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ABSTRACT  Neutron powder diffraction measurements of fully deuterated protein C-phycocyanin have been made at three temperatures,
295, 200, and 77 K, using dry and partially hydrated samples. The average coherent structure factors and the corresponding radial
distribution functions d(r) are determined. The changes in d(r) functions observed in hydrated samples depend strongly on the level of
hydration and most of these changes are due to water-protein interactions. At 0.365 gram D,O per gram of protein, the water crystallized
into hexagonal ice at 200 K and below, but at 0.175 gram D,O per gram of protein, no crystallization of water was observed. At the higher
hydration a peak appears in the radial distribution function which indicates that the average distance of the water molecule in the first

hydration shell from the amino acid residues is 3.5 A.

1. INTRODUCTION

Structural information on the water in protein coming
from x-ray and neutron diffraction analysis is of great
importance to the understanding of protein hydration.
There are excellent reviews on these works (1-9). Sev-
eral recent surveys center on aspects of protein hydra-
tion: the distribution of water around the twenty differ-
ent amino acid residues (10), the hydration of helices
(11), and the helix geometry (12).

Water has been shown to play a crucial role in the
stability and in the catalytic function of proteins (13).
However, little is known about the nature of the increase
in water “structure” due to nonpolar groups. Some mo-
lecular dynamics simulation (14-16) attempted to give
some interpretation of this “structure.” Changed proper-
ties of water contained in rather hydrophobic pockets of
nanometer size cavities in polymer membranes due to
extensive hydrogen bonding has also been observed (17)
and x-ray studies of the structure of water in a hydrogel
has been reported recently (18). Recently, inelastic neu-
tron scattering was also used to investigate liquid-like
motions and the nature of adynamical transition in myo-
globin (19, 20). It was shown that the line shape of the
inelastic scattering function approximates the scaling be-
havior predicted for a simple liquid by mode-coupling
theories (21) in the vicinity of the liquid-glass transition
identified to be at 200 K.

As an extension of earlier quasi-elastic and inelastic
neutron scattering work on protein hydration (22-24)
and on the temperature dependence of the structure of
bulk water (25) and amorphous ice (26 ), we have begun
to explore the structure factor of a completely deuterated
protein hydrated with D,O. Both the influence of temper-
ature and of the level of hydration on the structure factor
of the protein have been studied, particularly, above and

Address correspondence to Dr. M.-C. Bellissent-Funel, Laboratoire
Léon Brillouin (CEA-CNRS), CE-Saclay, 91191 Gif-sur-Yvette
Cedex, France.

below 200 K, the approximate “glass transition tempera-
ture.”

We report here some results from measurements using
high resolution two-axis spectrometer 7C2 at the Orphée
Reactor of the Laboratoire Léon Brillouin. We used 0.7
A incident neutrons which allowed us to investigate the
microscopic structure in the range of about 1 to 10 A.

2. THE STRUCTURE FACTOR OF
AMORPHOUS PROTEINS

A protein molecule can be considered as a folded poly-
mer chain consisting of some specific sequence of twenty
different amino acid residues. For the protein used in
our experiment, all hydrogen atoms have been replaced
by deuterium atoms and other constituents of the amino
acid residues are carbon, oxygen, nitrogen, and sulphur,
which are all coherent neutron scatterers, thus the pri-
mary intensity of scattered neutrons comes from the co-
herent scattering process. The coherent differential scat-
tering cross section of an assembly of N atoms each lo-
cated at r; is given by:

2

> (1

where b; is the bound coherent scattering length of the
i-th nucleus and Q is the scattering vector with a magni-
tude Q = 4= Sin 6/ A, X being the wavelength of neutrons
and 26 the scattering angle. The statistical average in Eq.
1 includes average over the orientation and the distribu-
tion of conformations of the folded chains at a given
temperature and hydration. For a crystalline protein,
given the crystallographic structure of the protein, the
sum in Eq. 1 can be calculated for a specific conforma-
tion existing in the crystal, including the temperature
factors of each atom. For an amorphous protein, how-
ever, further orientational and conformational averages
have to be performed. Computation of the differential
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scattering cross section as given in Eq. 1 for a given crys-
tal structure is tedious but even if we do it, the result
cannot be directly compared with the experiment on an
amorphous protein.

In order to extract a sensible result from neutron dif-
fraction pattern of deuterated proteins, we may make the
following simplifying assumptions: (1) Orientations of
amino acid residues are uncorrelated with positions of
their center of masses and (2) The form factors are tem-
perature and hydration independent. With these as-
sumptions we can proceed as follows: Let R, be the
center of mass of the J-th amino acid residue and X, the
position of the i-th atom in the J-th residue. Thus

;= R+ X, (2)

and the sums in Eq. 1 can be factorized as

Ne ny

Ny
2 2 bue =3 e'TRE(Q). (3)
J-1

J=I i=1

N, is the number of amino acid residues and the form
factor F,(Q) is defined as:

FAQ) = 3 e/ Xap,, (4)
i=1

where 7, is the number of atoms in the J-th amino acid
residue. The differential scattering cross section per pro-
tein molecule can then be written as

> (5)

do. _
dQ
where R;; = R, — R,.. To evaluate the averages in Eq. 5,

we consider J = J' and J # J' separately. For J = J' the
average reduces to a simple result:

Ny _
> FJ(Q)FJ'(Q)C"Q'R”'
JJ’

N(F(Q)?). (6)
where
l Ny ny .
(FQ)P) =+ 2 2 bubye @ =a(b*)f,(Q). (7)

N,

r J=1i,j

But for J # J', the average can be approximately factor-
1zed as:

NF(Q))2[S.(0) - 1]. (8)
where

ny 2
zlbﬁe"Q'x-"') = ’7<b2>f2(Q)- (9)
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N, J=1
In general f,( Q) and f;(Q) are different functions. 7 is
the average number of atoms in an amino acid residue.
In Eqs. 7 and 9 the average is over the orientation of
the specific amino acid residue and also over their distri-
bution in the protein. As a result, the vector dependence
on Q disappears. The residue-residue structure factor is

given by

1 .
S Q) = <ﬁ > e'°"‘"'> (10)

r JJ’
which is the quantity of considerable interest in our ex-
periment. The coherent scattering cross section can thus
be written as

do,
de

= NACF(Q)) + (F(Q))2[S:(Q) — 11}
= N(b*)S(Q)
where N = N, is the total number of atoms in a protein

molecule and

S(Q) = /(D) + L(DS.(Q) — 1]

is the average coherent structure factor of the protein. At
very large Q, S..(Q)tends to 1 and S(Q) is dominated by
£,(Q) which oscillates around an asymptotic value equal
to 1; thus S(c0) = 1. At @ = 0, §(Q) has the thermody-
namic limit

(11)

(12)

S(0) = pksTxr (13)

where p is the density, k; the Boltzmann constant, T the
absolute temperature, and x - the isothermal compressi-
bility.

It is seen from (12) that the average structure factor
S(Q)isafunction of f,(Q), L(Q)and S (Q). We expect
intuitively that f, (Q) and f,( Q) are weakly dependent on
the temperature and hydration, and they can be calcu-
lated precisely when the amino acid sequence of the pro-
tein is specified. So, they can be computed approxi-
mately from the crystallographic data. If this can be
done, then in principle we can extract S..(Q), the resi-
due-residue correlation function. In this preliminary re-
port, however, we shall look at S(Q) directly.

From the S( Q) structure factor, it is possible to evalu-
ate the real space correlation function d(r) from the
transform relation

d(r) = 4mrp[g(r) — 1]

2 [~ .
:;fo Q[S(Q) — S(o0)IM(Q) Sin (Qr)dQ. (14)

The g(r) as well as d(r) contain a weighted sum of all the
partial pair correlation functions according to the rela-
tive atomic concentrations and the atomic coherent neu-
tron scattering lengths. They include both intermolecu-
lar and intramolecular contributions and thus the inter-
pretations are not straightforward. We shall attempt to
correlate the peak position in d(r) with the known
atomic distances in proteins.

3. SAMPLE PREPARATION

The C-phycocyanin protein is a light-harvesting protein
abundant in blue-green algae. Nearly 99% deuterated
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samples of this phycobiliprotein were isolated from the
cyanobacteria Synechococcus lividus grown in perdeu-
terated cultures (27) (99% pure D,0) at Argonne Na-
tional Laboratory, Argonne, IL. This process yielded in
vivo deuterated protein that had virtually all its '"H—C
bonds replaced by 2H—C bonds. Deuterium in the
weaker H—N and H—O bonds will tend to exchange
with atmospheric hydrogen after extraction; however,
we minimized the amount of hydrogen in these bonds by
dissolving the lyophilized, perdeuterated protein in D,O
and freeze-drying it in a D,O rich atmosphere before
either sealing the samples in the containers or adsorbing
the appropriate amount of D,O.

The amino-acid sequence of C-phycocyanin from sev-
eral different species of cyanobacteria has been estab-
lished by Schirmer and his collaborators (28). These au-
thors also used x-ray diffraction patterns of single crystal
C-phycocyanin to refine the coordinates of all the non-
hydrogen atoms in the protein to a resolution of 2.1 A
(28-30).

At full hydration the protein C-phycocyanin ([PC,-
PCgls, M, = 244 KD), contains 0.5 gram of D,0O per
gram of protein. The water content was measured by the
increase in weight of the protein sample after exposing
the protein to the vapor of D,0O. We prepared two sam-
ples with different degrees of hydration. The first one was
73% hydrated, i.e., it contained 0.365 gram D,O per
gram of protein and the second one was 35% hydrated,
i.e., it contained 0.175 gram of D,O per gram of protein.
These samples contain these amount of water in addi-
tion to the 4% of water molecules (D,0), which have to
be considered like in many other proteins, as an integral
part of the molecule.

4. EXPERIMENTAL PROCEDURE AND DATA
TREATMENT

The experiments were performed at the Orphée reactor,
at the laboratoire Léon Brillouin, Saclay, France, on the
7C2 spectrometer which is equipped with a BF; position-
sensitive detector with 640 cells. The angular step be-
tween two adjacent cells is equal to 0.2° which leads to a
maximum diffraction angle 26 of 128°. We selected an
incident wavelength of A = 0.703 A by means of a Cu
111 monochromator that allowed us to cover a range of
magnitude of scattering wavevectors (Q = 4= Sin 6/))
extending from 0.7 to 16 A~". The protein samples were
held in containers of thin-walled vanadium (0.1 mm
thick) with an internal diameter equal to 6 mm and
placed inside a cryostat equipped with a vanadium tail.
The experiments were done at several temperatures be-
tween 295 and 77 K. For the “dry” C-phycocyanin sam-
ple and the two hydrated C-phycocyanin (35% and 73%
hydration ) samples, the following sequence of measure-
ments: “sample+container” at each required tempera-
ture, “empty container,” standard ‘“vanadium bar,”
“empty cryostat,” and “cadmium rod” having the same
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FIGURE ! (a) Differential scattering cross-section of a dry deuterated
protein C-phycocyanin at 295 K. (b) Differential scattering cross-sec-
tion of a dry deuterated protein C-phycocyanin corrected for inelasti-
city effects.

dimensions as the sample, were made. The experimental
spectra were corrected for container scattering and sam-
ple attenuation and the absolute differential scattering
cross sections for the samples were evaluated at each tem-
perature. Fig. 1 a shows the differential scattering cross
section do?°/dQ of a dry protein sample at 295 K. The
curve is characterized by a steady fall-off in the overall
intensity as the momentum transfer Q is increased. This
effect is commonly observed for low mass atomic mate-
rials containing particularly H or D atoms.

In order to correct for the inelasticity effect we used an
empirical method based on the Placzek formalism and
consisting of the polynomial expansion

do(Q) _ doe™*(Q)

= 2 44
) a0 (1 +AQ*+ BQ* + ).

(15)

The coefficients 4 and B were determined in such a way
that the oscillations in the resulting d(r) function are
minimal at small r. This empirical method has been suc-
cessfully applied to molecular systems (31, 32) and more
recently to liquid water (33). Fig. 1 b shows the differen-
tial scattering cross section corrected for the inelasticity
effect for the dry protein sample at 295 K. The values of
the structure factor may be obtained in the two limits
Q — 0and Q - o. Indeed S(0) = pkyx is evaluated
from the isothermal compressibility x and the density
p; at large values of Q, one has S(o0) = 1. Compressibili-

1544 Biophysicat Journal

Volume 64 May 1993



ties of globular proteins are lower than those of liquids
and solid polymers but larger than those of metals and
covalent solids (34). xris less than 5 X 107% Atm™! for
pressures up to 400 Atm and PH 9.1 for the ribonuclease
protein in the native state (35). Using the above estimate
of x r{we do not know the temperature dependence) the
calculated values of S(0) varies from .05 to .01 in the
temperature range 295 to 77 K. This value of S(0) is
much lower than that observed for bulk water.
After inelastic corrections, the structure factor is:

S(Q) = (%(Q) - c)/(g—gm) - c)

where C is the Q-independent contribution of multiple
and incoherent scattering. The real space correlation
function d(r) may then be obtained by Fourier transfor-
mation of S(Q). Moreover, in order to avoid spurious
oscillations in d(r) due to limited range of data for S(Q)
(up to 16 A~') we have multiplied S(Q) by a modifica-

tion function: M(Q) = (Sin (#Q/ Quax/ (% O/ Omax))’
putting Q... = 12 A~ (See Eq. 14).

5. RESULTS AND DISCUSSION

Fig. 2 gives S(Q) plots for the dry C-phycocyanin pro-
tein samples, at different temperatures from 295 down to
77 K. The structure factor of the dry protein, at 295 K,
(Fig. 2 a) shows characteristics of amorphous systems
(36), with three main peaks located respectively at 1.34,
2.96, and 5.65 A~'. When the temperature is decreased
to 200 and 77 K (c.f. Fig. 2 b and ¢), significant changes
in S(Q) occur only at the level of the first peak, whose
height decreases but by a lesser amount below 200 K.
Beyond 4 A~! there is hardly any temperature depen-
dence of S(Q), since in this region, the intramolecular
structure factor f,(Q) of the residues dominates S(Q)
and within statistical accuracy the three curves can be
superimposed (see Fig. 2 d).

For a 35% hydrated C-phycocyanin it appears that
there is a splitting of the first peak. When going down in
temperature from 295 to 77 K, no change occurs at the
level of the second maximum located at 1.56 A~!, while
the height of the first maximum located at 1.37 A~! de-
creases (see Fig. 3 b). There is no significant shift in the
positions of the other peaks located at 2.91 and 5.79 A !,
and as for the dry sample, the high Q-range of S(Q) is
dominated by the intramolecular contribution (see Fig.
3 ¢). This behavior, when crossing the glass transition
temperature, has already been observed in the molecular
glass former orthoterphenyl (37).

When increasing the level of hydration of the C-phy-
cocyanin protein, the structure factor S(Q) of the 73%
hydrated sample exhibits a different behavior at 295 K
(see Fig. 4 a). The first peak is now located at 1.96 A~!
which means that the contribution of the hydration
water becomes dominant, the first diffraction peak of
bulk water being located at about 1.95 A~! at 295 K
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FIGURE 2 S(Q) plots for a dry deuterated protein C-phycocyanin at
different temperatures (a) 295 K, (b) 200 K, (¢) 77 K. (d) is the super-
position of plots (a), (), and (c).

(25). At 200 K the nucleation of water gives rise to a
hexagonal ice, characterized by the presence of a triplet
(Fig. 4 b).
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FIGURE 3 S(Q) plots for a 35% hydrated protein C-phycocyanin (a)
at 295 K, and (b) at 77 K. (c) is the superposition of plots (a) and (b).

The d(r) function includes both intra-residue and
inter-residue correlations. The extraction of the inter-
residue correlations, which is ultimately more interest-
ing, needs some models for the amino acid residue form
factors f; and f,. In this paper, we present only the total
d(r) functions and their qualitative interpretations. Fig.
S gives an example of the d(r) functions for the 73%
hydrated C-phycocyanin sample in comparison with
that of dry C-phycocyanin, at T = 295 K.

In Fig. 5 the solid line gives the d(r) function for dry
protein at T = 295 K. The peak at 1.26 A gives some
indication of the most probable distance and arises from
the weighted sum of all atomic distances in protein
corresponding to distances such as 1.24 A of the carboxyl
bond, 1.43 A of the carbon-oxygen single bond, 1.54 A
of the carbon-carbon single bond, 1.47 A of the carbon-
nitrogen single bond, 1.27 A of the carbon-nitrogen dou-
ble bond, 0.994 A of the nitrogen-hydrogen single bond,

and 1.26 A of the delocalized carbon-oxygen double
bond. The peak at 2.5 A corresponds roughly to the pep-
tide bond distances (38). The molecular conformation
of C-phycocyanin is characterized by the predominance
of a helices (29); this is confirmed by the peaks observed
at 4.9 and 5.83 A. An increase in elastic intensity be-
tween 3.7 and 5.4 A in the myoglobin has been attrib-
uted to the presence of a-helices in this protein (39). For
example, in an idealized a-polypeptide helix, 3.6 resi-
dues/turn X 1.5 A /residues (rise per turn) = 5.4 A/turn
(40) gives a characteristic length “the pitch of the helix”
associated with the secondary structure of protein. The
helices in the protein are often distorted from these ideal-
ized arrangements. For example, the terminal residues
are distorted—forming hydrogen bonds or sometimes a
more open structure of a 7 helix. In our case, we can at
best say that the peaks at 4.9 and 5.83 A correspond to
characteristic pitch lengths of helices.

In Fig. 5, the d(r) function for a 73% hydrated protein
at 295 K is compared with that of the dry protein at the

S(Q) S(Q)

1.5

05
20 -
~— (b) -0
i T=200K
1.0 -
0 1 1 " 1 L | 2
0 4 8 2,16
Q(A)

FIGURE 4 (a) S(Q) of a 73% hydrated protein C-phycocyanin at 295
K. (b) S(Q) of a 73% hydrated protein C-phycocyanin at 200 K. The
nucleation of water as hexagonal ice is evident from the Bragg peaks
seen here.

1546 Biophysical Journal

Volume 64 May 1993



same temperature. The d(r) function shows changes in
structure due to the presence of water of hydration. In
particular, the peak at 1.26 A seen in dry protein is
shifted to a lower value of 1.05 A. This peak at 1.05 A
arises now not only from the weighted sum of all atomic
pair distances in protein as described above, but takes
into account the intramolecular distances of hydration
water. At high level of hydration it appears that this dis-
tance (1.05 A) is close to the distance of 1 A characteris-
tic of the O-D intramolecular distance of bulk water
(25). The peak of the polypeptide bond at 2.5 A is al-
ways present and a definite peak appears at 3.5 A, which
is due to hydration of protein and which can be consid-
ered as the manifestation of the interactions between the
water molecules and the amino acid residues. As it ap-
pears in Fig. 6, the d(r) functions exhibit some changes
in the intermolecular part (r > 3 A) when lowering the
temperature down to 77 K. In particular, we observe an
out-of-phase behavior of the large r oscillations of the
d(r) function when compared to that at 295 K. Such a
behavior of d(r) is similar to that of supercooled water,
which tends to the structure of amorphous ice at low
temperature (26).

In case of 35% hydration (see Fig. 7) the perturbation
to the structure of the protein due to water of hydration
is not detectable. It has been remarked (20) that a small
amount of water suppresses rotational and translational
motion of the whole molecule, emphasizing internal fluc-

015 I ' ' !
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010~ seesmeess 73 % hydration 295K |
o
005+i f
I E
00 H
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-0.10f
015 > i 5 g .10
r(A)

FIGURE 5 d(r) function for a dry deuterated protein C-phycocyanin
and for a 73% hydrated protein C-phycocyanin at 295 K.
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FIGURE 6 d(r) function for a 73% hydrated protein C-phycocyanin at
295, 200, and 77 K.

tuations (i.e., density fluctuations). This latter mecha-
nism ensures that the water does not significantly affect
the static structure of the protein. Similar behavior is
observed by us in the case of low hydration (35%) of the
protein and is further confirmed by the absence of the
peak at 3.5 A, which appears in the case of 73% hydrated
protein as seen previously.

6. CONCLUSION

The results reported here may be regarded as the first
determination of the structure factor of an amorphous
protein, the effects of hydration and temperature on the
total structure function d(r) being studied explicitly.
The observed major changes in d(r) of hydrated pro-
tein when compared to the dry protein come mainly
from hydration rather than temperature. At the lower
hydration, low temperatures do not affect significantly
the overall structure of the protein and the bound water
molecules, and we have not observed crystallization of
water in the case of a 35% hydrated sample. At the higher
hydration, from the analysis of the d(r) functions, it ap-
pears that the contribution of hydration water becomes
more important, and the effects of temperature manifest
themselves by the formation of hexagonal ice in 73%
hydrated sample at low temperature. New experiments
on the protein samples as a function of closely spaced
temperatures around 200 K, and of lower and higher
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FIGURE7 Comparison of d(r) functions for a dry and a 35% hydrated
protein at the room temperature and at 77 K.

levels of hydration, are planned in order to investigate in
more detail the hydrophobic hydration.

The most dramatic effect of hydration water on the
protein surface is the appearance of the peak at 3.5 A in
the d(r) function, which is absent in dry and 35% hy-
drated samples. This effect is clearly evident in the com-
puter simulations (15, 16) which show an increase in
clustering of water molecules close to the protein surface
within distances of 3-4.25 A (mainly away from the
nonpolar atoms in the protein) and some evidence is
given by recent experiments on crystals of carbonmon-
oxymyoglobin (41). These water molecules do not inter-
act strongly with the protein (as do those in contact with
the polar groups) but their diffusive motion is restricted
nevertheless due to their contact with the nonpolar
groups, which does not allow possibly the same number
of hydrogen-bonding neighbors as in bulk water. Work is
in progress for attempting to extract S_( Q) as outlined in
section 2 using f; and f; calculated from the known
atomic coordinates in the crystalline form.
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