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Water molecules in peptide hydrates are widely known to be directly involved in the stabilization of
the peptide structure in the solid state. In this work, the influence of tightly bound residual water
molecules on the conformational properties of two hydrates of the L-Arg-L-Leu-Gly and Gly-.-Phe-
L-Leu peptide lyophilized from water at acidic pH, has been investigated for the first time in DMSO
solution by means of 1D and 2D 'H NMR spectroscopy. Significant conformational changes have
been observed in solution as the bound residual water is gradually expelled from the peptide hydrate.
These observations point out the crucial role of bound water in fine-structural determinations of

peptides in solution when evaluating NMR data.

Water molecules are often tightly bound to peptides and
proteins in the solid state (crystalline or amorphous) and
usually they cannot be removed even after various vigorous
treatments.'~> The significant role of these water molecules
bound to bioactive macromolecules has been noted in a variety
of biological processes, e.g. oxygen transport by myoglobin,
transport of certain polar solutes across membranes, and
enzymatic catalysis.®” Residual water molecules are also
involved in stabilizing the structure of peptides or proteins
through bridging hydrogen-bonding interactions.?-1?

The exact amount of water bound to peptides in their
crystalline state depends on the amino acid sequence of the
peptide and on the mode of their crystallization, as has been
successfully demonstrated for enkephalins. These small peptides
are unique in the variety of crystallographic data available in
the literature.*-> In fact, [Leu®]-enkephalin has been obtained
in four different crystalline forms with varying amounts of
residual solvent molecules.

Evidence of water molecules bound to proteins in aqueous
solution has come from a number of documents including the
demonstration of a hydration layer through magnetic
relaxation experiments,'!-'2 and the measurement of bound
water exchange with 180 tracer techniques.!® It is only very
recently, however, that bound internal water has been directly
observed in bovine pancreatic trypsin inhibitor in solution, by
means of ROESY experiments.'# The presence and localization
of bound internal water in the solution structure of interleukin
1B have also been demonstrated using heteronuclear three-
dimensional 'H rotating-frame Overhauser !>N-'H multiple
quantum coherence NMR spectroscopy (ROESY-HMQC).!3

On the other hand, it has recently been shown that enzymes
not only work vigorously in anhydrous organic media, but also,
in this unnatural milieu, acquire remarkable properties such as
enhanced stability, molecular memory, enantiomeric specificities
and the ability to catalyse unusual reactions.!® Obviously, these
properties would be of great biotechnological interest because
many enzymatic processes that are nearly impossible in water,
are readily carried out in non-aqueous solvents.!? It was found
that as long as residual water is present, the enzyme should be
active in organic solvents.’

Although it is generally admitted that water molecules in a
peptide hydrate dissolved in an organic polar solvent are
expelled to the solution, in fact there is no evidence reported
in the literature for the actual comportment of these water
molecules. Therefore, we have recently undertaken a systematic
study on the influence of bound water on the conformational

properties of two stable peptide hydrates, L-Arg-L-Leu-Gly and
Gly-L-Phe-L-Leu, lyophilized from water at acidic pH, in DMSO
solutions, by means of 1D and 2D '"H NMR spectroscopy. L-
Arg-L-Leu-Gly is the repeating fragment of sequential Arg-rich
polypeptides,'3-'® which are capable of interacting with
DNA,2° while Gly-L-Phe-L-Leu is the [Leu®]-enkephalin
C-terminal tripeptide.?*

Further information about the presence of residual water
molecules in the solution structure of the L-Arg-L-Leu-Gly
hydrate has been collected by means of HOHAHA experiments
and !’O NMR spectroscopy. The importance of bound water in
conformational studies of peptides in DMSO solution, when
evaluating NMR data, is also discussed.

Experimental

Materials and Methods—The synthesis and the conform-
ational properties in aqueous solutions of the L-Arg-L-Leu-Gly
and Gly-L-Phe-L-Leu tripeptides have been reported pre-
viously.2!-22 Samples were lyophilized from aqueous solutions
acidified at pH 2 with 1 mol dm™ hydrochloric acid. Each
sample was dried for 24 h at 40 °C and then dissolved in
[2H]DMSO at concentrations of ca. 1.5 x 102 mol dm™3. For
each peptide studied two solutions were prepared, molecular
sieves were added to one of these [2Hg]DMSO peptide
solutions, while the second one was used without addition of
molecular sieves. All the solutions were kept at 22 °C.

1D and 2D 'H NMR spectra were scanned on a Bruker AC
200 apparatus by using the standard COSY microprograms.
Spectral width in F; and F, was 2500 Hz; 256 experiments in 1K
data points in the F, dimension were performed; data points in
t, were zero-filled to give a (512 x 512) data matrix and sine-
bell apodization was used in both dimensions. The number of
scans varied from 32-128.

Several ROESY experiments were carried out by changing
the frequency offset of the carrier in order to be sure that the
NOEs observed represented true proximity between protons
and were not the result of Hartmann-Hahn transfer 23 coupled
with incoherent magnetization transfer. The ROESY spectral
parameters were 2K data points for both dimensions. A spin-
locking mixing time of 350 ms was used with a radiofrequency
field strength of 2.3 kHz. The MLEV 17 HOHAHA experi-
ment?* was scanned with a spin-locking mixing time of 100 ms
and a radiofrequency field strength of 9.2 kHz. 1K data points
were recorded for both dimensions.
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Fig.1 Homonuclear correlated 2D spectrum (COSY) of the L-Arg-L-Leu-Gly hydrate in [2H¢]DMSO without molecular sieves (a), after addition

of molecular sieves (b)

Table1 Proton magnetic resonance data of the L-Arg-L-Leu-Gly and Gly-L-Phe-L-Leu tripeptides (1.5 x 102 mol dm~3) in [2H,]JDMSO at 295 K

from tetramethylsilane

Peptide Residue NH,*  NH° N°H N'H, CH C*H CH C*H CH
L-Arg-L-Leu-Gly®  Arg 8.28 7.85 7.23 3.90 1.84 1.62 3.20
Leu 8.75 (—2.17) 438 1.55 1.80 098
Gly 8.44 (—5.42) 371
3.81
L-Arg-L-Leu-Gly®  Arg 8.40 7.39 3.90 1.84 1.62 3.16
Leu 8.75 (—2.56) 435 1.55 1.80 098
Gly 8.18 (—4.44) 3.66
Gly-L-Phe-L-Leu®  Gly 8.15 3.55
3.36
Phe 8.68 (—3.67) 4.65 3.06 7.23 7.30
273
Leu 8.50 (—5.83) 421 1.54 1.62 0385
091
Gly-L-Phe-L-Leu®  Gly 8.83 349
331
Phe 8.62 (—5.46) 4.64 3.06 7.23 7.30
273
Leu 8.41 (—5.07) 421 1.54 1.62 0.85
091

2 Solutions without molecular sieves. ® 72 h after addition of molecular sieves. ¢ The temperature coefficients (103 ppm K*) are specified in

parentheses for the NH proton signals.

Results and Discassion

Signal Assignment of the L-Arg-L-Leu-Gly Hydrate in
[*Hg]DMSO.—All the proton resonances (NH, C*H and side
chain aliphatic protons) were assigned on the basis of COSY
connectivities (Fig. 1, Table 1). The N"H protons of the arginine
guanidinium group showed a broad resonance centred at 7.23
ppm which corresponds to four protons. This assignment is in
agreement with previously reported 'H NMR studies on
arginine-containing peptides.2>-2¢ The presence of the -NH5"
resonance at 8.28 ppm corresponding to three protons [Fig.
2(a), Table 1] and that of the -CO,H at 12.48 ppm confirmed

the ionization state of the tripeptide at pH 2. The NOE cross-
peaks were observed in the ROESY spectrum of the [2Hg]-
DMSO solution of the L-Arg-L-Leu-Gly hydrate (Fig. 3). The
presence of intense NOE cross-peaks, including d,y (i, i + 1)
and dy, (i, i) NOE connectivities for the DMSO solution
without molecular sieves [Fig. 3(a)], indicated a constrained
structure of the tripeptide in the presence of the peptide-bound
residual water molecules not expelled by the DMSO molecules.
The ABX system for the C*H, of Gly, which is the carboxy
terminal residue, can be related to some mobility restrictions of
this amino acid and the two 3Jyy_cy coupling constant values
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(5.7 and 5.9 Hz) are consistent with the rotational angle value 2’
of g = +70°.

Conformational Changes of the Peptide in [*Hg]DMSO
Solution in the Presence of Molecular Sieves—The spectral
modifications, observed after the addition of molecular sieves, a
widely used dehydrating agent, are analysed as follows. Most of
the water traces (signal presented at 3.4 ppm in Fig. 2) contained
and/or absorbed by the solvent ([2Hs]JDMSO) were eliminated
within 12 h without any alteration of the original NMR
spectrum [Fig. 2(a)]. However, when the amount of water went
on decreasing after the water:peptide ratio became less than
one, considerable changes occurred [see Figs. 2(b), (c) and Table
1]. (i) The -NH," signal at 8.28 ppm vanished and was detected
as a broad distortion of the baseline probably due to solvation
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Fig. 2 The 200 MHz spectra of the L-Arg-L-Leu-Gly hydrate in
[*H¢]JDMSO without molecular sieves (@), 24 h after addition of
molecular sieves (b), 72 h after addition of molecular sieves (c), subjected
to rehydration (d)
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and fast exchange [Fig. 2(b)]; (ii) the Arg N*H signal shifted to
low fields, whereas the GlyNH signal shifted to high fields; (iii)
the broad signal of Arg N"H, shifted downfield and became
sharp; (iv) the Gly C*H, protons became magnetically
equivalent [Fig. 2(c)] whereas the ROE cross peaks between the
ArgNH," and Arg C*H protons disappeared [Fig. 3(b)].

When molecular sieves were taken out and the DMSO solu-
tion was subjected to rehydration, the water signal increased
without any further modification of the peptide spectrum [Fig.
2(d)]. The initial peptide spectrum was recovered only when
DMSO solution was diluted with water, repeatedly lyophilized
after adjustment to pH 2, and taken up again in [?H4]DMSO.

These results indicate that residual water () is strongly bound
to the peptide, (if) contributes to the rigidification of the peptide
conformation and (iii) is not expelled by DMSO. Moreover,
the elimination of residual water by means of molecular sieves
has an irreversible effect, as water cannot recover its original
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Fig. 4 HOHAHA spectrum of the L-Arg-L-Leu-Gly hydrate in
[*H4IDMSO without molecular sieves. The arrow shows the chemical
exchange cross-peak between ArgNH,* and water.
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Fig.3 ROESY spectrum of the L-Arg-L-Leu-Gly hydrate in [?H,JDMSO without molecular sieves (a), after addition of molecular sieves (b)
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position after being reintroduced into the solution, and results
in a new conformation of the peptide.

Evidence for the existence of the peptide hydrate in DMSO
solution also came from !’O NMR spectroscopy. A sample of
the L-Arg-L-Leu-Gly tripeptide was lyophilized from H,!’O
(10% '’O enrichment), acidified at pH 2 and dissolved in
[2H¢]DMSO. The H,' "0 molecules showed a chemical shift at
6.5 ppm with reference to H,O in DMSO, which clearly
demonstrates its interaction with the peptide.

Additional information on the position of the peptide-bound
water has been obtained from HOHAHA experiments on the L-
Arg-L-Leu-Gly tripeptide in DM SO solution without molecular
sieves (Fig. 4). It is known that cross-peaks due to chemical
exchange can be observed in a HOHAHA spectrum for fast
exchangeable protons. Thus, the ammonium, carboxylic and
guanidinium groups of the L-Arg-L-Leu-Gly tripeptide can
provide cross-peaks between themselves and with the residual
water, as far as water participates in the chemical exchange.
Besides all the expected connectivities in the HOHAHA
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Fig. 5 Spectra of the L-Arg-L-Leu-GlyNH, tripeptide b in
[2H,]DMSO without molecular sieves (@), 24 h after addition of
molecular sieves (), 72 h after addition of molecular sieves (c), 12 days
after addition of molecular sieves (d)
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spectrum, only the cross-peak due to the chemical exchange
between ArgNH," and water was observed. This finding
provides evidence for the presence of residual water in close
proximity to the N-terminal charged group in the peptide.

In order to get further insight on the functional role of the
residual water in the solution structure of the L-Arg-L-Leu-Gly
tripeptide, NMR experiments have been performed on the
following model compounds: a Ac-L-Arg-L-Leu-Gly-NH,, b L-
Arg-L-Leu-GlyNH,, ¢ L-Nva-L-Leu-Gly and d Ac-L-Arg-L-Leu-
Gly. After addition of molecular sieves to compound a, in which
the N-terminal ammonium group and the C-terminal
carboxylic group were converted into acetyl and amide groups,
respectively, no change appeared in the NMR spectrum, except
for a decrease of the water signal and a shift to higher fields
(from 4.1 ppm to 3.3 ppm). The ArgNH," signal of the amide
tripeptide b shifted upfield (from 8.35 ppm to <7.5 ppm) and
broadened when the amount of water decreased (Fig. 5).
However, in contrast with the L-Arg-L-Leu-Gly tripeptide (Fig.
2), the ArgN*H, ArgN"H, and GlyC"H, signals of compounds
a and b remained unchanged when water was progressively
eliminated. We can assume that the residual water is not directly
bound to the guanidinium group, but strongly affects the N-
terminal ammonium group. This conclusion was also con-
firmed by the NMR spectrum of compound ¢, in which the
charged guanidinium group was substituted by an aliphatic
group. After treatment by molecular sieves, no change was
observed, apart from a downfield shift of the NvaNH," signal,
as was also observed for the ArgNH," group in the L-Arg-L-
Leu-Gly tripeptide (Fig. 2). Taking into account the presented
NMR data (HOHAHA experiment, ABX system for the C*H,
of Gly and NMR experiments of model compounds) we can
propose that water links the amino and carboxy ends of the
molecule, as shown in Fig. 6(a).

On the other hand, the ArgN°®H signal of the N-acetylated
tripeptide (compound d) with free carboxylic group shifted to
low fields (Fig. 7), as was also observed for the ArgN*H signal of
L-Arg-Leu-Gly when water was progressively eliminated.
Taking into consideration this observation and the fact that the
ArgN*H signal of the tripeptide amides (compounds a and b)
remained unchanged when water was taken out, we can assume
that an interaction occurred between the ArgN*H group and the
carboxylic group of the L-Arg-L-Leu-Gly tripeptide in
DMSO, when bound water was eliminated, as shown in Fig.
6(b). Strong downfield shift of the ArgN*H signal has been also
reported 25-2¢ when this group participated in a hydrogen-
bonding interaction.

From the above we conclude that such conformational
changes as observed for the L-Arg-L-Leu-Gly hydrate, when
bound water is removed, are not particular to the Arg-
containing tripeptides, but are rather due to the ability of the
tripeptide sequence to form stable hydrates. Similar effects as

(b)

.o

Fig.6 Proposed conformation of the L-Arg-L-Leu-Gly tripeptide with bound water (a); without bound water (b); R = -CH,CH(CHj;),
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Fig.7 Spectra of the Ac-L-Arg-L-Leu-Gly tripeptide d in [2H,]DMSO
without molecular sieves (a), 10 days after addition of molecular sieves
(b), 20 days after addition of molecular sieves (c)

those described previously, although less intense, were also
observed in the DMSO solution of the Gly-L-Phe-L-Leu
hydrate when treated with molecular sieves (Table 1).

Changes were also observed on the temperature coefficients
of the NH groups of L-Arg-L-Leu-Gly and Gly-L-Phe-L-Leu
hydrates before and after elimination of residual water with
molecular sieves (Table 1). This fact indicates that the exposure
of the amide protons to the solvent is affected by the removal of
water. Intermolecular interactions were excluded in our studies,
since no significant concentration dependence was observed for
the NH chemical shifts in the range 3 x 103-4.0 x 102 mol
dm3.

Conclusions

The NMR results presented here point out the possible
persistence of a peptide hydrate in DMSO solution when water
molecules are gradually eliminated. Residual water is strongly
bound to the L-Arg-L-Leu-Gly hydrate, and this contributes to
the rigidity of the molecule and is not expelled by DMSO.
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Elimination of residual water by means of molecular sieves has
an irreversible effect on the peptide and a new conformation
results. It is concluded that the role of the residual water
molecules in DMSO solution has to be investigated when
evaluating NMR data, e.g. changes in the chemical shifts, the
temperature coefficients and the NOE connectivities, for
peptide conformational studies.

Acknowledgements

This work was supported by CEC (contract ST2J-0184) and the
Greek General Secretariat for Research and Technology. The
authors thank A. Vicherat for technical assistance.

References

1 J. T. Edsall and H. A. Mckenzie, Adv. Biophys., 1983, 16, 53.

2 M. Teeter, Proc. Natl. Acad. Sci., USA, 1984, 81, 6014.

3 A. Whodawer, J. Deisenhofer and R. Huber, J. Mol. Biol., 1987, 193,
145.

4 A. Aubry, N. Birlirakis, M. Sakarellos-Daitsiotis, C. Sakarellos and
M. Marraud, J. Chem. Soc., Chem. Commun., 1988, 963.

5 A. Aubry, N. Birlirakis, M. Sakarellos-Daitsiotis, C. Sakarellos and
M. Marraud, Biopolymers, 1989, 28, 27 and references therein.

6 C. 1. Brindén, H. Jornvall, H. Eklund and B. Furugren, in Enzymes,
ed. P. D. Boyer, Academic Press, New York, 1975, vol. XI, Part A(3),
p- 103.

7 A. M. Klibanov, Trends Biochem. Sci., 1989, 14, 141.

8 W. Bode and P. Schwager, J. Mol. Biol., 1975, 98, 139.

9 D. C. Rees, M. Lewis and W. N. Lipscomb, J. Mol. Biol., 1983, 168,
367.

10 R.Murali and E. Subramanian, Int. J. Pept. Protein Res.,1987,29,374.

11 B. Hall, T. Anderson, S. Forsen and B. Lindman, J. Am. Chem. Soc.,
1981, 103, 500.

12 W. M. Shirley and R. G. Braynt, J. Am. Chem. Soc., 1982, 104, 2910.

13 T. Tiichsen, J. M. Hayes, S. Ramaprasad, V. Copie and C.
Woodward, Biochemistry, 1987, 5163.

14 G. Otting and K. Wiithrich, J. Am. Chem. Soc., 1989, 111, 1871.

15 G. M. Clore, A. Bax, P. T. Wingfield and A. M. Gronenborn,
Biochemistry, 1990, 29, 5671.

16 A.J. Russell and A. M. Klibanov, J. Biol. Chem., 1988, 263, 11624.

17 A. M. Klibanov, Chemtech., 1986, 16, 354.

18 E. Panou-Pomonis, C. Sakarellos and M. Sakarellos-Daitsiotis,
Biopolymers, 1986, 25, 655.

19 V. Tsikaris, M. Sakarellos-Daitsiotis, C. Sakarellos and M. Marraud,
Biopolymers, 1988, 27, 213.

20 E. Panou-Pomonis, C. Sakarellos and M. Sakarellos-Daitsiotis, Eur.
J. Biochem., 1986, 161, 185.

21 T. Karayannis, I. P. Gerothanassis, M. Sakarellos-Daitsiotis, C.
Sakarellos and M. Marraud, Biopolymers, 1990, 29, 423.

22 V. Tsikaris, M. Sakarellos-Daitsiotis, E. Panou-Pomonis, C.
Sakarellos, B. Vitoux, M. Marraud, P. Sizun and B. Perly, Second
Forum on Peptides, eds. A. Aubry, M. Marraud, B. Vitoux, Colloque
INSERM/John Libbey Furtotext Ltd., Paris, London, 1989, vol.
174, p. 399.

23 D. Neuhaus and J. Keeler, J. Magn. Reson., 1986, 68, 568.

24 A. Bax and G. Davis, J. Magn. Reson., 1985, 65, 355.

25 G. Lancelot, R. Mayer and C. Hélene, J. Am. Chem. Soc., 1979, 101,
1569.

26 R. Mayer and G. Lancelot, J. Am. Chem. Soc., 1981, 103, 4738.

27 M. T. Cung, M. Marraud and J. Neel, Macromolecules, 1974, 7, 606.

Paper 1/00948F
Received 28th February 1991
Accepted 25th April 1991



