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1. Introduction

A method was proposed [1,2] for determination
of the distance between heavy-atom markers in macro-
molecules in solution by means of small-angle X-ray
scattering. The intensity of scattering by a macromol-
ecule (with mean electron density p) with the attached
heavy atoms (with density pp) in solution can be
written as:

1(s) =F[(p + ppp) * (0 + pp)]
=F(p = p)+ Flpy * pyp) + 2F(p * pyy)

=1(s) + In(s) + I3(s) 6y

where [,(s)is the intensity of scattering by the macro-
molecule without markers, I;(s) is the scattering by
markers and 75(s)is the cross term; s = 47 sin 8/X. One
of the possibilities of determining the distance between
heavy-atom markers is based on the separation of the
term /,(s) from experimental scattering curves. Such
experiments were carried out for solutions of gramici-
din S (mol. wt 1200) [2 3].

We have carried out the analysis of expression (1)
in the case of small-angle X-ray scattering by proteins
with heavy-atom markers in solution and estimated
the relation of the existing accuracy of experiment to
the minimal value of electrons in a marker from which
the scattering can be still detected [4]. Also we have
found the condition under which J,3(s) is much less
than 7,(5) in the region of the scattering curve subsid-
iary maxima [4]. These conditions are responsible for
Ny >4 X 107 N where Ny and N are the numbers of
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electrons in a heavy-atom marker and in a protein
molecule, respectively. In other words for protein
with mol. wt ~100 000 the number of electrons in
the marker must be >200. Otherwise, the marker must
contain <3 heavy atoms with atomic number 80—-90.
This conclusion is in full agreement with the results of
computer model calculations carried out for protein-
like particles with strongly scattering markers [4].

Here, the groups of 4 mercury atoms were used as
heavy atom markers. Owing to the ‘increase in the
weight’ of the marker, it is possible to attempt to
determine the distance between the heavy-atom markers
in proteins in solutions, i.. in their native state.

2. Materials and methods

2.1. Heavy-atom marker

As the heavy-atom marker we used the organo-
mercury compound, mercarbide marker (4 mercury
atoms) [5] which was synthesized as in [6]. The mer-
cury concentration capable of forming mercaptides
with thiols was estimated by direct or reverse spectro-
photometric titration of solutions following Ellman
{7]. The mercarbide marker solution was prepared by
the method in [7].

2 2. Measurements of the intensity of small-angle
X-ray scattering
The measurements of the intensity of small-angle
X-ay scattering by solutions of proteins were per-
formed by the automatic small-angle slit diffractom-
eter AMUR (Inst. Crystallog., USSR Acad. Sci.), CuKa
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radiation, in the range of scattering angles 20: 0.1°—6°
(s: 00743 nm™). The collimation correction for
the slit height was made to obtain the small-angle scat-
tering curves which represent the difference between
the specimen and the solvent scattering curves [8].

3. Results and discussion

3.1. Experiment with haemoglobin

The mercarbide marker solution was added to
human haemoglobin (met-form) solution in the
amount of 2 mol/mol protein, the markers were linked
to the SH-groups of the amino acid 93 residues (cys-
teine) in each of the two Schains of haemoglobin. In
the initial solution the marker was 10~ M and there-
fore after addition of the markers to the protein, the
protein solution was concentrated by ultrafiltration
through a PM-10 membrane.

The curves I(s) and I, (s) differ in the range of scat-
tering angles s: 0.7—4 .3 nm™ (fig.1). The difference
curve AI(s) = I(s) — I,(s) is given in fig.2; it displays
oscillations, the maxima appear at s = 2.21 and
5s=335nm™.

As follows from eq. (1) such a difference curve
comprises the terms 1,(s) + I5(s); the term I,(s) may
be calculated according the following equation:

sin sr

1) = (1 t ) @

o

(f\ is the scattering factor of a marker) and gives
information about the distance between the markers
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Fig.1.Small-angle X-ray scattering curves for met-haemoglobin

with heavy-atom markers, I(s) (1) and for native met-haemo-
globin, 7, (s) (2).
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Fig.2. The difference curve for met-haemoglobin A/(s) =
I(s) — I,(s)-

7. The term 73(s) (‘marker—protein globule’ interfer-
ence) in a certain sense ‘hinders’ the extracting of such
information. As I3(s) < I,(s) the positions of the max-
ima and the minima on the experimental difference
curve correspond to the function 7,(s) and we arrive
atr, = (3.8 £0.2) nm as the distance between the
markers associated with the amino acid residue 93 of
the §-chains of haemoglobin. This value characterizes
the distance between centers of the electron density
of the markers.

It is of interest to compare this distance with those
obtained by other methods. From the X-ray crystal-
lographic determination of the structure of deoxy-
haemoglobin [9] (its structure closely corresponds to
that of met-haemoglobin) one can find that the dis-
tance between the mercury atoms (paramercury ben-
zoate) attached to residue 93 of the f-chainis 3.76 nm.
This distance in met-haemoglobin is the same [9] and
coincides with our value. The precision of the value is
restricted by the following factors (apart from experi-
mental error);

(i) The marker contains 4 mercury atoms and its
dimensions (from stereochemical considerations)
are estimated to be 0.4 X 0.4 X 0.5 nm,i.e. the
center of electron density may be shifted by
0.1—0.2 nm from the site of the marker linkage
to the cysteine residue;

(ii) Neglecting cross term f3(s) in the analysis.

3.2. Experiment with histidine decarboxylase

The histidine decarboxylase from Micrococcus
spn., an enzyme of mol. wt 100 000, was another
protein object. The purification and preparation of
solutions of native histidine decarboxylase was effected
asin [10]. The concentrations of the specimens were
determined with an SF-4 spectrophotometer, £ %’0 =16.



Volume 116, number 1

Lg_f—;‘zc

15+ \\\

1 2 Snni”

Fig.3. Small-angle Xray scattering curves for histidine decar-
boxylase with heavy-atom markers /(s) (1) and for native his-
tidine decarboxylase I, (s) (2).

The mercarbide marker solution was added to the
enzyme solution to 3 mol/mol protein. The histidine
decarboxylase molecule contains 3 rapidly titratable
cysteine residues. The mercury markers were linked
to the cysteine SH-groups.

Two experimental methods for finding the differ-
ence scattering curve were used.
(1) The curves of small-angle X-ray scattering by his-

tidina Aanqunvxﬁqcp {with mnrlzprc\ and hv native
tidine gecarvo Wil marg

enzyme (w1thout markers) {fig.3-1 ,2) were
obtained after subtraction of the intensity of scat-
tering by the solvent. Thereafter the difference
between these curves, AI(s) = I(s) — I,(s) (fig.4-1)
was plotted.

(2) Enzyme solution was prepared without markers
{native} and with markers of the same concentra-
tion (24.7 mg/ml) and in the same buffer. Then
it became possible to exclude the measurement
of scattering by buffer and thereby to reduce sub-
stantially the time of measurements. The differ-
ence curve (fig.4-2) was obtained by subtracting
the experimental curve of scattering by a solution
of histidine decarboxylase from the experimental
curve of scattering by histidine decarboxylase
solution with markers (without any account of

the background scattering by solvent).

The positions of the maxima on the curve obtained
by these two methods are very close to each other.
Thus the presence of the maxima on the difference
curves of smail-angle scattering of histidine decarbox-
ylase as well as their position associated with the scat-
tering by heavy-atom markers in histidine decarboxyl-
ase may be regarded as reliably determined. Neglecting
the influence of the term /5(s), we suppose that the
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Fig 4. Difference curves Al(s) for histidine decarhboxylase
obtained following the first method (1) and the second
method (2).

difference curve Af(s) corresponds to the curve I,(s) —
interference between heavy markers. So, we have
determined from eq. (2) the distance between the
markers as being 6 9 £ 03 nm, For such a value of the
position of the interference maxima in the calculated
scattering function I,(s) appears to be equal to 1.14,
2.06 and 2.88 nm*; all these maxima are found to be
present on the experimental difference curves Al(s)
(fig.4). The maximum at s = 2.49 nm™ still remains
to be explained.

Thus now there isa yuoubuh‘y’ to measure the
tances between heavy-atom markers in proteins in
solution by means of small-angle Xray scattering.
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