Phe NH groups by two
H-bonds, prevents their 4 — 1 H-bond, the distance Oy*+*Ny is
4.65 A. Moreover, the distance C;% «+C4® of the terminal Met
and Phe residues is 7.02 A, a limiting value for considering the
backbone segment as a turn.!®

The formamido group presenting the two H atoms in cis
configuration, as usually found in the N-formylpeptide crystal
structures,'”~%0 is completely planar (wo = 0°). The other three
peptide bonds are trans-planar, and, among them, the Leu-A?-
Phe junction presents the largest deviation from planarity (w =
168.2°). The Met side-chain atoms with higher and lower
occupancy factors adopt the g~,t,g™ and g~,t,g~ conformations,
respectively. The ¢ conformation more frequently occurs for
%3 in the oligopeptide structures of unbranched side-chain
residues.?! The Leu side chain assumes the most frequently
occurring g~(¢,g~) conformation.2'22 The A?Phe side chain with
¥>! = —44.1° and y>? = 135.8° shows the largest deviation
from planarity among the A?Phe-containing oligopeptide crystal
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Figure 2. Interactions that the water oxygen forms with the atoms of
the surrounding molecules. Dashed and dotted lines represent the
H-bonds and the shortest contacts, respectively. The reference molecule
is represented by full bonds, whereas, for clarity, the surrounding ones
are shown only in part. The asymmetric units are indicated in the text.

structures.> Moreover, the torsion angles C;’—N3;—C;*—C4f and
03—C3y’'—C32—C4, respectively of —112.7° and 27.9°, indicate
that the a8 double bond could conjugate to a larger extent with
the carbonyl group rather than with the enamidic nitrogen Nj.
Therefore, conjugation should be allowed from the a,8 double
bond to the carbonylic oxygen and should scarcely involve the
aromatic ring and the enamidic nitrogen N3. In accordance,
the alteration of bond lengths is practically limited to the C;%—
Cy’ (1.464 A) and C5'—0; (1.248 A) bonds, respectively shorter
and longer than the standard values of saturated models, while
the Cs#—Cs” bond length (1.498 A) is not significantly altered.
The Phe y' is trans, while the ¥ is in the usual conformation
centered around +90°2!-23

Crystal Packing. The H-bonds and the shortest contacts
between the water oxygen and the atoms of the surrounding
molecules are shown in Figure 2. The water forms three
H-bonds with the Met CO (2.827 A) and with the Phe NH (3.034
A) and CO (2.966 A) groups of the same molecule. The water
H atoms, not detected in the final Fourier map, should not be
too far from the O- * <Oy, directions, since the angle O;*+ O, *Os4
is 128°. Additional dipole—dipole interactions may occur
between water and the Leu-A?Phe amide junction; the angle
between the plane of the amide and that containing the 0;,04,04
atoms is 39°. The shortest contacts are formed with the
methylenic C,# atom (4.103 A) of the reference molecule, with
the formylic O, (3.544 A) and the Leu methyl C;°' (4.179 A)

TABLE 3: Relevant Torsion Angles (deg) with Estimated Standard Deviations in Parentheses of the Monohydrate

Tetrapeptide
backbone side chain
Oo—CO'—Nl*Clu wo 0(1) Met N1—C1°""C1/3"'C1y X1] —65.2(9)
Cy’'—N;—C,*—C/ @1 57.2(8) Ce—C—Cyr—§,%! X12'l 173.1(7)
N;—Ci*—C/—N, Y1 44.7(7) C*—C/f—C7—§,%2 1122 —-143.7(9)
C12—C{"—N,—C,* w1 —177.2(5) C]ﬂ"Cf/"S]dl—C]‘l X13'l 83(2)
Cy/—=N,—C*—Cy [¢22) —81.1(6) Ci8—Cy7—8§92—C,? K32 —52(2)
N;—C*—Cy'—N; Y2 161.2(5) Leu N;—Cp2—CA—Cy %2t —54.5(7)
Cy*—Cy’—N;3~C; 73 168.2(5) C2—CFf—Cyr—Cy% 1% —56.1(9)
Cy'—N3—C;2—C5’ @3 65.2(7) C2—Ch—Cyr—Cyo2 XZZ'Z —179.5(7)
N;3—C3¢—C3"—Ny4 Y3 33.4(8) A?Phe N3;—C32—C4#—Cs" X3l 3.409)
C32—Cy'—Ny—Cy2 w3 ~178.3(6) C32—C#F—Cy"—C3% )532'] —44.1(9)
C3"N4—C4G_C4' P4 —1416(7) (::4‘."'—C3/5"C37—C3‘52 ;(32'2 1358(7)
N;s—C42—C4/—04 Yr 148.3(8) Cy'—N;3;—C3;*—Cs5f —112.7(6)
C2—C4'—04'—C;5 —179(1) 03—C;'—C3*—C5? 27.9(9)
04_C4’—O4,_C5 3(1) Phe N4_C4°‘_C4ﬂ—C47 X41 - 1654(7)
Co—CA—Cyr—Cs% x> —103(1)

Cy2—Cf~Cyr—Cy?2 xa?? 82(1)
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TABLE 4: Geometric Details of the H-Bonds Found in the
Crystal of the Monohydrate Tetrapeptide®

N-H H--A DA D-He'A Ne»:O=C

donor acceptor (f\) (;\) (A) (deg) (deg)
N, (0714 1.00 196 2.881 151 141.3
N, 04l 1.00 198 2934 158 129.6
N; Ol 1.00 190 2.892 172 138.2
N4 Oy 1.00 209 3.034 158
O 0O, 2.827
Oy 04 2.966

@ Estimated standard deviations are in the range 0.006—0.01 A for
the contacts and 0.6—1.0° for the angles, respectively. *I: —x, y—1/2,
2/3=z. I —x + 1, 122+y, 3/2—z.

7
b

,/(

b
R

Figure 3. Projection of the crystal packing on the b,c plane. Full and
empty circles represent methyl groups and water oxygens, respectively.

of the molecule at 1—x, y+1/2, 3/2—z, and with the aromatic
atoms Cs¢! (3.754 A) at 1—x, y—1/2, 3/2—z and Cs¢' (4.184 A)
at 1/2+x, 1/2—y, 2—z.

The peptide molecules pack together by three intermolecular
H-bonds that the Met, Leu, and A?Phe NH groups form with
the Leu, A?Phe, and For carbonyl oxygens, respectively. Their
relevant parameters are reported in Table 4. A projection of
the crystal packing on the b,c plane is shown in Figure 3. The
packing is completed by van der Waals interactions mainly
involving the aromatic and methyl groups of the hydrophobic
side chains of different molecules. The shortest contacts among
aromatic—aromatic, methyl—methyl, and aromatic—methyl
carbon atoms are 3.508, 3.514, and 3.595 A, respectively, for
the couples of atoms Cy?* **C3¢3 at —x, y—1/2, 3/2—z, Ci¢1+++Cs
at x—1/2, 1/2—y, 2—z, and C3%++Cs at 1/2—x, 1—y, z—1/2.

MD Simulation. In order to check whether the tetrapeptide
conformation with the water molecule H-bonding the CO; and
NH;+; groups (COy: * Oy * *NHi+3) could be found, at least in
part, even in solution, a MD simulation was performed in a 1:1
molar ratio water—methanol mixture at 298 K. The crystal
conformation was initially adopted for the tetrapeptide.

The occurrence of the H-bonds involving both CO; and NH;+3
groups during the 100 ps of MD simulation is reported in Figure
4. In the first part of the simulation, up to 60 ps, a water
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Figure 4. Occurrence of H-bonds involving the CO; and NH;+; groups
of the tetrapeptide during the 100 ps of the MD simulation in the water—
methanol mixture at 298 K: (a) COy * ‘NH;+3; (b) COj***Oy4¢* * ‘NHi13;
() €O+ *O1ge* * ‘NHi13; (d) COp **On3¢ * *NHivs.  Oigs, Oig9, and Oazg
represent three different water molecules. When no H-bond is reported,
the polar groups of the solute are externally H-bonded to solvent
molecules.

°7
-100

-200

1
_500#:::‘,:44{::'r}:sz'r:::{
0 20 40 60 80 100
Time (ps)

Figure 5. Total potential energy (kJ mol~!, ordinate) of the peptide
solute during the 100 ps of the MD simulation in the water—methanol
mixture at 298 K.

molecule bridges the CO; and NH;+3 groups, by two H-bonds.
However, at least three different water molecules alternate in
sequence, showing a fast exchange process. After 60 ps, the 4
— 1 H-bond (COy * ‘NH;+3) supporting the S-turn conformation
takes place for the remainder of the simulation. The potential
energy of the solute during the 100 ps of simulation is reported
in Figure 5. The large fluctuations and the reduced length of
simulation do not allow quantitative analysis of energy differ-
ences; however, the energy values occurring in correspon-
dence with conformations with a H-bonded water bridge
(COy *+Oyr **NHi+3) or a 4 — 1 H-bond (COy ¢ ‘NH;+3) do not
differ substantially and no high-energy barrier prevents conver-
sion between these two forms. The dynamical behavior of the
distance MetC;% « PheC4* during the 100 ps of simulation is
reported in Figure 6. The separation between the hydrophobic
side chains of these terminal residues plays a relevant role for
the access of the water to the central polar sites of the peptide
backbone. A large separation favored, as in the crystal, by
interactions among the hydrophobic side chains of adjacent
molecules allows the entry of the water molecule and the
successive formation of an H-bonded water bridge. The lack
of such hydrophobic intermolecular interactions, as in solution,



Internal S-Turn Hydration
8.5

8.0

7.5 n

7.0

20 40 60
Time (ps)

Figure 6. Dynamical behavior of the MetC,% « ‘PheC,* distance (A,
ordinate) of the tetrapeptide during the 100 ps of the MD simulation
in the water—methanol mixture at 298 K.

P - o [PURRerP——
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Figure 7. Occurrence of H-bonds involving the CO; and NH,+; groups
of the tetrapeptide during an additional 100 ps of MD simulation
in the water—methanol mixture at 310 K: (a) CO-+‘NHi:+s; (b)
CO;i*+ 0173+ *NHits.  Oy73 represents a water molecule. When no
H-bond is reported, the polar groups of the solute are externally
H-bonded to solvent molecules.

favors a closer approach of Met and Phe side chains and the 4
— 1 H-bond formation preventing the water molecule insertion.

In order to check the reversibility of the conversion between
the conformations containing (COj *+Oy***NH;+3) and
(COy * *NH;+3) H-bonds, the simulation was continued for an
additional 100 ps at a slightly higher temperature (310 K). The
temperature was raised to increase the conformational search
of the simulation. The occurrence of the H-bonds involving
both CO; and NH;+3 groups during the second MD simulation
is reported in Figure 7. The (COy * '"NH;+1) H-bond supporting
the S-turn is present for about 60% of the time, whereas for
about 2% the (CO; * “Oy - *NH;+3) H-bonded bridge mediated
by the water molecule appears. Figure 8 shows the superposi-
tion of the crystal conformation with that internally hydrated
obtained at + = 23 ps during the last MD simulation. The
similarity can be noted not only for the backbones but also for
the side chains. From MD simulations it can be concluded that
in solution the B-turn appears more stable, but, even if with
low probability, it can reversibly accommodate the water
molecule that bridges the CO; and NH;+3 groups, with modifica-
tion of secondary structure. In the crystal the “open turn” is
favored by the hydrophobic intermolecular interactions not
present in solution.
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Figure 8. Superposition of the tetrapeptide crystal conformation (thick
lines) to that internally hydrated obtained at + = 23 ps during the last
MD simulation (thin lines). For clarity only the H atoms of the
backbones have been reported.

IV. Discussion

The present study furnishes further insights on the influence
of the approach of the water molecule to a peptide conformation
and on the mechanism of hydration of a secondary structure,
problems which cannot be easily determined by spectroscopic
techniques.

Although several examples of folded peptide sequences in
which water molecules are H-bonded to external polar sites are
reported, a water—peptide interaction similar to the present one
has been found in the monohydrate crystal form of +-Bu-CO-
Pro-Me-D-Ala-NHMe.?* This is reported as the first case of a
conformation folded by interaction with a water molecule
included in a loop containing 12 atoms and described by the
following torsion angles: ¢ = —68.6°, ¥ = 164.3°, @4 =
138.6°, yi+1 = —35.0°. In analogy with our case, the water
bridges the tert-butyl carbonyl group and the C-terminal
methylamide NH, by two H-bonds, preventing the 4 — 1 H-bond
characteristic of the S-turn and causing modification of second-
ary structure. At variance, the water forms a third H-bond with
the Me-D-Ala CO group of a neighboring molecule, giving rise
to a H-bonding network involving both intra- and interturn
interactions. The same authors have also shown that the
anhydrous crystal form of the peptide adopts the type-II S-turn
with the 4 — 1 H-bond and torsion angles ¢; = —58°, y; =
136°, @i+1 = 97°, and 4+ = —19°.

Intra- and intermolecular H-bonded water bridges have also
been observed in the crystal of (benzyloxycarbonyl)alanyl-D-
phenylalanylproline monohydrate,2S where the water bridges two
terminal oxygens, and in the crystal of the tri-a-aminoisobutyric
acid dihydrate,?6 where the amino and carbonyl groups of the
first and second residue are respectively H-bonded to the two
water molecules connected by an internal H-bond bridge.

A further interesting aspect concerning the specific interaction
between water and S-turns comes from the observation that, in
globular proteins, these secondary structures are generally
located on the surface, which is exposed to the solvent. On
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the basis of an investigation of 938 S-turns extracted from the
X-ray structures of 58 proteins at a resolution < 2 A, it has
been shown that about 60% of the examined turns had
deformations of £30° around the expected @ and 9 values, with
a further flexibility of an angle to deviate by as much as :45°.%
These deformations are comparable to those found in the crystal
of the monohydrate tetrapeptide; therefore, the “open turn”
stabilized by the H-bonding network of the water molecule could
also be an interesting static model for the comprehension of
the hydration mechanism of type-II S-turn backbones containing
apolar side chains.

A simpler mode of f-turn hydration has already been
proposed on the basis of the crystal structure of the dihydrated
form of cyclo[Gly-Pro-Ser-Gly-(6)Ava] containing the Pro-Ser
subunit frequently found in 3-turns of globular proteins. The
backbone torsion angles of this subunit (@pr, = —63.3°, ¥p =
23.2°, @ser = —96.3°, Yser = 4.8°)28 are very close to those
expected for the type-I B-turn (—60°, —30°; —90°, 0°); the
CO and NH of the peptide group linking the two chiral residues
are respectively H-bonded to each of the two water molecules.
A H-bonding network in the form of a water—water—amide
polymer takes place in the crystal. In this case the water is
externally bound and does not cause 4 — 1 H-bond rupture or
significant modification of secondary structure.

Both models of B-turn hydration, either internal with a
H-bonded water bridge and modification of secondary structure,
as in the case of the tetrapeptide, or external, without modifica-
tion of secondary structure, as in the case of the cyclopeptide,’®
show tight analogies with the hydration of helical peptide
segments occurring in oligopeptides and proteins.

The crystal structure of the internally hydrated helical
decapeptide Boc-(Aib-Ala-Leu);-Aib-OMe? indicates that the
water opens the helix H-bond between Ala? CO and Ala’ NH
groups, causing a N+« O separation of 5.05 A. At variance with
the internally hydrated tetrapeptide, here the secondary structure
is distorted only at the ¢, ¥ values of Leu?, changing from —75°,
—42° for the normal to —102°, 15° for the hydrated helix. This
distortion, which exposes the Aib! CO to an additional water,
forming a minisolvation region with the first one, confers
amphiphilic character to a peptide containing all apolar residues.

The crystal structure of Boc-Val-Ala-Leu-Aib-Val-Ala-Leu-
OMe?? contains two independent molecules in the asymmetric
unit. One is completely helical, whereas the helix of the other
one is internally hydrated by a water bridging the Leu® CO and
Leu” NH groups with two H-bonds. Also in this case the
secondary structure is distorted only at the @, ¢ values of Val®,
changing from —87°, —11° before to —91°, 2° after hydration.
It is interesting to note the occurrence of both normal and
internally hydrated helices in the same crystal, indicating that
the conversion from anhydrous to hydrated helix should be a
facile process. This observation is in agreement with the
potential energy computed for the tetrapeptide during the MD
simulation, showing that the two S-turn forms containing
(COy +*NHi,3) and (COy « *Oy « *NH;+3) H-bonds do not differ
substantially in their energy values.

In protein crystal structures, the a-helices are often hydrated,
either externally by a water H-bonding to the backbone carbonyl
oxygen or internally by a water inserting into the helix H-bond
and forming a H-bonded bridge between the backbone CO and
NH groups. The hydration with externally bound water, without
modification of secondary structure, seems the most common
case. In fact from an analysis of 312 hydrated a-helical
segments extracted from 35 protein structures refined at <1.9
A3 it resulted that 262 had externally bound water with 5 —
1 and COy - ‘O H-bonds, 33 had internally bound water with
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(COy * Oy * *NH;+4) H-bonds, and 17 were three-center transition
states with 5 — 1 and (CO; * “Oy* **"NH;+4) H-bonds. The water-
inserted segments show considerable conformational diversity,
depending on the degree of penetration of the water molecule
into the helical segment and could represent trapped intermedi-
ates in the unfolding—folding process of a-helices. A “con-
formational reaction coordinate” of the progressive unfolding
of the a-helix has been represented by water-inserted segments
differing little in conformation and, therefore, in energy.’!

The mechanism by which secondary structural elements of
proteins are made, broken, or interconverted is of considerable
interest,32 and in principle it can be studied by MD simulation.
Folding and unfolding processes have been observed in dynam-
ics simulations;33~35 however, very few examples are reported
in the literature on the internal hydration of secondary structures.
Soman et al.*® have studied the unfolding of an a-helix fragment
of myoglobin composed of 18 residues. This unfolds with a
variety of mechanisms; one of them consists of the insertion of
a water molecule into an internal H-bond. An analogous
behavior was found by Di Capua et al.*® in the case of
polyalanine.

V. Conclusion

The crystal and molecular structure of the monohydrate phase
of the tetrapeptide has shown the conformational modification
of the peptide backbone caused by the internaily H-bonded water
molecule; the access of water to the peptide polar sites is favored
by interactions among apolar side chains of neighboring
molecules. A MD simulation has shown that the internally
hydrated S-turn can be found also in solution, and its potential
energy does not differ substantially from that of the S-turn with
a4 — 1 H-bond.

Moreover, the interconversion between the two forms can
reversably take place. Therefore, the internally hydrated crystal
form can be a static model useful for understanding the
mechanism of internal hydration of S-turn peptide segments.

Internally hydrated S-turn and helical peptide segments
present strong analogies. They can be summarized as follows:
the access of water to the polar sites of the backbone causes 4
— 1 and 5 — 1 H-bond rupture for the S-turn and helical
segment, respectively. H-bonded water bridges of the type
(COy * *Oy * “NH;43) for the S-turn and (COy: * Oy * *"NHj4) for
the o-hélix, respectively, are formed. The deformation of
secondary structure involves the ¢ and 1 backbone torsion
angles of both central residues of the S-turn and even of only
one residue in the case of the helical segment. In both cases
the largest deviations observed for these angles are £40—50°.
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