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ABSTRACT

Small Angle X-ray Scattering analysis was used for the study of the protein, Human Tomour
Necrosis Factor {TNF) homogeneously dispersed in solution. The experiment consisted in sending
a well collimated beam of synchrotron radiation of wavelength, A through the sample and
measuring the variation of the intensity as a function of-the scattering angle ¢ through the
scattering vector s = 2sin@ /A. The scattering curve recorded at very low angles was first
extrapolated to the origin, joined to data recorded at so called wide-angles and extrapolated to
infinlty to obtain a complete scattering curve for the analysis using computation subroutines that
can run iteratively. The complete scattering curve was then used to extract the size, shape and
the organisation of the macromolecules in solution. The results obtained reveals that in solution,
th’egNF is a trimer with a radius of gyration of 25.5 +0.3A and a maximum diameter of at least
84 A,

Keywords: Small Angle X-Ray Scattering; Tumour Necrosis Factor; Radius of Gyration;
Maximum Diameter.

INTRODUCTION

Tumour necrosis factor (TNF), is a protein with a large number of biological effects. It has been
shown to cause in-vivo necrosis of tumour cells and in-vitro lysis of certain transformed cell
lines. TNF activity - has been reported to include anti-viral effects, involvement in cell
differentiation and modulation of cellular immune response in-vitro (Mestan et a/., 19886, Takeda
et al., 1986). The polypeptide chain of human TNF has a molecular weight of 17356 daltons
(Marnenout et a/, 1985). In solution, the active form of the protein is suspected to be a compact
trimer (Wingfield et a/..1987).

Given this wide spectrum of effects and the growing interest in its clinical potential, it is
important to determine the three dimensional structure of the protein. Small Angle X-ray
Scattering (SAXS) analysis which is a technique for studying structural features of
macromolecules of sizes from 0.5 to 30.0 nm dispersed 'in a homogeneous medium has proved
useful for such studies (Cantor and Schimmel, 1980). In this paper, we present the theoretical
basis of the technique, the computational aspects used. in deriving the structuial parameters and
the results obtained by applying these to human TNF.

THEORY OF SMALL ANGLE X-RAY SOLUTION SCATTERING

Small Angle X-Ray Scattering (SAXS) is a particular case of coherent elastic scattering. Each
-electron is a source of secondary scattering, contributing to the final scattering pattern. In ideal
experimental . scattering conditions, it may be assumed that the sample under study is
homogeneous, isotropic and wi;c-h""small dimensions relative to the sample detector distance. The
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sample is considered perpendicular to the direction of propagation of the well-collimated
monochromatic radiation beam, which it intercepts comipletely. The radiation is assumed to be
scattered to a cone of half angle at the top of 26 such that sin20 = 20 and cos20 = 1. If in
addition, absorption is considered negligible and the scattering curve is corrected for parasitic
scattering from the solvent and collimator, the secattered intensity, I{s) may be written as
(Luzzati, 1960; Luzzati, et. al. 1976); '

I(s) = <fp(g_’)cxp(—2i7t§.[)dVL > = [{p(r)[sin(2nrs)/2nrs]} dV, (N

/
i

where p(r) is the auto-correlation function of p(r), the electronic density distribution-of the.samplc defined by:

PO = p)*p(-0) = [p(n)p(r+R) dV, )

\

and s is the scattering vector with magnitude s = 2sin@/A, and A the wavelength of the X-rays.
The distance disﬁ'i\bution function is'given by (Glatter and Kratky, 1982):

rzp(r) = 2rfs.i,(s)sin(2mrs)ds 3

where in(s) = {s)/Vp is the relative scattering intensity normalised to one electron, V the volume of the
sample and p, the average electronic density of the sample. Therefore, the scattering intensity is
determined by the spatial arrangement of the electrons in the sample and depends only on the scattering
angle 20 through the scattering vector s since r has been averaged out. .

The study of macromolecules in solution may be developed through the hypothesis of an ideal solution
of identical particles so that no correlation exists between the particles. This can be approximated by a
solution of infinite dilution. From these assumptions, the normalised scattering intensity /i({s) by a sample
containing N particles may be expressed as a function of the scattering intensity by one particle i(s) as
{(Vachette, 1979): ‘

in(s) = NII(S) (4)
The intensity /1(s) is defined by the electronic density contrast between the particle and the solvent.

For a solution of globular particles, it has been shown that the scattering intensity /in(s), near the origin ~
can be written as a series in s? such that (Luzzati, et. al. 1976): :

i)/ in0) = - @3RRIS + ... | )

where R¢? is the square of the radius of gyration Ry. Very close to the origin, (s—0), the first two terms
give the so called Guinier approximation:

in(s) = in(s)exp (-4n°R,7 s7/3) - (6)

By plotting the logarithm of the scattering intensity as a function of the square of the gc.attering vectar
s?, the radius of gyration of the particles can ‘be determined from the slope. The Guinier law can be
exploited in practice to extrapolate the scattering curve to the origin, (s = 0), a domain not accessibie

experimentally.

In addition to the foregoing discussion, a supplementary assumption can be made that the glecﬁtron
density is uniform in the volume Vi associated to the particle.‘This volume will contain the particle and-
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Figure 1: Guinier Plot of Tumour Necrosis Factor Solution Scattering Data at very Smail
Angles

some water but does not represent the sample volume V. At the resotut:on of the expenmental set- up,
this hypothesis can be applied to a globular protein molecule. In this. case, the asymptotic form of the -

scattering intensity may be written as (Murthy and Knox, 1977; ‘Glatter and Kratky, 1982):
B o

e 1ed - 4 * | IPO N
< __8;2% lim [s"/y(s) /c] = (A + Bs")/m . (7), . ,

where A and B are constants, ce is the electron concentration of the sample and m is the number of
electrons in the particle. In this expression called Porod’s law, the constant A is related to the’'surface §,
between the particle with p1 electrons and the solvent of po electrons by (Vachette, 1979):

A=S(pi - o)’ S 8
3

The constant B is a factor which takes into account the variations in the electron density at small
distances, an eventual polydispersity of the particles and the errors in /(s ) at large s. For cases where
there exists a linear variation of the intensity, B can be calculated and subtracted out from in{s)/ce for
subsequent calculations. The determination of the asymptotic form of the scattering curve using Porod’s
law can be used to test the hypothesis of uniform electron density and also to extrapolate the curve to
infinity, a region also not accessible experimentally. This extrapolation allows for the complete
determination of the scatterlng curve from the origin to infinity used for the determmatmn of the
distance distribution function r p(r) by Fourier transformation. ’

Therefore, from the X-ray scattering curve of the particles in solution, the radius of gyrations Ry, the

particle surface area S, the particle hydration volume vi may be determined. In addition, the distance
distribution function can give an estimate of the maximum diameter Dm« of the particle. It should,

however be noted that the determination of S depend essentially on the intensity at large angles and is

therefore poorly determined. On the other hand, the distance distribution function can only give a lower

fimit for the maximum diameter since the upper limit is affected by residual oscillations in the Fourier

Transform. ‘
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DATA ANALYSIS SUBROUTINES

Subroutines for the determination of the asymptotic form of the scattering curve, splicing of the two
curves recorded at different conditions of concentration and sample-detector distance to give a single
continuous curve on the same scale, the Fourier transformation of the complete scattering curve and
the calculation of the distance distribution function were written bearing in mind the need for them to be
interactive, user friendly and capable of being presented in graphical form. The different menus and
questions were designed to make them very explicit. Default values were provided for all questions 1o
allow for the continuation of the calculation in cases where better values are not known (Golding, 1982;
Boulin, et a/.,1986; Mallam, 1987).

To run the subroutines ASYMPT which traces the scattering curve s‘i(s). as a function of s* after
background subtraction, the initial limits for the Porod law extrapolation are entered from either the key

board or the cursor. ASYMPT, by a linear regression in this region, then calculates the slope B and the
extrapolation constant A, the Eegression coeffici- 2t and draws the curve and the regressed Iing of bgst
fit. When a satisfactory result is obtained, the subroutine subtracts B from the experimental intensity,
channel by channel, and stores the result in a file. This subroutine requires as input principal para.m(‘aters,
the solvent multiplication factor for background subtraction, the last channel to be used, the limits of
the regression region, channel width in A7 and the last channel qf the experimental intensity to be kept.

As. seen earlier, scattering intensity at wide angles (up to about 0.05 A" are one or two orders‘of
magnitude weaker than at low angles. Thus it is important that the wide-angle data be recorded at mg_h
concentrations and sometimes, at a reduced sample-detector distance. The extrapolation to the origin
{Guinier) and to infinity {(Porod) are therefore made on two different experimental curves both in_ terms of
intensity as well as scattering vector s. The subroutine SPLICE is vused to reduce these scattering curve
to’'the same scale. To do this, the subroutine REPACK is used to interpolate the low angle data to the
wide-angle data with the same channel width. The two curves are then spliced together 1n the overlap
region by taking either a simple average or weighted average of the experimental intensities fgr each
channel and stores the resulting complete scattering curve in a file. The principal parameters required for
running these subroutines are the channel widths of the two scattering curves to be spliced, the
cofncentration ratios, and the overlap region for the splicing and the last channel to be stored.
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Figure 2: Wide Angle Scattering Pattern for Tumour Necrosis Factor in Solution
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Figure 3: Complete Scattering Curve of 'INEF Sohution after Splicing the Wide Angle Duta o the Data
from much Smafl Angle (S-»0)

Starting from the complete scattering curve from the splicing subroutine, the subroutine MAXIDIS
calculates the distance distribution function r’plr} by carrying out its Fourier Transform and storing the
results in a file. The distance distribution function obtained will depend on the quality of the
extrapolation, the precision of the splicing between the two scattering curves and, of course, thé
precision of the experimental intensities. These calculations are carried out on the raw data without any
smoothing. Beyond the values of an upper limit Dswy of r corresponding to the molecule size on the
distance distribution function, there exist therefore parasitic oscillations which will affect also the former
and therefore introduce an error in the determination of the maximum diameter Dmax of the molecule.

The complete scattering curve ins) is a function defined on [0, »] and width As. its Fourier Transform is.
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‘ therefore a periodic function with frequency 1/As and symmetric about 1/(2*As). Beyond a reasonable
upper limit for the estimation of the maximum diameter, the only contribution to the values of r?p(r} are
due to the above mentioned errors. To correct for these parasitic oscillations, the inverse Fourier
transform of the distance distribution function between Dsuw and 1/{2*As) can be carried out using the
subroutine INVERSEFT. The resulting intensity of the channels with high intensity can then be
subtracted from the corresponding intensity in(s) of these channels in the complete scattering curve and
the corrected curve used as input to calculate the distance distribution and thus the maximum diameter,
Dmax. TWO or three of this iterative process is sufficient to eliminate the residual oscillations due to either
imperfect splicing (which is often the case) or some abnormal intensity such as parasitic radiation
passing through the discriminator barrier during the experiment.

The key parameters require for running both MAXIDIS and INVERSEFT include, the maximum channel of
the recorded intensity in the complete curve, the value of the intensity at the origin in(0), the value of
the extrapolation constant A in the Porod region, the channel width of the complete scattering curve As,
real space sampling length Ar, an upper limit of r for the calculation of p(r), the first channel for use in
the calculation of the inverse transform and the region of the scattering curve to be calculated by
INVERSEFT.

APPLICATION TO HUMAN TUMOUR NECROSIS FACTOR

Small Angle X-ray Scattering data were recorded for the recombinant tumour necrosis factor, produced
in £. coli using phage lambda promotor, at the D24 experimental line at Loboratoire d'Utilisation du
Rayonnement lonisantes (LURE) in Orsay, France. For the low angle data, varying protein concentrations
of between 2 and 17 mg/ml were used at a sample to detector distance of 795 mm. This corresponds
to As1 = 1.66x10* A'/channel. The wide angle data was recorded at a concentration of 83 mg/ml and
a sample - detector distance of 496 mm corresponding to Asz = 2.67x10™* A’ /channel.

The low angle data was used to derive the radius of gyration Ry of the molecule using the Guinier
" approximation as shown in Figure 1. Plotting the radius of gyration so obtained as a function of solution
concentration and extrapolating to zero (ideal solution assumption) gives the value of Ry as 25.5+0.3A.
From the intensity at the origin, s = O A", a molecular weight of between 50 and 53 kDa were obtained
for the protein. This shows the protein to be present in solution as a trimer in agreement with
sedimentation equilibrium determinations (Wingfield et.al., 1987).
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Figure 5t Inverse Fourier Transtorm of the Distance Distribution Function for 1 between
150A and 1/2AS;)
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i the Complete Scattering Curve of Figure 3

The ' wide-angle scattering data is presented in Figure 2. The secondary maximum near
v s.=.003A"in Figure 1 may be associated with the oligomeric structure of the moleculs. The
subroutmes ASYPT and SPLICE (with an option to REPACK) were used to extrapolate the scattering
curve in Figure 2 to infinity before splicing it to the data collected at much smaller angles (s—0) on the
sama scale. The complete curve is shown in Figure 3. Using MAXIDIS, the distance distribution function
was :calculated from the complete scattering curve and is shown in Figure 4. Residual oscillations
beyond the particle size are clearly visible on this Figure with a pseudo-period of about 60A. The
amplltude of the first minimum represents iess than 3% of the maximum of the function. An inverse
Foun'er Transform of the distance distribution function between 150A and 1/(2*Asz) is shown in Figure
5. As would be expected, this figure shows some channcls with particularly high intensities at s values
corresponding to multiples of (1/60) A”. This is the reiion where the two curves were spliced and
matched into a single curve. The values of the intensitics of the inverse transform at these channels
{marked * in Fig. 5) were subtracted from the corresponding channels in the complete scattering curve
and the Fourier Transform repeated. The resulting curve, marked 2 on the enlarged insert in Figure 4,
shows a reduction of less than 15% of the first minimum of the residual oscillation. The reduction is
however, more significant beyond the first minimum. The distance distribution function intersects the
abscrssa at about 84A. Taking into account the error in the estimation of the radius of gyration, this
value is taken as the fower limit of maximum diameter, which may probably be comprised between 84
and 100A. This lower limit will support an elongated model, such as the trimer of prolate ellipsoids, for
i the shape of the protein in solution.

g e

(CONCLUSION
;‘From an X-ray scattering curve of the particles in solution, the radius of gyration Rg, the molecular mass

‘and the hydration volume Vi may be determined among other particle parameters. In addition, the
. distance distribution function can give an estimate of the maximum diameter Dmax of the particle]
1 Computation subroutines developed in this paper allow the calculations to be carried out interactively.
. The application these technigues to the analysis of small angle scattering date of human tumour
' necrosis factor reveals that the protein is probably a trimer of molecular mass ot between 50 and 53



148 S. P. MALLAM and T. C. AKPA

KD{J and a R_u of about 25.5 +0.3A. The maximum diameter Dmsx of human TNF, taken into account the
reudgal oscma‘nons in the Fourier Transfogm and the error inherent in the determination of the radius of
gyration Ry, is estimated to be at least 84A.
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