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Abstract

The atomic dynamics of the enzyme Cu, Zn superoxide dismutase has been investigated by means of quasi-elastic
neutron scattering in the temperature range 4-320 K and in an extended momentum range up to 8.5 A1, Below 200 K
the integrated elastic scattering intensity can be well described by a quasi-harmonic model, while above this temperature
a pronounced decrease of the elastic intensity is observed, together with the onset of a small quasi-elastic component.
This behaviour, which is similar to that already observed in other globular proteins, can be attributed to the onset of
torsional degrees of freedom which give rise to transitions between slightly different conformational substates of the

protein tertiary structure.

1. Introduction

In recent years the complex energy landscape of
globular proteins has been studied in detail using
various high resolution spectroscopic techniques,
as optical [1, 2], Mdssbauer [3, 4], and neutron
spectroscopies [5-9]. Among these inelastic (INS)
and quasielastic (QENS) neutron scattering are of
particular relevance since they provide information
in space (5-50 A) and time (10 '3-10""s) regions
which are important for relating functional behav-
iour of proteins to their microscopic structure and
dynamics.

The effectiveness of neutron techniques for biol-
ogical studies is also due to the fact that the inco-
herent neutron scattering cross-section of protons
is much larger than that of deuterium and of most
other elements present in biological matter. In pro-
teins hydrogen atoms are uniformly distributed
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over the macromolecule, neutron scattering pro-
vides therefore information on the average dynam-
ics of the polypeptide chains and of the assoctated
water ol hydration.

Detailed QENS studies have been performed so
far on the whole a-helical protein myoglobin [7, 8].
The analysis of the dependence upon momentum
Q and temperature of the w-integrated intensity
under the elastic peak evidenced a drastic change in
the atomic dynamics around 180 K. Below this
temperature the elastic scattering intensity could be
interpreted in the frame of a quasi-harmonic model,
while above 180 K it showed a marked decrease
accompanied by the onset of a broad quasi-elastic
component. This behaviour has been attributed to
a “glass-like” dynamic transition occurring when,
by increasing temperature, the protein can perform
transitions among a manifold of conformational
substates of its tertiary structure having slightly
different energies. Further data on myoglobin and
on other proteins obtained by different techniques
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as Mdossbauer [3,4] and optical [1, 2] spectro-
scopies agree well with the QENS results and
provide further evidence of the existence of such
dynamic transitions in globular proteins.

We have recently undertaken a systematic study
of the dynamics of an entirely B-sheet protein: Cu,
Zn superoxide dismutase (SOD). SOD is well char-
acterized from the crystallographic point of view,
and its 3-D structure has been described in detail
for different species: ox [10], spinach [11], yeast
[12], human [13], and Xenopus [14]. Each subunit
is formed by eight antiparallel B-stands joined by
three external loops. The molecular fold of the en-
zyme is highly maintained through the phyla, with
a substantial conservation of the primary structure.
The enzyme active site is constituted by a metal
cluster with a copper and a zinc atom coupled
together by a bridging imidazolate side chain. In
a first QENS experiment performed at the ISIS
pulsed neutron source we have used the high resolu-
tion backscattering spectrometer IRIS to investigate
the temperature dependence of the elastic and quasi-
elastic scattering from moderately hydrated SOD
[15]. These measurements have shown the existence
of a dynamic transition analogous to that observed
in myoglobin. The integrated elastic intensity has
a marked decrease above ~ 180K, and the mean
square atomic displacements we derived are compa-
rable to those of myoglobin. On the other hand due
to the higher structural rigidity of SOD scaffolding
the quasielastic contribution is quite smaller: at
300K and for a 0.25 hydration level (g water/g
protein) its intensity is only 10% of the total one. Its
width is appreciably Q and temperature independent
with an average value of about 50 peV.

In this paper we present new results which ex-
tend the previous ones towards higher Q-values
and therefore enable us to investigate in more detail
the anharmonic behaviour of the integrated elastic
intensity above 180 K. The results are discussed
and compared with those previously obtained for
the more flexible myoglobin [7].

2. Experimental

The protein was partly purchased from Fluka
Chemie AG (Buchs, Switzerland) as a lyophilized

powder and furtherly purified by an FPLC (LKB-
Pharmacia AB, Uppsala, Sweden) mono Q ion
exchange chromatography, and partly purified
from bovine erythrocytes [16]. After purification
the protein was exhaustively dialyzed against water
to remove any salt and was then fully D,O ex-
changed, the final pH being 6.0. By this treatment,
owing to the large n-p incoherent cross-section
(79.7 barn), the scattering contribution from the
protons in the polypeptide chains was enhanced
with respect to that from water molecules. The
measurements were performed at a 0.2 and 0.27
hydration levels (g D,O/g protein); the sample was
kept in a vacuum-tight holder (20x20x 1 mm)
with thin (0.3 mm) aluminum windows. The QENS
experiments were performed at the ISIS pulsed
neutron facility (Rutherford-Appleton Laboratory,
UK) using RIS, a high resolution backscattering
spectrometer, and MARI, a time-of-flight chopper
instrument.

IRIS [17] is an inverted-geometry spectrometer
with a 36 m flight path and two crystal analyser
arrays in near-backscattering geometry (175°), py-
rolytic graphite (PG) and mica. A particular feature
of this instrument is to allow the selection of differ-
ent analyser reflections by simply rephasing the
choppers placed in the incident beam. In the pres-
ent experiment we used the (004) reflection from
graphite. The energy resolutions was AE = 50 peV
FWHM, and the momentum trapsfer hQ =
h4nsin(f)/4 ranged from 0.5 to 3.7 A™'. Elastic
scans were also performed on MARI, a direct ge-
ometry chopper spectrometer on a 100 K CH,
moderator [18]. They were performed using an
incident energy of 50 meV (AE/E =1%), and
covering a momentum range 0.3-8.5A".

Neutron spectra were corrected and normalized
according to standard procedures [19] in order to
obtain the dynamic structure factor, S,(Q,w),
for hydrogens. For the structure factor we have
adopted the following empirical expression:

N ri
Sp(Q,w) = [AO(Q)S(CU) + 211 4:(Q) m}

®R(w) + B. (N

Here Ao(Q) is the elastic intensity, A;(Q) and I
are the amplitudes and widths of the quasi-elastic
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components, B 1s an w-independent background
and R(w) is the instrument resolution function
which convolutes the data. We assumed that R(w)
could be well represented by the spectrum of SOD
at 42 K.

Following the procedure described in more de-
tail in Ref. [15] we have used the Bayesian analysis
technique [20] in order to asses the minimum num-
ber (N) of quasi-elastic components necessary for
a satisfactory fitting of the data, and to determine
the optimal estimates for the intensity and line
shape parameters. In agreement with our previous
findings we obtain that below 200 K the elastic line
alone (N = 0) is sufficient for a satisfactory fitting,
while above this temperature the data support
a model with one quasi-elastic component besides
the elastic one. In the present case the accuracy of
the parameters of the quasielastic components is
lower than that of the previous experiment since its
width is comparable with the instrumental resolu-
tion. However the values we obtained are in excel-
lent agreement with those of the previous ones.

3. Results and discussion

In Fig. 1 the elastic intensity I, = S,(Q, w=0)
measured on IRIS as a function of Q7 is reported
for two temperatures: 180 and 230 K. Similar data
obtained in a larger Q-range on MARI at 70 and
300 K are reported in Fig. 2. In both cases the In I
versus Q7 curves can be well fitted by a straight line
only at T < 180K, while above this temperature
the curves show a more marked decrease below
0*~10A"% In order to analyse quantitatively
these deviations from a quasi-harmonic behaviour
we have adopted the same simple model proposed
by Doster et al. [ 7] for myoglobin. The anharmonic
contribution is attributed to the onset of torsional
jumps of protons among distinct sites with slightly
different energy, and is modelled assuming for sim-
plicity only two jumping sites separated by a dis-
tance d; this leads to the following expression for
the elastic intensity:

S,(Q. 0) = exp(—Q*<Cug))
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Fig. 1. Normalized elastic intensity In /,, versus Q2 for SOD at
0.2 hydration and for two temperatures: 180 K (full circles), and
230 K (open circles). The data have been obtained with IRIS

using the 004 reflection from the pyrolithic graphite analysers.
The fit of the data to Eq. (2} is also shown as a continuous line.
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Fig. 2. Normalized elastic intensity In I, versus Q7 for SOD at
0.2 hydration and for two temperatures: 70 K (full circles), and
300 K (open circles). In the inset the region below 20 A7 is
expanded to evidence the anharmeonic behaviour of 1. The data
have been obtained with the chopper MARI using an incident
energy of 50 meV. The fit of the data to Eq. (2} is also shown as
a continuous line are also indicated.

where (ud) is due to the sum of all the quasi-
harmonic (Gaussian) contributions to the total
atomic displacement, p; and p, denote the
occupation probabilities for the two sites of different
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Table 1

Total mean square atomic displacement {u2), Gaussian contri-
bution <ud) to the mean square atomic displacement, product
of the probabilities p; and p, and jump distance d derived from
the fit of the integrated elastic intensities to Eq. (2)
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Instrument Hydration 7T w2y <ud> pyop2 d
(g DO/ (K) (A7) (A™% A)
g protein)

MARI 0.27 70 0.013 0.013

MARI 0.27 295 0079 0.043 0.06 1.3

IRIS 0.20 180 0.022 0.022

IRIS 0.20 230 0.046 0036 002 1.3
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Fig. 3. Temperature dependence of the mean square proton
displacement obtained from the analysis of the integrated elastic
scattering intensities assuming the two state model described in
the text. IRIS data (@), MARI data (A). The solid line shows
{u2> the parameters reported in Table 1. The dashed line is the
quasiharmenic contribution (ug) extrapolated from low tem-
perature. The dotted line shows the contribution due to the
conformational dynamics p,p.d>/3.

energy. The second factor in Eq. (2) contributes
significantly to the Q-dependence of the elastic
intensity only for Qd < 1.

Least-square fits of Eq. (2} to the data shown in
Figs. 1 and 2 provide p,p,, {ud), and d. The values
obtained are reported in Table 1. From these values
one can estimate overall mean square displace-
ments {u’», which represent the initial slopes of the
curves in Figs. 1 and 2. From Eq. (2) one obtains

pipd’

G = Cudy + BEE G)
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Fig. 4. Temperature dependence of the total mean square pro-
ton displacement (uf,> from different QENS experiments on
SOD. Present paper: IRIS, PG004 analyser reflection and 0.2
protein hydration (A), MARI, E; = 50 meV and 0.27 protein
hydration (l). From Ref. [15]: IRIS, PG002 analyser reflec-
tions, 0.25 (O) and 0.41 (@) hydration respectively. The quasi-
harmonic behaviour which is almost the same for all the datasets
is indicated by a dotted line.

The temperature dependence of {u2>, (u>, and
p1p.d*/3 is reported in Fig. 3, together with the
measured (u}) from both IRIS and MARI experi-
ments. All these parameters are weakly dependent
upon hydration in the range 0.2-0.27 so that
a unique curve from Eq. (3) can fit both datasets.

In Fig. 4 the present {u;) data are plotted to-
gether with those previously obtained by us on the
same protein, at 0.25 and 0.41 hydration levels [15].
This comparison indicates that the Gaussian con-
tribution to the mean square displacement <u? is
almost hydration independent so that a common
curve can reasonably fit all the data below ~200 K.
On the other hand the contribution which orig-
inates from the second term in Eq. (3) changes
appreciably with hydration. The difference in
Fig. 4 between the data at 0.2 and 0.41 hydration
respectively can be accounted for by an increase in
the probability term p,p, of about 50%.

The present data confirm therefore the results
obtained previously with a higher energy resolu-
tion, but in a more limited Q-range. SOD shows a
‘glass-like’ dynamic transition similar to that al-
ready observed in other globular proteins. This
appears therefore to be a common feature of
globular proteins irrespective of their structural
differences. The parameters obtained by fitting the
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O-dependence of the integrated elastic intensity
with a simple anharmonic model are not very
different from those obtained for myoglobin.
This may indicate that the mean square atomic
displacement is mostly sensitive to the ‘local’
features of the hydrogen motions, and therefore is
only slightly affected by the overall high structural
rigidity which is a characteristic of SOD scaffold-
ing. This on the other hand is reflected in the
characteristics of the quasi-elastic contribution
which shows a quite small intensity and a small
broadening as well up to relatively high hydration
levels [15].

Acknowledgements

The authors acknowledge with pleasure the sup-
port provided by the IRIS and MARI teams during
the experiment. This work was supported by the
Consiglio Nazionale delle Ricerche and the Istituto
Nazionale di Fisica della Materia.

References

[11 A. Di Pace, M. Cupane, E. Leone, E. Vitrano and
L. Cordone, Biophys. J. 63 (1992) 475.

[2] A. Cupane, M. Leone, V. Militello, M.E. Stroppolo,
F. Polticelli and A. Desideri, Biochemistry 33 (1994)
15103.

[3] F. Parak, E.N. Frolov, R.L. Massbauer and V.I. Goldan-
skii, J. Mol. Biol. 145 (1981) 824.
[4] V.I. Goldanskii and Yu.F. Krupyanskii, Quarterly Rev.
Biophys. 22 (1989) 39.
[5] J.T. Randall, H.D. Middendorf, H.L. Crespi and A.D.
Taylor, Nature 276 (1978) 636.
[6]1 M. Bée, Quasielastic Neutron Scattering (Adam Hilger,
London, 1988).
[7] W. Doster, S. Cusack and W. Petry, Nature 337 (1989) 754.
[8] W. Doster, S. Cusack and W. Petry, Phys. Rev. Lett. 65
(1990) 1080.
[9] A. Deriu, Physica B 183 (1993) 331.
[10] J.A. Tainer and E.D. Getzoff, B.K.M. Beem, J.S. Richar-
dson and D.C. Richardson, J. Mal. Biol. 160 (1982) 181.
[11] Y. Kitagawa, N. Tanaka, Y. Hata, M. Kusonoki, G. Lee,
Y. Katsube, K. Asada, S. Aibara and Y. Morita, J. Bio-
chem. 109 (1991) 477.
[12] K. Dijnovic, G. Gatti, A. Coda, L. Antolini, G. Pelosi,
A. Desideri, M. Falconi, F. Marmocchi, G. Rotilio and
M. Bolognesi, J. Mol. Biol. 225 (1992) 791.
[13] J.A. Tainer, Proc. Natl. Acad. Sci. USA 89 (1992) 6109.
[14] K. Dijnovic Carugo, C. Collyer, A. Coda, M.T. Carri,
A. Battistoni, G. Bottaro, F. Polticelli, A. Desideri and
M. Bolognesi, Biochem. Biophys. Res. Commun. 194
(1993) 1008.
[15] C. Andreani, A. Filabozzi, F. Menzinger, A. Desideri,
A. Deriu and D. Di Cola, Biophys. J. 68 (1995) 1.
[16] J.M. Mc Cord and 1. Fridovich, J. Biol. Chem. 224 (1969)
6049.
[17] CJ. Carlile and M.A. Adams, Physica B 182 (1992) 431.
[18] ISIS Experimental Facilities, Rutherford-Appleton Labor-
atory, 1992.
[19] C.G. Windsor, Pulsed Neutron Scattering (Taylor & Francis,
London, 1981).
[20] D.S. Sivia, CJ. Carlile, S.H. Howells and S. Konig, Physica
B 182 (1992) 341.



	periodici.caspur.it
	http://periodici.caspur.it/pdflinks/02022013580719875.pdf


