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The hydration of protein secondary structures
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The hydration of the main-chain carbonyl (CO) groups in proteins have been studied using infra-red spec-

troscopy. and computer-graphics analysis of high resolution protein crystal structures. The IR measure-

ments indicate that the strength of water binding to the CO groups is lower in f-sheet proteins compared

with x-helical ones. Analysis of the protein crystal structures shows that this is due primarily to differences
in the geometry of water-CO group interactions in the two types of secondary structure.
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1. INTRODUCTION

The interaction between protein and solvent has
been subject to considerable research. Many
techniques such as calorimetry, infra-red, Raman
and NMR spectroscopy, have been used to provide
‘general’ information on water-protein systems —
with most of the studies concerned with the dif-
ferences between bulk water and the water of
hydration (reviews [1,2]). Very few of these ex-
periments have addressed the problem of why one
protein may have different hydration properties to
another.

More ‘specific’ details of protein-water interac-
tions have been furnished by analysis of the crystal
environments of proteins, as determined by X-ray
diffraction methods. Various authors have looked
in detail at the interaction between water and a
particular protein (e.g. human lysozyme {3]), and
Baker and Hubbard [4] have recently conducted a
systematic analysis for several proteins.

In our own work on protein hydration [5], we
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have used the information provided by infrared
spectroscopic techniques, in conjunction with X-
ray crystallographic data. We have used these
techniques to analyse the interactions between
water and a protein’s carboxylate groups, and have
demonstrated how the hydration of a protein can
be influenced by the extent of ion-pairing between
its surface charged groups. The experiments show-
ed that the strength of water binding to COO
groups were lower in proteins with large numbers
of ion-pairs.

In the same work [5] we also noted that there
was a significant (albeit smaller) variation in the
strength of water binding to a protein’s peptide CO
groups, which appeared to be correlated with the
predominant type of secondary structure present:
the strengths of water binding to the peptide CO
groups in S-sheet proteins were lower than those
for proteins composed mainly of «-helices.

2. EXPERIMENTAL

The infra-red experiments were carried out as
described in [5]. Briefly, these experiments involve
increasing the temperature of hydrated protein
films, and following the resultant changes in
specific infra-red bands caused by the dehydration
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of particular atomic groups. From the absorbance
changes we derive an apparent equilibrium cons-
tant (Kapp) for the reaction,

K
hydrated protein atom group =2

protein atom group + water

at temperature 7. A van 't Hoff’s plot (of In(Kapp)
vs 1/7T) then gives an apparent A H for the reaction
(AHypp), which is a measure of the interaction
strength between water and the protein atom group
considered.

In the analysis of protein crystal structures, the
atomic coordinates for proteins were taken from
the Cambridge Protein Databank {6]. Contact
areas for protein atoms were calculated according
to Lee and Richards [7].

The inspection of the protein structures on an
Evans & Sutherland PS II colour computer
graphics system was carried out using the program
FRODO [8].
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Further details of the methods and calculations
used are described in the following section.

3. RESULTS AND DISCUSSION

The A Happ values for water binding to peptide
CO groups have been determined for 12 proteins,
and these results are summarised in table 1.

We note that for 6 of the 7 proteins, which are
based upon anti-parallel #-sheets, the AH,,, values
for the peptide CO groups lie in the range
14.1-15.8 kcal-mol™'. (The anomalous behaviour
of the #-sheet protein pepsin is most likely due to
its unusual ionic nature {see [5]). This indicates
that the hydration of peptide CO groups may also
be affected by the distribution of charged
residues.) The remaining 5 proteins, which contain
appreciable amounts of o-helix, have significant-
ly higher AH.,, values: in the range
17.5—18.7 kcal-mol~". These results confirm our
earlier observation that the interaction between

Table 1

The relationship between protein secondary structure, peptide CO group accessibility, and
the AH,pp values for water-peptide CO group interactions

Protein Percent Percent AHqpp Mean contact area of
sheet helix  (kcal-mol™") carbonyl O (A%
Sheet Helix
y-Crystallin II 47 3 14.3 + 0.7 0.7 (1.3) -
-Crystallin II1* - - 14.7 + 0.7 - -
v-Crystallin 1V? - - 14.1 + 0.7 - -
Immunoglobulin 49 3 15.1 + 0.8 - —
Trypsin 36 8 15.8 + 0.8 1.1 (1.9) 1.4 2.2)
Superoxide dismutase 42 0 15.7 £ 0.8 - -
Carboxypeptidase 17 35 18.3 + 0.9 0.5 (L.5) 1.1 2.3)
Lysozyme 11 31 17.5 £ 0.9 1.0 (1.9 0.8 (1.6)
a-Lactalbumin 11 31 185 £ 0.9 - -
Cytochrome ¢ 2 41 18.7 = 0.9 - 0.5 (1.2)
6-Crystallin® <9 80 17.9 £ 0.9 - -
Dihydrofolate reductase 33 25 - 0.7 (1.7) 0.9 (1.4)
Pepsin 48 9 18.1 + 0.9 - -
Mean 0.8 0.9

2 2° structure unknown, but protein has a high sequence homology with y-crystallin 11

{12]

b 20 structure unknown but circular dichroism indicates low g-sheet content [13—14]

Standard deviations on the mean CO oxygen atom contact areas are shown in brackets
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Fig.1. Contour plots showing the distribution of
hydrogen bond geometries for the interactions between
water and peptide CO groups in proteins. COO angles
are shown in degrees and O-O distances in A. (a) Data
for the 114 water-CO group interactions, for the CO
groups of residues involved in a-helices. (b) Data for the
453 water-CO group interactions, for the CO groups of
residues involved in turn/coil regions. {(c¢) Data for the
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water and a protein’s peptide CO groups depends
upon its secondary structural content.

To appreciate why this should be so, we con-
sidered how the environments of the CO groups
might differ between helical and #-sheet proteins.
From calculations made by Richards and Rich-
mond [9], it appeared that the phenomenon could
be explained simply in terms of a lower solvent ac-
cessibility for G-sheet compared to a-helix CO
groups (the contact areas being, respectively, 0.1
and 0.7 A2, for the CO oxygen atoms). However
these values were calculated for idealised sec-
ondary structures and are unreliable as estimates
of the CO accessibilities in proteins. To obtain
more realistic estimates therefore, we used the
atomic co-ordinates for a number of protein
crystal structures [6], and calculated the mean con-
tact areas for the peptide carbonyl oxygen atoms in
a-helical and @-sheet residues (see table 1).

We find that the ranges of contact areas are very
similar for a-helix and #-sheet (0.49—1.4 A? vs
0.53—1.06 A?), and also that there is a high stan-
dard deviation for each protein, which reflects a
wide variation in the contact areas for peptide CO
groups between individual helices/strands. We
conclude that there is little difference in the solvent
accessibility for peptide CO groups in helices as
opposed to GF-sheets, and that given the thermal
motion of the proteins in solution, this difference
(0.94 A? vs 0.77 A% may be insignificant. Thus,
the different values of AH,,, for B-sheet and
helical proteins cannot be accounted for simply in
terms of differences in the average accessibilities of
these groups.

Since the interaction between water and a pro-
tein’s peptide CO groups may also be weakened by
poor hydrogen bond geometry, we have in-
vestigated this possibility by studying the interac-
tion between water and the CO groups in high
resolution protein crystal structures. For each of
the peptide CO groups in each of 7 proteins (see

164 water-CO group interactions, for the CO groups of

residues involved in S-sheets. Each plot is produced by

contouring the corresponding scatter plot according to

the percentage of interactions with a given hydrogen

bond geometry. Contour lines in the range 1-4% are

drawn at intervals of 1%, with the 1% contours
represented by dashed lines.
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table 1), a search was made for all water molecules
lying within 4 A. The O-O distance and COO angle
were then recorded for each interaction, and the
results were tabulated separately for the peptide
CO groups of residues in a-helix, A-sheet and
coil/turn regions. The 3 separate sets of data were
first summarised as plots of O-O distance vs COO
angle, and these scatter plots were then contoured
according to the density of points falling within
each section of the plots (fig.1), in order to allow
a direct comparison of the hydrogen bond
geometries for the different classes of water-CO
group interaction.

In the contour plot for a-helix CO groups
(fig.1a), there is a clustering of points in the region
centred about 2.8 A (0-O separation), 125° (COO
angle). This is the only significant ‘peak’ in the
plot and corresponds to CO-water hydrogen bonds
with close to optimum geometry. (Small molecule
studies [10] give the optimum hydrogen bond
geometry as 2.8 A, 126°). A similar ‘peak’ is seen
in the contour plot for coil/turn CO groups

N
Sew
X,
o
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(fig.1b), although the contours here are more wide-
ly spaced, indicating a greater variation in the
hydrogen bond geometries for these interactions.

However, in the plot for the peptide CO groups
of B-sheet residues (fig.1c) there are 2 regions: one,
equivalent to that seen in the a-helix and coil/turn
plots, and a second centred around 3.3-3.7 A,
115°. The density of points falling in this latter
region indicates that a significant proportion of the
water molecules, that are close to the peptide CO
groups of F-sheet residues, lies beyond the distance
commonly allowed for a hydrogen bond.
However, an O-O distance of ~3.6 A is considered
appropriate for a non-bonded contact or Van der
Waals interaction [11].

A detailed study of these hydration patterns, us-
ing computer graphics, shows that the water
molecules that are in Van der Waals contact with
the CO groups of F-sheet residues, are generally
hydrogen bonded to other parts of the protein
main-chain, or to neighbouring side-chain groups
(see fig.2a). This is not the case, however, in a-

Fig.2. Stereo-views showing the interactions between water and main-chain CO groups in (a) 2 g-strands of y-crystallin
11, and (b) an o-helix from dihydrofolate reductase.
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helices, where the water molecules are organised as
a spine along one side of the structure, each
molecule forming a ‘good’ hydrogen bond with a
CO group, even when hydrogen bonded to a side-
chain (fig.2b}.

In conclusion, therefore, we find that the
strength of water binding to the peptide CO groups
of #-sheet proteins, is lower than in proteins com-
posed mainly of a-helices, and that this is caused
principally by differences in the geometry of the
water-CO group interactions,

In our earlier work [5] we suggested that the
unusual hydration properties of certain eye-lens
proteins — the y-crystallins might be a function of
their high ion-pair contact and compacted F-sheet
structure. The results presented here confirm the
second of these hypotheses, and reinforce the view
that water-protein interactions play an important
part in biological systems.
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