Acta Cryst. (1962). 15, 129

129

The Location of the Mercury Atoms in Crystals of
Ribonuclease-Parachloromercuribenzoate

By C. H. CarLisLE aND R. A. PALMER
Birkbeck Colege, Crystallography Laboratory, London, W. C. 1, England

(Received 15 November 1960)

The positions of the mercury atoms in ribonuclease—parachloromercuribenzoate (Ri—pcmb) have been
determined from a study of Patterson difference projections on (010) and sharpened Patterson
sections. This has permitted the calculation of the structure factors of the mercury atoms, leading
to the synthesis of Fourier series for the metal-free crystal.

1. Introduction

Bernal, Carlisle and Rosemeyer (1959) showed that
when crystals of ribonuclease—parachloromercuri-
benzoate containing chemically 1 atom of Hg per
protein molecule (Dix’s crystals) were soaked in 609,
aqueous alcohol solutions containing 0-5% Na-pcmb,
the symmetry of the crystals was unaffected. This
diffusion process gave approximately 2 Hg atoms
per protein molecule, as chemically determined by
Rosemeyer. There was some evidence, from a compari-
son of the Patterson sections at v=3} for the soaked
Dix’s crystal and the metal-free one, that the molecules
of one had moved slightly with respect to the other,
showing that the crystals were not strictly iso-
morphous. We therefore decided to work on the
soaked Dix’s crystals because of the increased intensity
changes in the X-ray reflections with respect to those
from the metal-free one. In what follows we shall
show that in the soaked Dix crystals the Hg atoms
occupy two sites per protein molecule and that in the
Dix crystal itself these sites are statistically filled.
Since the work on the former was carried out before
that on the latter, it is convenient to retain this order
in the present account.

2. Location of the Hg atoms in the soaked Dix
crystal

Fig. 1(a) shows a Patterson difference map on
(010) (Bernal, Carlisle and Rosemeyer, 1959) using
(A]F(h01)])2 between the soaked-Dix and normal
crystal, incorporating reflections to spacings of 2A.
This map was not interpretable. We next followed the
procedure of Green, Ingram, and Perutz (1954) using
a smoothing function of the type exp [—B sin36], to
limit the reflections to spacings of 6A; the resulting
map is shown in Fig. 1(b). This map can be interpreted
in terms of the vector relation (4 + B)2= 42424 B+ B2
relating 2 pairs of atoms through a centre, which is
shown graphically by the parallelogram inscribed on
it. The peaks 24 B, showing vectors between atoms not
related by the centre, must fall half way between the
peaks A2 and B2 The additional peak seen on this
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map cannot be included in this scheme and is not
therefore associated with a Hg-Hg vector but is more
likely to be due to a relative movement of the molecules
between the two crystals.

Fig. 1(b) can only give very approximate x and z
coordinates for the Hg atoms occupying sites 4 and B.
Furthermore it is necessary to know the relative
distance Ay of site 4 with respect to B along the b
axis of the crystal (space group P2;) and for this
purpose we were strongly advised by Professor
D. M. Hodgkin, F.R.S., to look at the individual
fully-sharpened three-dimensional Pattersons of the
two crystals. These calculations were very kindly
carried out for us by Professor K. N. Trueblood on
the Electronic Computer S.W.A.C. of the University
of California.

The coefficients of the two Patterson series, each
containing about 7,000 terms and scaled approximately
with respect to each other, were sharpened by dividing
each term by an average f2 (averaged according to
atomic percentages), multiplying by exp. [3.B sin20/A2],
followed by modification with a function

3 sin4f.exp [ — 50 sin2 §/22]

which reduces the effects of the low order terms and
enhances those in the region of 34. The functions were
calculated at 1/60 intervals of the cell edges, for the
1 unit cell, on sections perpendicular to 5, which
correspond to intervals of approximately 0-5, 0-65,
and 0-9 A along a, b and ¢ respectively. The origin
peak was also removed. For economy of space and
for purposes of the argument only sections v=6/60,
24/60, and 30/60 for the two crystals have been
reproduced (Figs. 2 and 3).

In the space groups P2;, the equivalent points are
(z, y, 2z) and (Z,y + %, ). For 2 Hg atoms per asymmetric
unit, the equivalent points are:

Sites 4, 1, Y1, 21 and 7, y1+‘%, Z1

Sites B, w2, y2,22 and Zs, yo+3, 22

Excluding the vectors at the origin, the 12 remaining
vectors between these sites are of two types:
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(1) Those lying on v=} which may be called the
A% and B? type, have components

221, %, 221 and 2z, &, 22

2:1:2, é, 222

and 2w, §, 220 .

LOCATION OF THE Hg ATOMS IN RIBONUCLEASE-p-CI-MERCURIBENZOATE

(2) Those of the AB type situated on the planes
v= 1 (y1—y2) and =+ (y1—y2)—4 having components:

(21—22), & (y1—12), (21 —22); (T1—22), * (y1—72),
(21—22)
and (xi+22), +{(y1—y2)—1}, (21+22)
+{y1—yz)—§}, z1+22 .

and (xl + CL‘2

The AB type of vectors, owing to Patterson symmetry,
have mirror image relationships to each other about
v=0 and »=1%}; hence the appearance of vectors of
the type 24B when seen in projection on (010), see
Fig. 1(b).

This means that the comparisons of the Patterson
sections of the crystals, with and without the metal
atoms, must be done by examining pairs of planes,
e.g. v=1/60 and 29/60, 2/60 and 28/60, and so on to
find sufficiently heavy peaks of the AB type, of the
same height, whose vector relationships are consistent
with the appearence of the 42 and B2 peaks on v=1
It is advisable to begin the interpretation by looking
for the former vectors rather than the latter because
of the large number of peaks between related atoms
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Fig. 1. Patterson difference maps projected on (010) for: (a) Soaked Dix crystal-normal crystal, using reflections with d> 2 A.
(b) Soaked Dix crystal-normal crystal, using smoothing function to terminate series at d=6 A. (c) Dix crystal-normal crystal,

using smoothing function to terminate series at d=6 A.

(there being about 1000 in each molecule) which would
fall on v=1 and so make interpretation difficult. Added
to this there must also be a large number of non-
Harker peaks falling on this plane, which would tend
to reduce the effects of the A2, B? peaks of the Hg-Hg
vectors.

If one accepts the interpretation of the Patterson
difference map, Fig. 1(b), as reasonably correct, then
it is only necessary to look in the 24 B regions of the
two 3-dimensional Pattersons along b on pairs of planes
equidistant from v=0 and } to find the AB vectors,
This was not done. Instead, we took about half the
magnitude of the average peak height for the Ri-pcmb
Patterson function as a lower limit and any peak below
this was rejected. Then we drew up a list of all peaks
above this height which appeared on the Ri-pcmb
Patterson sections but not on the corresponding
Ri-sections. Fig. 4 shows a plot of these peak positions
on the Patterson difference map; the number beside

each position corresponds to the section v on which
it was located. For any given pair of planes, e.g.,
v=1/60, 29/60, we took all combinations of these 4B
vectors, determined the x and z co-ordinates of each
A and B position and attempted to locate the A2, B2
vectors on v=%, by comparison of the corresponding
Patterson maps. (Figs. 3 (2) and (b)). Out of the many
pairs of AB vectors that arose, there was only one
that yielded vectors A2 and B2 that fell on positive
areas on v=3} for the Ri—pcmd Patterson. In every
other case either A2 or B2 (and sometimes both
vectors) fell in negative areas on this section, thus
providing sufficiently stringent conditions for their
rejection.

The arrows on Figs. 2(a) and (b) indicate the AB
peaks on the Ri—pcmb Patterson sections v=6/60 and
24/60 that were finally selected, and Figs. 2(c) and (d)
show the corresponding sections for the ribonuclease
crystal. The two indicated peaks on Figs. 2(a) and ()
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Fig. 2. Fully-sharpened Patterson sections: (a) Soaked Dix crystal, v=6/60. (b) Normal crystal, v=6/60. (c) Soaked Dix crystal,
v=24/60. (d) Normal crystal, v=24/60. The arrows indicated the positions of the AB peaks of the mercury atoms in the

soaked-Dix crystal.

are of the same height (and their positions have also
been indicated by crosses on Fig. 4). Though they are
by no means the highest in the functions, they lie
well above the lower limit set in our investigation.

Figs. 3(¢) and (b) show the section v=% for the
soaked Ri-pcmb and ribonuclease crystals respectively.
The comparison of these two sections by themselves
shows how difficult it would have been to identify the
A2, B2 vectors which are shown by the arrows on Fig.
3(a). The interesting and important finding is that the
sharpening of the two Patterson functions has revealed
the effect of the Hg—Hg vectors on this section, and
for comparison we reproduce the corresponding
unsharpened sections of the two crystals, Figs. 3(c)
and (d). It is easily seen what sharpening has ac-
complished.

The AB vector on v=6/30 and the other on 24/30
for the Ri—pcmb crystal give more reliable z and 2
co-ordinates for the Hg atoms than those that would
have been obtained from Fig. 1(b). Using these vector
relationships, the two Hg atoms in the asymmetric
unit have the following co-ordinates:

z Yy z
A 0-153 0-049 0-075
B 0-806 0-951 0175

The y coordinates of the Hg atoms are only relative
to one another and Ay=0-098=6/60=1/10. It is of
interest in this connection to compare the 0k0 reflec-
tions of the Ri- and Ri-pemb crystals. This is shown
in Fig. 5. The biggest changes are at 040, 0,10,0, and
0,12,0. The reversal of the distribution of intensity in
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Fig. 3. Fully-sharpened Patterson sections: (@) Soaked Dix crystal, v=230/60. (b) Normal crystal, v=230/60 compared with the
corresponding unsharpened Patterson sections: (¢) Soaked Dix crystal, v=30/60. (d) Normal crystal, v=230/60. The arrows
indicate the positions of the 4% and B? peaks of the mercury atoms in the soaked Dix crystal.

going from ribonuclease to the soaked Ri—pcmb crystal
for 0,10,0 and 0,12,0 is consistent with the Ay value
found from the 3-dimensional Pattersons, and the
change in 040 is due to the fact that the two Hg atoms
have such a small Ay separation, and must be lying
on planes approximately between the two molecules.

Table 1, column 5, shows the calculated F(ROI)
structure factors for the two Hg atoms to spacings of
2-5 A. Column 4 shows the |AF(kOI)] of the crystals
with and without the heavy atoms. As expected, the
overall agreement is not very good, indicating that
the relative movement of the molecules in the two
crystals is possibly responsible for the discrepancies
between the amplitudes of the corresponding reflec-
tions in these two columns. Some indication that this
is likely to be so is shown by Fig. 6.

3. The location of the Hg atoms in the unsoaked
Dix’s crystal from Patterson-difference maps
on (010)

Dix crystals, as stated earlier, contain 1 Hg atom
per protein molecule. Since the soaked Dix crystals
contain two heavy-atom sites per molecule, it is not
unreasonable to suggest that the Hg atom in Dix
crystal is statistically divided between the two posi-
tions. The intensities of the X-ray reflections from
ribonuclease and soaked Ri—pcemb crystals were
visually estimated. As the intensity differences of the
corresponding reflections between the unsoaked Dix
crystal and ribonuclease itself are smaller than the
intensity differences between the soaked Dix crystal
and ribonuclease for the same reflections, it is necessary
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Table 1. The calculated structure factors for the Hg atoms in the soaked Ri-pemb crystals compared with the
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observed differences in structure amplitudes between the crystals with and without the metal atoms.
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Table 1 (cont.)
! |Fgi| |Friggl 4dF 4Fyg !l |Fgi| |Friggl A4F 4F g l |FRril |Frimgl AF 4Fyg
10,01 11,01 11,0
4 216 104 —112 46 9 159 43  —116 57 ) 85 60 —25 23
5 199 164 —35 135 8 258 422 164 10 1 95 0 —95 78
6 0 60 60 129 7 159 134 —25 6 2 0 95 95 52
6 0 0 0 42 3 306 228 —78 4
5 203 190 —13 51 .
11,00 4 190 112 -8 —29 12,0
13 0 43 43 -179 3 112 60 —-52 -124 8 0 43 43 —7
12 112 180 68 26 2 60 0 —60  -157 . g 0 127 127 —97
11 60 95 35 122 1 127 134 7 —87 6 95 0 -95 —107
10 240 95 —145 129 5 0 0 0 —48
4 306 228 —178 1

Fig. 4. Plot on Fig. 1(b) of all peaks occurring on fully-
sharpened Patterson sections of soaked Dix crystal having
peak height greater than half the average peak height.
The crosses indicate the positions of the 4B peaks of the
mercury atoms in the soaked-Dix crystal as determined
from the fully-sharpened Patterson sections.

Fixo
200
[ Ribonuclease-parachloromercuric
! benzoate
1501 Ribonuclease

100

50

0

Fig. 5. Comparison of the intensities of the 0k0 reflections
between the soaked-Dix and normal crystals.

to photometer the reflections from Dix erystals and
ribonuclease if a reliable conclusion is to be drawn

about Hg positions that are now making 1 of their
full contribution to the intensities of the reflections.
The following work briefly describes the procedure
adopted.

The investigation was confined to the 20l reflections
of the two crystals, whose diffraction patterns were
recorded with a Buerger Precession camera which
facilitated the measurement of intensities by means
of a JCL—Walker Automatic Recording Micro-
densitometer.

Crystals of about the same size, of both types,
were carefully selected for the intensity measure-
ments, and the intensities were corrected for Lorentz-
polarisation effects by Waser’s function given in
Volume II of the International Tables for Crystallo-
graphy. The F2(h0l) values from the two crystals were
independently scaled by the Wilson method (1942),
with due allowance made for the presence of the Hg
atoms in Dix’s crystal. The Patterson difference map
using (4|F|)? as coefficients was calculated for spacings
to 25 A; it showed similarities to Fig. 1(a) and was
also uninterpretable. A smoothing function was then
used which terminated the series at 6 A, and Fig. 1(c)
shows the resulting Patterson difference map projected
on (010).

The similarity between Figs. 1(b) and (c) is at once
apparent, though the peaks on 1l(c) show different
relative heights compared with those on 1(3). The
pattern however is again interpretable in terms of 2
pairs of atoms related through a centre. The « and z
coordinates of the 4 and B sites, which can only be
approximate, are given in the table below together
witht the corresponding = and z psotitions determined
from the analysis of the 3-dimensional Patterson
sections of the soaked crystals.

A (site) B (site)
Crystals z z x z
Unsoaked Dix crystal 0-12 0-08 0-78 0-18
Soaked Dix crystal 0-153 0-075 0-806 0-150

The agreement is sufficiently close to show that the
mercury atoms occupy the same sites in both the
unsoaked and soaked Dix crystal. The Ay values for
the 4 and B sites in Dix’s crystal have not been
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determined, but it is unlikely that they will be any
different from those already found for the soaked
ones.

!

edl
0-40
0-30
0-20
0+10 s
5 10 15 20
Si;@ A'x100 ——

Fig. 6. Plot of the fractional change in intensity, @A4I-:
2{(A41F|)?/Iri}3, for Dix crystal—normal crystal, versus
sin §/A. The initial fall in pAI is due to the mercury atoms
in the Dix erystal and the increase for sin /A>0-14 is
attributed to a shift in the molecules of one crystal relative
to those of the other.

Fig. 6 shows a plot of @AI =2{(A|F|?/Ir:}t
against sin 6/1 (Crick and Magdoff, 1956). The initial
decrease in the function is due to the effect of the
heavy atoms, but the small increase towards higher
sin §/2 values indicates that there must be a slight
shift of the molecules in the Dix crystals relative to
those in the metal-free ones. This is in agreement
with the previous findings of Bernal, Carlisle and Rose-
meyer (1959) for the soaked crystals.

4. Conclusions

This work has shown how the positions of heavy
atoms in protein crystals, particularly when there is
more than one per asymmetric unit, may be found by
using fully sharpened three-dimensional Patterson
functions, and this is all the more important where
there is a likelihood that isomorphism is not strictly
obeyed owing to the relative movement of the mole-
cules in the two crystals.

The structure factors of the mercury atoms in the
soaked crystal have now been calculated to spacings

137

of 24, leading to the synthesis of two three-dimensional
Fourier distributions for the metal-free ecrystal
incorporating some 60% of the reflections in each case
to (a) the 6A region, and (b) the 2-5A region. From
this it has been possible to gain some knowledge of the
configuration of the single polypeptide chain in this
molecule and also the positions of the four cystine
sulphurs in it.
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