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The application of resonance Raman spectroscopy to single crystals of cytochrome ¢, from Pseudomonas

aeruginosq is described. The technique is shown to be a suitable method of distinguishing between the oxid-

ised and reduced forms of the protein. This is particularly useful when the crystal is to be used for X-ray
diffraction data collection.
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1. INTRODUCTION

X-ray crystallography has furnished much of the
framework on which our understanding of the re-
lationship between the structure and function of
protein molecules is based. Recent advances in the
technique, notably the use of synchrotron radia-
tion and area detectors [1,2], have allowed data for
structures as large as whole virus particles to be
collected efficiently [3,4]. The attainment of high-
resolution data coupled with the improvement in
the model structure obtained by least-squares re-
finement techniques [5,6] has resulted in models of
proteins which are sufficiently accurate to allow
detailed examination of the subtle movements
which occur during binding of a substrate molecule
[7-9] or change in oxidation state [10,11]. Al-
though the binding of a substrate or inhibitor may
lead to a dramatic change in conformation [12],
often there is no clear indication of the occupation
of the active site until X-ray diffraction data have
been collected, processed and an electron density
map calculated. This is the case even when the
diffraction pattern shows small, visible differences
between native and substrate-soaked crystals which
can result from changes in mother liquor and are
not necessarily associated with binding at the
active site.
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Resonance Raman spectroscopy

Single crystal spectroscopy

What is needed, therefore, is a quick method of
examining the crystals before they are X-rayed to
determine whether structural changes have taken
place. Authors in [7] have observed the change in
birefringence of a crystal as it reacts with substrate
but a change does not occur in every case and, if
the crystals are highly coloured, as is the case with
haem proteins, then such a technique is inapplic-
able. The dichroism changes in haemoglobin ac-
companying oxygenation and reduction have been
reported [13] and the colour change observed under
the microscope when crystals of cytochrome ¢55; are
reduced have been described [10]. Since the visible
spectrum of a haem protein changes markedly on
reduction, a micro-spectroscopic technique can
also be used [14]. However, in our work the
crystals for X-ray studies are sufficiently large that
they appear black and consequently an alternative
method was investigated.

We wish to report the use of resonance Raman
(RR) spectroscopy to distinguish between the oxi-
dised and reduced crystals of a dihaem, bacterial
cytochrome ¢4 (M: 19600) before X-ray photo-
graphs were taken. Raman spectroscopy may be of
wider application in this respect than has hitherto
been generally appreciated.
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2. EXPERIMENTAL

Cytochrome ¢4 (Em = 240, 300 mV) from Pseudo-
monas aeruginosa NCTC 10332 was prepared as
described in [13] as modified in [16]. Crystals of
the oxidised form were obtained as described [17]
and transferred to a solution of 2M ammonium
sulphate—50 mM acetate buffer (pH 6.0) for stor-
age. They are stable indefinitely between 4 and
22°C under these conditions.

A wedge-shaped crystal of maximum dimen-
sions 0.8 X 0.4 X 0.2 mm was transferred to a 2 ml
portion of mother liquor which had been purged
for 1 h with a stream of O,-free nitrogen in a glove-
box. This mother liguor was 5mM in sodium
ascorbate (Sigma, Poole) (Eg = 60 mV) [18]. After
7 h soaking, no visible cracking had occurred and
no change in the colour of the almost black crystal
could be seen. The crystal was sealed under nitro-
gen in a 1 mm diameter, thin-walled glass capillary
tube (Pantak, Windsor). In a parallel experiment,
another crystal of similar size was soaked in 2 mM
potassium ferricyanide (Ep = 420 mV) [19] for the
same time and sealed in a second capillary. This
‘oxidised’ crystal had two small satellites which
became detached during mounting and were also
sealed in the capillary a short distance from the
main crystal. These served to optimise the condi-
tions for the Raman measurements. Both capil-
laries were stored overnight at room temperature
before the RR experiment.

The RR spectra were measured using a c.w. Ar*
laser at 514.5 nm (Model CR4; Coherent Inc., Palo
Alto, CA) together with a Spex Model 1403 Raman
spectrometer, equipped with a UVISIR sample
compartment, a cooled RCA 31034A-02 photo-
multiplier coupled to Spex photon-counting elec-
tronics and a SCAMP minicomputer for instru-
ment control and data processing.

In order to position the crystal accurately in the
laser beam, a stereo-microscope was arranged over
the sample compartment, with great care being
taken to avoid direct transmission of the laser
beam into the microscope. In a preliminary experi-
ment, the laser power measured at the crystal was
approx. 12.5 mW and this instantly destroyed one
of the satellite crystals. A neutral density filter
(A 2.0) was used to reduce the power to about
0.125 mW and the second satellite crystal seemed
quite stable when illuminated. Subsequently, the
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main ‘oxidised’ crystal was aligned in the laser
beam such that the surface in contact with the glass
wall of the capillary was facing the collection
optics, thus maximising the RR signal strength.

The spectrum of the oxidised crystal was re-
corded from 1500—1700cm™! at a scan-speed of
1 cm™!'-s™! with the slits adjusted to give a spectral
resolution of around 10 cm™'. Nineteen scans were
accumulated and co-added before being subjected
to a 7-point quadratic smoothing function, and
then plotted. Having seen that the spectrum was
broadly similar to what was expected, the spectrum
of the ‘reduced’ (i.e., unoxidised) crystal was scan-
ned 7 times between 1300-1700cm™' with the
same instrument settings. The combined spectrum
was smoothed as before.

X-ray photographs (2° oscillation) were recorded
with Cu-K,, radiation for 15 h on each crystal some
72h after the RR experiment. Both diffraction
patterns extended to at least 0.18 nm resolution.
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Fig.1. Resonance Raman spectra of (a) reduced and (b)

oxidised cytochrome from Pseudomonas aeruginosa

excited at 514.5 nm. Details of the conditions used are in
the text.
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3. RESULTS

The spectra obtained are shown in fig.1 with the
wavenumber values of the most distinct peaks
added. These show many of the features previously
reported in the RR spectra of solutions of cyto-
chrome ¢ [20—22] measured with 1000-times
greater laser power and a narrower bandwidth.
The X-ray diffraction pattern obtained from the
‘reduced’ cytochrome crystal was compared with
that of the oxidised form. The hexagonal cell para-
meters determined were:

Oxidised (nm) Reduced (nm)

a=b 6.24(1)
c 17.42(1)

6.24(3)
17.35(8)

4. DISCUSSION

In order to be sure that the observed differences
do indeed represent the change from ferricyto-
chrome to ferrocytochrome, it is necessary to con-
sider the RR spectral assignments for haem pro-
teins and other metallo porphyrins already reported
[18-20]. The RR spectrum excited at 514.5 nm
arises mostly from the in-plane bending mode of
the methine C—H and the stretching modes of the
C—C, C=C and C—N bonds since the = — 7* transi-
tion of the porphyrin ring, which gives rise to the
B-band (Amax = 523 nm) in the visible spectrum of
cytochrome c, is polarised in the plane of the ring
and thus will selectively enhance these modes. Six
of these bands, designated A—F, have been identi-
fied in [20] as distinguishing between oxidation
and/or spin state in haem-containing molecules
and the influence of the protein upon these bands
has been found to be insignificant [21]. Since no
change in spin state is involved in this case (high-
potential cytochromes c, like ¢4, are low spin in
both oxidised and reduced forms), only 4 of the 6
need to be considered in detail. Owing to the ran-
dom orientation of the crystals in the laser beam,
the non-random nature of the haem orientation in
the crystals and the polarisation-sensitive nature of
some of the bands, only the depolarised resonance
bands were considered reliable indicators of the
oxidation state without performing a full series of
experiments to determine the depolarisation ratio.
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In fig.1a, all of the bands which we observe corres-
pond to bands reported inter alia in [20] and [22]
for solutions of reduced cytochrome ¢, with the
exception of the band at 1510cm™". In particular
the marker bands which we observe at 1361, 1541,
1490 and 1619 cm™! correspond to bands A, B, E
and F at 1363 (polarised), 1547 (depolarised), 1490
(polarised) and 1623 cm™! (depolarised) for di-
thionite-reduced cytochrome ¢ [20]. In contrast,
when our spectrum for the ‘reduced’ form is com-
pared with those of the oxidised protein (A, B, E
and F reported at 1374, 1562, 1502 and 1636 cm™!
respectively), it is clear that our crystals are indeed
in the reduced state. Fig.1b shows our spectrum of
the crystal in oxidising conditions and peaks at
1560 and 1639cm™!, which correspond to the
bands B and F already mentioned, are typical of
ferricytochrome. It is the shift of the depolarised
band, F, which gives the most convincing indica-
tion of the oxidation state of the Fe atom in the
cytochrome c4 crystals. A recent report of the RR
spectrum excited at the Soret band, of the dihaem
cytochrome c¢ssq4 from Nitrosomonas europaea
shows that there appears to be a 5-coordinate Fe
atom in the oxidised form [23]. Our data for the
oxidised crystal are insufficient to allow such a
conclusion.

Inspection of the X-ray diffraction patterns
showed that the two crystals were isomorphous
and that small intensity changes might exist. How-
ever, as pointed out above, such changes are not
necessarily indicative of the oxidation-state change.

We believe that this is the first application of RR
spectroscopy for screening protein crystals before
an X-ray diffraction experiment. In this respect, a
haem protein, such as a cytochrome c, is an excel-
lent choice because of the detailed spectral inter-
pretation already available and the fact that the
RR spectral data are specific to the haem part of
the molecule. RR spectroscopy with haem-con-
taining molecules has usually been done with solu-
tion samples at concentrations around 1 mM and
with laser powers of some 100 mW., It seems from
our present results that the increased sample con-
centration (~0.2 M) can sensibly be compensated
by decreased laser power, provided that a suitable
scattering geometry can be achieved through sam-
ple alignment. Probably a back-scattering sample
illumination and light collection arrangement
would further improve the results which were
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obtained in this.work with conventional 90° optics.
However, we have shown that with the laser power
used the crystal does not deteriorate and, if suffi-
cient scans with a narrower spectral bandwidth
were accumulated, a higher resolution spectrum
could result. This would allow study of the partial
reduction of the dihaem cytochrome cs.

The use of a laser flash to initiate a reaction in
a protein crystal has been described for myoglobin
in the context of time-resolved diffraction meas-
urements [24]. The experiment described in the
present paper affords an excellent way of moni-
toring the state of a crystal throughout the time
X-ray data are being collected. Not only are the
oxidation states of haem proteins amenable to such
observation but also the binding of any chromo-
phoric substrate can be checked provided it has
been previously well characterised.
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