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Abstract

Cu®" and Zn*" ions in a single crystal of spinach
superoxide dismutase have been distinguished by
enhancing the anomalous-dispersion effect of each
ion with a wavelength near its K absorption edge,
though these metal ions were not distinguishable in
the original native Fourier map. The X-ray diffraction
data were collected on a four-circle diffractometer for
protein crystallography using a focused tuneable syn-
chrotron radiation source at the Photon Factory.
Anomalous difference Fourier maps with the phases
from the conventional structure analysis were calcu-
lated for the data sets at wavelengths of 1-373 and
1-389 A near the Cu K absorption edge, and 1-275
and 1-299 A near the Zn K absorption edge. A com-
parison of these maps made it possible to distinguish
between the Cu®* and Zn*>* ions, which have only a
one-electron difference. This shows that metals or
ions whose atomic numbers are close to one another
may be located exactly by taking advantage of
enhanced anomalous-dispersion data and reliable
phase angles.

Introduction

Synchrotron radiation is being increasingly utilized
for data collection of protein crystals owing to its
brightness, parallelism and tuneability. It is worth-
while noting that anomalous-dispersion effects
around specific absorption edges of bound metal ions
can be optimized by finely tuning the synchrotron
X-ray wavelength. In the case of proteins with more
than one kind of metal cofactor, differences in both
of the anomalous components f* and f” can be used
to distinguish atoms or ions with similar atomic num-
bers. Such differences have already been utilized to
locate manganese and calcium cofactors, which have
a five-electron difference, in a pea lectin crystal
(Einspahr, Suguna, Suddath, Ellis, Helliwell & Pariz,
1985).

Spinach superoxide dismutase is composed of two
identical subunits with 154 amino acid residues and
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M,=16000 (Kitagawa, Tsunasawa, Tanaka, Kat-
sube, Sakiyama & Asada, 1986). Each subunit
contains both a Cu®* and a Zn*>* ion. The enzyme
crystallizes in space group C2 with cell dimensions
a=166-3(3), b=46:0(1), c=857(1)A, B=
99-4 (1)°, and with two molecules or four identical
subunits per asymmetric unit (Kitagawa, Tanaka,
Katsube, Kusunoki, Lee, Morita, Asada & Aihara,
1984). The crystal structure of spinach superoxide
dismutase has been determined at 2-0 A resolution,
and the details of the structure analysis will be pub-
lished elsewhere. Synchrotron radiation from the
Photon Factory vertical wiggler (Huke & Yamakawa,
1980) was used to locate the Cu®* and Zn®' ions
unambiguously enhancing both the real coefficients
S’ and the imaginary coefficients f” of each ion.
Wavelengths for data collection were selected close
to the Cu K edge at 1:380 A and the Zn K edge at
1-283 A (International Tables for X-ray Crystallogra-
phy, 1974), because the f’ and f” values of the Cu?*
and Zn’" ions show a pronounced change near the
wavelength of their K absorption edge.

In the present study, the anomalous difference
Fourier maps which mainly reflect the f effect of a
specific atom or ion are compared with each other in
order to locate metal ions and to distinguish between
the Cu®* ion and the Zn®* ion in the superoxide
dismutase molecule. The difference Fourier maps of
the different data sets, which reflect the f’ effect, are
also examined; the results are in agreement with those
of the anomalous difference Fourier calculations. This
paper describes the usefulness of Fourier syntheses
of the anomalous-scattering effects in distinguishing
between the Cu*" and Zn** ions.

Experimental

Five sets of intensity data of Bijvoet-pair reflections
(F" and F~) were measured up to 6 A resolution at
five different wavelengths where these data sets rep-
resent various anomalous-scattering effects of Cu®*
and Zn*" ions, respectively. The five wavelengths were
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Table 1. Anomalous-dispersion intensities at different

wavelengths
Data set S S
(A A) Cu Zn Cu Zn
1-000 -0-1 -0-4 23 2:6
1-275 -17 -4.5 34 38
1-299 ~2:0 -4-1 35 05
1-373 -48 -2-4 39 06
1-389 -48 -2:3 05 06

1-000, 1-275,1-299, 1-373 and 1-389 A, and the contri-
butlons off' and f” for each metal ion are summarized
in Table 1 (Sasaki, 1984). The data set at A =1-000 A
is useful for the calculation of the difference Fourier
maps of the other four data sets, because the f” effect
at this wavelength is rather small compared with those
at the other four wavelengths.

All the data were collected with a four-circle
diffractometer using synchrotron radiation at the
Photon Factory. The diffractometer was located on
the station of the beam line 14A; it has a horizontal-
type setup and utilizes the radiation from a supercon-
ducting vertical wiggler (Satow, 1984). The white
X-ray beam, which has a higher degree of polarization
in the vertical direction, is monochromatized by an
Si(111) double-crystal monochromator and then
focused by a Pt-coated fused-quartz mirror (Satow,
1984). Wavelength calibrations were made by measur-
ing the absorption spectra of Cu and Zn foils at their
K absorption edges. The intensity of the X-ray beam
incident to the specimen was monitored by an ion
chamber for every measurement in order to correct
for intensity change (Satow, 1984). The raw data were
corrected for Lorentz and polarization factors. The
polarization factor was calculated, assuming that the
X-ray beam incident to the monochromator was
polarized 90% in the vertical direction. Three stan-
dard reflections were measured every 100 reflections
and a damage correction was made from the decay
of these reflections. An absorption correction was
carried out based on the method of North, Phillips
& Mathews (1968).

Results

As a first approach, an anomalous difference Fourier
calculation was carried out to distinguish the two
kinds of metal ions from each other. The Fourier
syntheses for five different data sets obtained at A =
1-000, 1-275,1-299, 1-373 and 1-389 A were calculated
by the method described by Kraut (1968). The phases
of eachreflection in the calculation were derived from
the crystal structure analysis. The intensity differences
in the structure-factor amplitudes between Bijvoet-
pair reflections are primarily due to both Cu** and
Zn** at A =1-275 A, and mainly to Cu® at A =1-299
and 1-373 A (Table 1). At A =1-389 A, the difference
in the amplitude should be negligibly small.

Table 2. Electron density values at the Cu** and the

Zn** positions in the Fourier maps

Yellow, violet, green and blue denote four subunits in an asym-
metric unit. N-2-8 and N-2-5 indicate the original native Fourier
maps of 2-8 A resolution with multiple isomorphous replacement
phases and 2-5 A resolution with molecular replacement phases.
HUP is the highest uninterpretable peak in each map. The value
zero includes the density below zero.

Data set Yellow Violet Green Blue
(A, A) Cu Zn Cu Zn Cu Zn Cu Zn HUP
N-2-8 26 37 25 29 34 29 30 40 —
N-2-5 66 86 65 93 67 94 63 92 —
1-:000*+ 30 90 62 59 90 75 32 74 123
1-275* 103 126 73 149 83 154 108 115 70
1-299* 101 35 63 30 109 18 96 40 73
1-373* 13 7 134 41 139 0 124 18 80
1-389* 20 9 25 54 27 17 53 19 77
1-275% 14 1 8 34 11 41 24 4 86
1-299% 12 0 0 28 17 29 8 0 83
1-373% 56 0 32 17 68 22 61 0 81
1-389% 30 0 21 22 66 27 49 0 75

* Anomalous difference Fourier maps.

T This anomalous difference Fourier map was calculated to
investigate the signai-to-noise ratio. )

i Difference Fourier maps with the 1-000 A data set.

For the 1-275 A data set, the positions of the eight
prominent peaks in the asymmetric unit were identical
to those of the two kinds of metal ions in the original
native Founer map, although the four peaks at the
possible Zn>* ion sites were slightly higher than the
other four at the possible Cu®* ion sites, as shown in
Table 2. This is consistent with the fact that the
anomalous-dispersion component f” of a Zn** ion is
larger than that of a Cu®* ion by 0-4 as shown in
Table 1. On this Fourier map, only the anomalous
scatterers can be located and in fact only four Cu**
and four Zn®* ions in the asymmetric unit of the
superoxide dismutase crystal showed anomalcus-
scattering effects at this wavelength, because the eight
promment peaks can be completely assigned to the
Cu®* and Zn** ion positions of four subunits in the
asymmetric unit. .

For the 1:299 and 1-373 A data sets, anomalous
difference Fourier maps showed almost the same
electron density distributions around the eight metal-
ion positions. They gave high electron density humps
at four p0551ble Cu’" ion sites and almost flat density
at four Zn>* ion sites (Fig. 1, Table 2). This is con-
sistent with the fact that the anomalous-dispersion
component f” of a Cu®* ion is about seven times
larger than that of a Zn>* ion at these two wavelengths
(Table 1).

For the 1-389 A data set, at which there is little f”
contribution of Cu®* and Zn** ions, no significant
electron density humps were found in the anomalous
difference Fourier map around the previous eight
positions of metal ions. The highest peak in an asym-
metric unit could not be assigned to the metal-ion
positions. The ratio of the peak density at the possible
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metal-ion position to the highest uninterpretable peak
is lower than in the other three cases (Table 2).

As a second approach, the conventional difference
Fourier calculation between the 1-000 A data set and
each data set of the other four wavelengths (1:275,
1-299, 1-373, 1-389 A) was carried out with the same
phase angles used in the previous approach. The
Fourier coefficients were obtained by averaging the

(a)

(b)

(d)

(e)

Fig. 1. Anomalous difference Fourier maps: left-hand side, 1-373 A
data set; right-hand side, 1-275 A data set. The tnangles are four
Cu?* ion positions and the squares are four Zn®* ion positions
in an asymmetric unit. The sections are (a) 4/50, (b) 6/50, (¢)
13/50, (d) 17/50, and (e) 24/50 of the crystallographic b axis.
At 4/50 and 6/50, the same peaks appear on the left-hand map.
Contours are in equal intervals of positive density and are chosen
to show the highest peak in each map with eight contour levels.
The edges of the maps correspond to half the unit cell in a along
the horizontal direction and the full unit cell in ¢ along the
vertical direction.

DISTINCTION BETWEEN Cu®’* AND Zn>* IONS

amplitudes of Bijvoet-pair reflections (F* and F~)
to take off the f” contributions. The scaling factors
between the different data sets were calculated by
Wilson’s statistics (Wilson, 1949). The results are
summarized in Table 2. For the 1-373 and 1-389 A
data sets near the Cu K absorption edge, the
difference maps gave significantly higher peaks at
possible Cu?" ion positions than those at possible
Zn** ion positions, except for one case, the violet
subunit in the 1-389 A data set (see Table 2). On the
other hand, for the 1-275 and 1-299 A data sets near
the Zn K absorption edge, the difference maps did
not consistently give higher peaks at possible Zn**
ion positions than those at possible Cu®* ion posi-
tions. Each difference map was quite noisy compared
with the anomalous difference Fourier map, and the
highest peak in each map corresponds not to the
position of a metal ion but to an uninterpretable peak.
The quality of the difference Fourier map may suffer
from errors in scaling between different data sets and
in the different absorption effects from different
crystals.

As a third approach to confirm the accuracy of the
metal-ion positions, an anomalous difference Patter-
son synthesis was performed for each data set. This
synthesis did not give any significant peaks which
could be interpreted as Cu** or Zn** ions.

Discussion

Until now, distinction between two or more kinds of
metal ions with similar atomic numbers has been
dependent upon consideration of differences in the
chemical nature of the ions. In the present study of
spinach superoxide dismutase, however, the distinc-
tion between Cu®* and Zn*>" ions, which have only a
one-electron difference, has been achieved by using
anomalous difference Fourier techniques based on
reliable phase angles and intense tuneable syn-
chrotron radiation. In particular, the anomalous
difference Fourier maps of the 1:275, 1-299 and
1:373 A data sets are very useful in distinguishing the
ions from each other. On the map of the 1-275 A data
set, both the Cu®* and Zn®* ions appeared as the
hlgher electron density humps, while only the Cu**

ions were visible on the map of the 1-299 and 1-373 A
data sets. The map of the 1-373 A data set gave a
higher signal-to-noise ratio than that of the 1-299 A
data set. This is consistent with the fact that the former
has a little higher contribution of f* and f” than the
latter, as shown in Table 1. It should be mentioned
that the refined phase angles of each reflection play
important roles in producing these kinds of results.
In contrast to the success of the Fourier syntheses,
an anomalous difference Patterson synthesis failed to
locate the metal ions. Patterson syntheses may there-
fore be less powerful than anomalous difference Four-
ier syntheses in the case of a protein crystallographic
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study, as was the case in another report (Cascarano,
Giacovazzo, Peerdeman & Kroon, 1982). However,
the ability to distinguish atoms or ions with only a
one-electron difference in macromolecules such as
proteins must be seen as a great advance in X-ray
protein crystallography. This has been achieved by
the development of an intense, tuneable synchrotron
radiation source.
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Abstract

The probabilities of alternative conformations of the
furanose ring in nucleosides and nucleotides and the
free-energy difference have been determined from
statistical analysis of X-ray data. Approximate ana-
lytical expressions have been obtained defining the
optimal one-parameter pathway of conformational
changes for furanose.

Introduction

Furanose rings, which enter into the sugar-phosphate
backbone of nucleic acids, possess a considerable
conformational  flexibility; the configurations
assumed by the rings are important stereochemical
characteristics of the three-dimensional structure of
DNA and RNA molecules. Any description of the
stereochemistry of furanose is rendered difficult by
the fact that in order to simulate the conformational
rearrangements of the ring one has to allow for the
changing valence angles and bonds (Westhof &
Sundaralingam, 1980; Pearlman & Kim, 1985). A
complete description of the configuration of the five-
membered flexible ring would mean defining nine
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(5x3—6) parameters, which is superfluous in many
practical cases.

For a more economic description of the ring
configuration, one can use the parameters of
pseudorotation: phase angle P and pseudorotation
amplitude 7,, (Altona & Sundaralingam, 1972). The
furanose ring structures known from X-ray diffraction
are distributed in the conformational range of the
parameters P, 7,, close to the pseudorotation pathway
with a roughly constant value 7,, =39° (Murray-Rust
& Motherwell, 1978; Westhof & Sundaralingam,
1980), Le. this is the most probable pathway for the
conformational changes of furanose. The experi-
mental data have been approximated to obtain ana-
lytical expressions (regression curves) for the ring’s
valence angles as functions of P along the pseudo-
rotation pathway (Murray-Rust & Motherwell, 1978;
Westhof & Sundaralingam, 1980). However, the use
of these expressions for a one-parameter definition
of the furanose conformation does not ensure the
optimal stereochemistry of the ring as a whole, since
the approximation coefficients were chosen for each
individual angle regardless of the others and without
stereochemical limitations. Even the simplest limita-
tion, viz the condition of ring closure, alters the
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