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Abstract

This paper describes the development of a simple
laboratory-based small-angle X-ray scattering apparatus
for the study of biological macromolecules in solution.
The instrument is based on a two-circular-aperture
collimation design combined with a conventional
rotating-anode Cu Ko X-ray source, a graphite mono-
chromator and a multiwire arca detector. The geometry
of the collimator, the bcam-stop-to-detector distance
and the thickness of the platinum foil of the defining
aperture have been optimized to reduce background
scattering. The effective Q range is from 0.01 to
0.33 A™', where Q = (4rrsin@)/A is the magnitude of
the scattering vector, 26 is the scattering angle and A is
the wavelength of the X-rays. The length of the
collimator, the pinhole sizes and the helium-flushed
sample-to-detector path can be easily changed
depending on the resolution and intensity requirements
of an experiment. The diffraction pattern of a poly-
crystalline pellet of ammonium sulfate mounted about
2.5 cmin front of the beam stop and 40 cm in front of the
dctector is used to monitor changes in the incident-beam
intensity as well as the differences in absorption of X-
rays by the sample solutions and the solvents, to cnsure
correct background subtractions. Data collection is
controlled by a computer through a parallel DMA
(direct memory access) I/O module. Data collection and
reduction software has been developed. The typical data
collection time is about 2h for a Smgml~' 10kDa
protein dissolved in an aqueous solution. Examples of
applications of this small-angle X-ray scattering instru-
ment to studying protein size and conformation changes
are presented.

1. Introduction

Small-angle X-ray scattering (SAXS) is a useful tech-
nique for obtaining structural information from macro-
molecules. The length-scale range readily probed by
SAXS makes it especially suitable for measuring the
size, shape and molecular weight of proteins and nucleic
acids with radii of gyration (Rg) of 10-50 A and
maximum dimensions (D p,.x) of 20-300 A. Examplcs of
applications include studying conformational changcs,
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protein folding/unfolding, ligand-induced oligomeriza-
tion and cnzymc-substrate interactions (Guinier &
Fournet, 1955; Pessen et al., 1973; Glatter & Kratky,
1982; Moore, 1982; Flanagan et al., 1993; Kataoka et al.,
1993; Lattman, 1994; Tuzikov et al., 1996; Lemmon et al.,
1997). SAXS can also be used for diffraction studies of
the dimensions and phase transitions of biological
membranes and lipid bilayers (Lewis & Engelman, 1983;
Tournois et al., 1987; Batenburg et al., 1988; Hare et al.,
1995).

The scattered intensity from a solution of biological
macromolecules is usually weak becausc the clectron-
density contrast between a macromolecule, e.g. a
protein, and its aqueous buffer is low. Further, the
experiment is conducted in a dilute solution to reduce
the cffect of intermolecular interactions. The weak
scattering rcquires that the X-ray flux of an SAXS
apparatus be maximized and the background scattering
be minimized. The minimum accessible angle must be
small enough to permit measurement of macro-
molecules with D, of 10-300 A. Maximizing flux
consistent with a resolution requirement is cspecially
important when a conventional rotating-anode X-ray
source is employed, or measurement times will be
unacceptably long. At the same time, the apparatus
should be flexible enough to allow easy optical geometry
changes to adjust to different resolution requirements.

A beam monitor is required to monitor beam-inten-
sity changes and the differences in absorption/trans-
mission of X-rays by the sample to ensure correct
background subtractions. When measuring the mole-
cular-weight changes of biological molecules, such as the
oligomerization of proteins to form a complex, a beam
monitor is usually necessary to normalize the scattering
data collected from a series of samples for precise
molecular-weight determinations. A well collimated
circular beam is also desirable for eliminating the need
for desmecaring procedures when reducing the SAXS
data.

Although data acquisition rates are much slower than
at a synchrotron source, a laboratory-based SAXS
apparatus employing a conventional rotating-anode
source is suitable for many of the above purposes. It has
the advantages of local availability, source stability and
low cost. When an area detcector is used, a SAXS
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experiment with a conventional source can cover a large
solid angle at a given Q to accumulate more X-ray
photon counts to increase the signal-to-noise ratio and
to reduce data collection time when compared to a
linear detector.

In this paper, we describe the development of SAXS
apparatus for studying biological macromolecules in
solution. This SAXS apparatus uses a rotating-anode X-
ray generator and a multiwire area detector. The beam is
collimated by two circular apertures to eliminate the
need for desmearing of the scattering data during the
data reduction process and to exploit the area-detector
capabilities. The thickness of the platinum foil of the
defining aperture and the diameter of the collimator
tube have been designed to reduce parasitic scattering in
the small-angle region. The effective Q range that can be
measured is from 0.01 to 0.33 A™! in a single experi-
ment. The data collection time is about 2 h for a 10 kDa
protein dissolved in an aqueous buffer solution at
5mg ml~! for a measurement of the radius of gyration
and the forward scattering. A polycrystalline ammonium
sulfate crystal pellet was placed about 2.5 cm in front of
the beam stop and about 40 cm in front of the detector
so that powder rings diffracted from the pellet are not
blocked by the beam stop and fall at the edges of the
area detector to provide an internal monitor of the
integral transmitted beam intensity. The geometry
prevents scattering by the beam monitor from striking
the detector in the small-angle region. The SAXS
apparatus has been successfully applied to studying the
conformation and oligomeric state changes of several
biological systems (Rodgers et al, 1996; Smith et al.,
1996; Lemnmon et al., 1997). One difficult example, a
study of a small protein unfolding in guanidine hydro-
chloride solution resulting in low contrast, is described
here.

More elaborate two-pinhole-collimated vacuum-
based SAXS apparatus using conventional X-ray
sources have been constructed at Oak Ridge National
Laboratory (ORNL) (Hendricks, 1978; Wignall et al.,
1990) and several other places (Yoda, 1984; Hayashi et
al., 1988). We show that by optimizing the X-ray flux and
resolution, reducing the background scattering and
installing a beam monitor, a relatively simple labora-
tory-based SAXS apparatus can be effectively used for
studying weakly scattering proteins in solution.

2. Apparatus design considerations

2.1. Optimizing the X-ray flux consistent with a required
resolution

The starting point of the geometric design was to
maximize the flux through the collimator for a given
desired resolution. Figs. 1(a) and 1(b) are schematic
illustrations of the SAXS station as we have built it. For
two apertures with diameters of d; and d, separated by
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L,, at a distance L, + L, between the defining aperture
d, and the detector (sec §2.2 for explanations on the gap
L; between the beam stop and the detector), the scat-
tered intensity /(Q) registered in an annulus of pixels
(AQ) in the detector plane centered at a certain Q has
three terms,

1(Q) = B,[(7°d})/16)(d5/ L) AQ exp(—p,1)io,(Q)
+ B, I1(Q) exp(—pu,t) + Dark,

= B,GT,t0,(Q) + B,T,I1,(Q) + Dark, (1a)

1,(Q) = B,[(7*d})/16)(d5/ L}) AR exp(—ppt)to,(Q)
+ B, I1,(Q) exp(—u,t) + Dark,

= B,GT,t0,(Q) + B,T,I1,(Q) + Dark, (16)
Beam stop Beam monitor
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Fig. 1. (a) Diagram of the X-ray optic path. (b) Schematic diagram of
the small-angle X-ray scattering apparatus. 1, rotating anode; 2,
monochromator (the output port of the monochromator is the input
aperture of the collimator); 3, collimator; 4, x translator for the
collimator; 5, y translator for the collimator; 6, sample holder; 7,
microscope for aligning the samples; 8, support for the helium cone;
9, helium cone; 10, z translator for the helium cone; 11, xy
translators for the frame supporting the beam monitor and the beam
stop, for aligning the beam monitor and beam stop; 12, beam
monitor; 13, frame supporting the beam monitor and the beam stop;
14, beam stop; 15, helium box; 16, SDMS area detector; 17, y
translator for the detector; 18, x translator for the detector.
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where the subscripts s and b stand for the samplc solu-
tion and the buffer, respectively. The first term in
cquation (1a) is related to the sample scattering and is a
product of the brilliance B, of the X-ray source as
modified by the monochromator, the geometric factor of
the instrument G = [(nd?)/16)(d5/L}) A2 where AQ is
the solid angle of the annulus of width AQ at a certain O
in the detector plane, the sample transmission of X-rays
T, = exp(—u,t) (i, is the linear absorption coefficient
of the sample), and the scattering cross section of the
sample o,(Q) per unit volume. The second term,
B.I1(Q)T,, and the third term, Dark,, are the parasitic
scattering and the dark count, respectively.

The resolution can be expressed as the largest size of
a macromolecule R that can be measured by SAXS
apparatus, which relates to the magnitude of the lowest
scattering vector Qui, by (Glatter & Kratky, 1982;
Moore, 1980)

R =7/Qin = (ALy)/ 2131, = ML, + L3))/ 2r4min (2)

where ry i = 1y, + 13, 13, and 7y, being the radius of
the beam stop and the radius of the image of the central
beam projected on the beam-stop plane, respectively;
Famin = Taps + Tapgs Where 1y, and ry,, are the radius of the
beam stop projected on the dctector plane and the
radius of the image of the central bcam projected on the
detector plane, respectively. Under the ideal conditions
when the beamstop radius is cxactly the radius of the
direct beam ry,; = 3, and ry,e = ryy,,

Fimin = 2F3ps = 2r3hg = Ly(dy + d))/ Ly + d, (3a)

= (Lz + L})(dl + dz)/Ll + d2~
(3b)

Famin = 2rdbx = 2r4bg

The actual resolution achieved, determined by 74min,
depends on the bcam geometry, the parasitic scattcring
and in turn on the practical beam-stop size, as well as on
the finite, asymmetric dimensions of the pixels. Thus, the
parameter rym;, can be cxpressed as the sum of thc
radius of the beam stop (ry,) projected onto the
detector plane ry,, = (L, + L3)rs,/L,, the radius of the
image of the direct beam projected onto the detector
plane Tapg = 0.5[(Ly + Ly)(d, + dy)/L, +d l, and the
semi-diagonal length of a pixel 0.5(p? + Py 2!

“4)

where p,, p, are the pixel dimensions in the x and y
directions, respectively. When Ly = 1.0m, L, +L; =
2.33m, d; = 0.6 mm and d, = 1.2 mm, the calculated
apparent becam diameter when Pm]ected onto the
detector plane is 27y, +@i+p 12 = 73 mm larger
than the apparent beam diameter measured from Fig. 2.
When a beam stop of a diameter of 6 mm is installed, the
calculated r,n,;, according to equatlon (4) is 6.8 mm
corresponding to Q. = 0.012 A~'. In a real solution

Famin = Taps T Tapg T 0.5(p? +Py)1/2
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SAXS experiment, an cffective Quin of 0.01 A~
usually be achieved, better than the calculated value.

In order to increase the flux at the sample with a given
required resolution, we have adopted an asymmetric
geometric configuration, that is, the ratio of the diame-
ters of the two circular apertures a = d,/d, and the ratio
of the sample-to-beam-stop distance to the collimator
length b = L,/L, arc both larger than unity. From
equations (1), (2) and (3a), the flux at the sample can be
expressed in terms of resolution R as defined in equation
(2), and the parameters @ and b:

F = B[(=°d})/16)(d3/L,)
= const(1/R)[1 + (1/a) + (1/b)] . (3)

The term [1 + (1/a) 4+ (1/b)]* is the efficiency E of
obtaining flux with a given resolution R in a real system.
In an idcal system with infinite a and b, E = 1. Equation
(5) shows that the flux is fundamentally proportional to
R7? and that the larger a and b, the nearer the approach
to the limit. In the implementation presented here,a=2
and b = 1.93. Enlarging a enlarges the requircd L, and
enlarging b increcases L,. In practice L, + L, + L, is
limited by the space available, and the benefit of
increasing a and b diminishes when they are large
compared to 1. When a and b are each 1 as recom-
mended by some authors (chdrlcks 1978), the effi-
ciency term E = [1+(1/a)+ (1/b)]”° = 1/9. In our
designa = b >~ 2, E=1/4. Doubling a and b again would
yield E = 4/9. To aid in an intuitive understanding of the
above statement, consider the ‘cross fire’ angle of the
collimator ¢ between extreme crossing rays (see Fig. 1a)
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Fig. 2. The two-dimensional intensity profile of the attenuated direct
beam using a linear contour spacing. The pixel coordinates are
presented in mm. This circular-aperture-collimated beam is
essentially symmetric and circular. The beam intensity was measured
atL;=1.0m, L, + L,=233m,d,; =06 mm,d, =12 mm. The X-ray
generator was opcrated at 5S0kV, 20mA and the beam was
attenuated by a total nickel foil thickness of 0.127 mm.
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and the resolution-determining angle 8 = 2ry,,/L,. It is
apparent that @ < . As b — o0, 8 — «. If the second
aperture (d,) is moved outward along the cross-fire
extreme rays, « will remain constant and the flux will
increase since d, increases more rapidly than L.
Conversely, shortening the collimator will reduce d,
more rapidly than L, and the flux will be lost.

The brilliance B per source power and per entrance
aperture area of the direct beam was determined by
measuring the X-ray intensities passing through
different numbers of layers of nickel foil and extra-
polating the linear region of the semi-log plot to zero
thickness (see Fig. 3). Principally, the intensity of the
integrated direct beam does not depend on the sample-
to-detector distance, but a 25 cm air gap as shown in Fig.
1(a) and 1(b) in the sample-to-detector path is respon-
sible for some loss in the total flux (a 25 cm air gap
reduces the total flux by about 23%). The detector
efficiency has been estimated to be 50% (Hamlin, 1985).
After correction for the detector efficiency and air
absorption, the brilliance B per source power and
per entrance aperture area was 9.8 X
10" counts s™! mm~2 kW~!, which was slightly lower
than the 1.1 x 10" counts s™' mm™ kW~' value of the
SAXS system at ORNL (Wignall er al., 1990).

The sample-scattered intensity may be maximized by
an appropriate selection of the sample thickness ¢ In
equation (1) the scattered intensity from the sample is
proportional to texp(—u,t). This texp(—pu,t) term
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reaches a maximum value at a sample thickness
thax = 1/u, (see Fig. 4). For a protein buffered in an
aqueous solution (u;, ~1.0mm~"' for Cu Ka), tmax =
1.0 mm; when measuring the chemical denaturation of a
protein in a 2 M guanidine hydrochloride solution (u, >~
1.7 mm™! for Cu Ka), tpax is about 0.6 mm.

The choice of the sample thickness ¢ is also affected by
considerations of the ratio of sample scattering to
parasitic scattering and the counting statistics at a fixed
data-collection time. According to equation (1), the
parasitic scattering term is proportional to exp(—git)
and the ratio of the sample scattering to the parasitic
scattering is proportional to the sample cell thickness ¢
provided that the solvent scattering is relatively small. A
thicker sample size absorbs more of the parasitic scat-
tering and increases the sample scattering to parasitic
scattering ratio. However, if the sample cell is too thick,
texp(—up ) may become very small and the data
collection time becomes unacceptably long to achieve a
desired counting error. Fig. 4 shows that in an aqueous
buffer solution, the calculated r exp(—p,t) is reduced by
about 27% from its maximum value when ¢ is changed
from 1 to 2 mm while the calculated parasitic scattering
is decreased by about 65% and the ratio of sample
scattering to parasitic scattering is increased twofold.
Fig. 5(a) gives the actual scattering data I(Q) of a bovine
serum albumin (BSA) protein solution in 1 and 2 mm
thick cells. The scattering intensity was reduced by about
25-30% in the small-angle region when ¢ = 2 mm, but the
effect on counting statistics was negligible when ¢ =
2 mm (see Fig. 5b).

Thickness of Ni foil (cm)

Fig. 3. The natural logarithmic intensity of the integrated direct beam
as a function of nickel foil thickness at four source powers (:: 50 kV,
20 mA; 2 S0kV,60 mA; 0 50kV, 120 mA; m 50 kV, 180 mA). At the
operating source power of S0 kV, 180 mA, the intensity of the
integrated beam is 1.1 x 107 counts s~' obtained by extrapolating
the linear region to zero nickel foil thickness. 15 pixels were used to
determine the intensity of the direct beam at each foil thickness.
These intensities were measured when d, = 0.6 mm, d> = 1.2 mm,
L, =1.0m, L, + L; = 2.33 m. The rotating anode had not been
polished for 2000 h when these intensity data were collected (a
freshly polished anode will give increased intensity). The intensities
are presented without correcting for detector efficiency.
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Fig. 4. The effect of sample thickness on the scattered intensity. In
aqueous solution, the rexp(—ut) term in equation (1) reaches a
maximum at a sample thickness of r,,,,, = 1.0 mm. In a 2M guanidine
hydrochloride solution, . is about 0.6 mm. Note the sample
thickness is 2 mm, thicker than f.,,, to reduce the parasitic
scattering and to improve the sample scattering to parasitic
scattering ratio twofold. The parasitic scattering curve is on an
arbitrary scale. The actual instrumental background is usually larger
than the net sample scattering.
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Fig. 5. (a) The subtracted scattering data /(Q) of Smgml~' BSA in
150 mM NaCl, 10 mM tricine buffer solution in sample cells of
thickness of (o) 1 and (+) 2 mm. The sample cells have parallel
windows made of 0.1 mm polystyrene film. In both cases the data-
collection times are 2 h for the protein solution and the buffer.
respectively. The data are circularly averaged with the annulus of
width 1 mm centered at the integral beam center. The first point
shown here is at 1 mm radius. (b) The effect of changing sample
thickness on counting errors of the scattering from the 5 mg ml~!
BSA solution. The counting errors are not affected significantly
when the sample cell thickness is changed from () 1 and (+) 2 mm.
The first point is at 5 mm radius since the &/ ratio of those points
below 5 mm radius is negative and meaningless. (¢) The protein
scattering to background scattering ratio presented as [/(Q)qmpi. —
HQ)ouiier)/H(QDpuier @ @ function of Q of the Smgml~' BSA
solution in sample cells of thickness (¢) 1 and (+) 2 mm. The first
point shown here is at 1 mm radius.
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When the buffer background scattering is high
compared to the instrument parasitic scattering, the
effcct of increasing the sample thickness on improving
the macromolecule scattering to the total background
scattering ratio may be discounted. However, in the
scattering results shown in Fig. 5 the buffer scattering
contributed less than 10 and 20% of the total back-
ground scattering when ¢ = 1 and 2 mm, respectively. Fig.
5(c) shows that the actual protein scattering to total
background scattering ratio is increased about twofold
in the small-angle region when ¢ is changed from 1 to
2 mm.

The signal-to-noise ratio I/, i.e. thc subtracted scat-
tering intensity to the counting statistics, can be calcu-
lated from equation (1) as

_ B,GT,f[0,(0) — 0,(Q)]

"~ 22[B,GT,10,(Q) + B, T, 1,(Q)]'

rexp(—pu,t/2)o,(Q) — 0,(Q)]
[Gta,(Q) + T, (Q)]'?

where & = (8{2, + &) ~ (26,)' = {2[B,GTt0,(Q) +
B,T,T1,(Q)]}'? [see equations (8) and (9) for buffer
subtraction]. According to equation (6), the sample
thickness ¢ at which I/e reaches a maximum depends on
the relative magnitude of the parasitic scattering tcrm to
the net sample scattering term. Fig. 4 also shows that the
calculated I/e reaches a maximum valuc at t >~ 1.9 mm
when the parasitic scattering term is assumed to be
tenfold stronger than the net sample scattering term,
which is usually the case for the SAXS system rcported
herc. Thus, changing ¢ from 1 to 2 mm rcduces the
parasitic scattering and improves the macromolecule
scattering to background scattering ratio which in turn
reduces any systematic error resulting from scaling
errors during buffer subtraction. When measuring a
protein dissolved in a routine buffer, e.g. a buffer of 0-
250 mM NaCl, we recommend a 2 mm thick sample cell.

I/¢

= Const

(6)

2.2. Reducing background scattering

A well collimated bcam with minimum parasitic
scattering will improve the resolution. At the edge of the
beam stop, it is typically desirable to have non-sample
scattering I, less than 10~ times the central beam 1,,.
The foil used to form the beam-defining aperture should
be thick enough to block the unwanted X-rays, but
should not be too thick since a thicker aperture may
cause more parasitic scattering by reflecting X-rays from
the edge of the defining aperture (see Fig. 6). If the
aperture is a perfect cylinder, the reflected X-rays would
be blocked by the beam stop. When the aperture is not a
perfect cylinder, the reflected X-rays may contribute to
the parasitic scattering. The beam-defining aperture d;
with a thickness 7 will potentially reflect X-rays in the
forward direction with a foreshortened reflective area of
A = nd,7(d,/2L,). The ratio of the intensity of the

reflective
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total reflected X-rays to that of the direct beam exiting
the collimator is I, qecive /L, = mdyt(dy/2L,)/(d5/4) =
(2t/L,), independent of the aperture diameter.

We have selected platinum foil to form the beam-
defining aperture. Since platinum foil has a larger linear
absorption coefficient of Cu Ko (ip, = 429 mm™") than
lead foil (upy, = 263 mm~!), a thinner platinum foil is
sufficient to block the unwanted X-rays relative to the
lead foil. Platinum foil of 50 pm thickness used in our
SAXS station attenuates the direct beam 4.8 x 107"
fold. The I qecive tO I, ratio of any diameter aperture
made of such platinum foil is 107* in a 1 m collimator.
Fig. 7 shows the measured background scattering
intensity in counts s~! pixel™! in the 0 < Q < 0.1 A™!
region. The ratio of the background scattering intensity
in countss™! pixel™' to the intensity of the integrated
directed beam in the 0 < Q < 0.1 A~! region was less
than 1.2 x 107°,

The scattering of X-rays by air has two effects. Air
scattering and absorption reduce X-ray intensity by
about 1% per centimeter. Also, air scattering between
the sample and the beam stop would dominate the
background noise. We have selected to flush the entire
monochromator housing, the collimator and the sample-
to-beam-stop paths with helium to reduce air scattering
and absorption. The 40 cm gap between the beam stop
and the detector markedly reduces the background
scattering from helium in the sample-to-beam-stop path
reaching the detector compared to placing the detector
immediately following the beam stop. This is because
each element of helium contributes to the background
scattering proportionally to the inverse square of the
distance to the detector. The integral background scat-
tering from the whole path up to the beam stop is
approximately proportional to the inverse of the beam-
stop-to-detector distance 1/L;. This design feature is not
new (see, for example, Guinier & Fournet, 1955, pp. 124~
125; Kratky et al, 1951).

2.3. Beam monitor

The Bragg reflection peaks of a polycrystalline
ammonium sulfate pellet are used to monitor the beam
intensity and sample absorption in our SAXS station.
Crystalline ammonium sulfate has orthorhombic cell
dimensions of a x b x ¢ =5.98 x 10.62 x 7.78 A. When
co-precipitated with corn starch by adding an aqueous
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Iy (counts pixel-ls 1)

. .'1‘00'01%1.4-.1..-‘-.-
0.02 0.03 0.04 0.05
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T
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Fig. 7. The intensity of background scattering in counts s~! pixel™! asa
function of Q. The intensity of the integrated direct beam is /, = 1.1
x 107 counts s™". The solid angle of a pixel as seen from the sample
is 4.1 x 1077 steradians. The first point shown is at 1 mm radius.

solution to ethanol, a fine crystalline powder of ammo-
nium sulfate is obtained, which can be compressed into a
circular pellet. The diameter of the pellet is a little
smaller than that of the beam stop. This pellet diffracts
three powder rings on thec area detector when placed
2.5 cm in front of the beam and 42.5 cm in front of the
detector (see Fig. 8).

3. Description of the apparatus
3.1. The SAXS station

The X-ray source is a Rigaku-RU 300 rotating-anode
generator with a copper target producing 1.54 A char-
acteristic X-rays. The dimensions of the electron beam
at the target are 10 x 0.5 mm and the take-off angle y is
12°. When the generator operates at 9kW (50V x
180 mA), the average lifetime of the filament is about
2000 h. The generator could be run at 12 kW with
reasonable performance but we have conservatively
stopped at 9 kW.

The total length of the SAXS station is 3.33 m. The
graphite monochromator can be rotated around a
vertical axis to obtain Bragg reflection, tilted to adjust
for the source elevation and translated to adjust for the
horizontal displacement. The monochromator is
enclosed in a helium-flushed housing. The output port of

Reflective area Apefieciive = Tda1d,/2L,

=
Aperture "
e
ol _dz..; [
L

o

. T
7 OpenareaA,=nd, /4 L

”

Fig. 6. The thickness of the aperture affects the amount of the reflected X-rays. A defining aperture d, with a thickness 7 reflects X-rays in the
forward direction from the surface edge of the aperture. The reflected X-rays from an imperfect cylinder contribute to the parasitic scattering.
The ratio of the scattered X-rays to the direct beam is equal to the ratio of the foreshortened reflecting area to the area of the open aperture.
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thc monochromator is the input aperture of the colli-
mator d,, producing a partially pre-collimated beam.
When the filament is replaced, the source displacement
is small enough so that the beam intensity is reduced by
10-30% but not lost. Adjustments of thc mono-
chromator suffice to restore quickly maximum flux and
adjustment can be completed in a few minutes.

The detector is a two-dimensional San Diego Multi-
wire Systems (SDMS) dctector (Hamlin, 1985) with 256
x 144 pixels and a sensitive area of 290 x 288 mm. Each
impinging X-ray photon is assigned to a single pixel of
dimensions Ay x Az = 1.125 x 2 mm. Important char-
acteristics of the SDMS detector are its stability,
uniformity and high quantum yield. The total dark count
is about 60 counts s™! or less. On our SAXS station the
photon-counting rate is usually between 1000 and
3000 counts s~', much lower than thec maximum
counting rate of the detector. The detector can be
translated in the xy plane as shown in Fig. 1(b).

The collimator is a helium-flushed brass tube. Its
design is shown in Fig. 9. The diamecter of the first

Y axis pixel number

4 Y

¥
150

T
100
X axis pixel number

Fig. 8. The two-dimensional diffraction pattern of the polycrystalline
ammonium sulfate pellet used as an online beam monitor. The
sample is a 150 mM NaCl, 10 mM ftricine, pH 7.9 buffer in a 2 mm
thick cell with parallel polystyrene film windows. The two weak
rings at intermediate angles are diffraction by the beam monitor of
A/2 contamination of the main beam originating in the white
radiation from the source. Wavelengths of A/2, A/3, etc. are diffracted
by the monochromator at the same angle as A in the second and
third order, etc. These radiations are inherently weak but are
enhanced relative to Cu Ka by differential transmission through the
beam-monitor pellet. Their intensity in the sample scattering is
negligible and their presence in the beam-monitor diffraction
pattern is of no serious conscquence since they are properly
subtracted out along with the Cu Ko peaks.
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aperture is d, = 0.6 mm. Because all the collimator parts
are fastened together by ‘O’ rings, depending on the
rcquirement of an cxperiment, the collimator can be
readily assembled and disassembled to change the
length of the collimator L, and the aperturc sizes d; and
d-. The size of the second aperturc d, can be varied by
exchanging a pre-machined aperturc glued on an
exchangeable button as shown in Fig. 9. The collimator
is supported near the sample holder by two xy plane-
positioning micrometers facilitating precise adjustment.

The diameter of the collimator tube is chosen to be
32 mm in this case so that the pre-collimated becam from
the monochromator does not strike the wall of the tube;
if marginal X-rays do strike the wall, the angle of inci-
dence will be many times the critical angle for total
reflection. This effectively reduces parasitic scattering.
Possible fluorescence is additionally reduced by
selecting a brass tube since Cu Ko docs not excite Cu.

The aperture d, is formed by clamping a piece of
50 um thick platinum foil (purchased from Aldrich, cat.
No. 34, 935-6) between two brass plates and then drilling
through with a sharp drill. This produces a clean hole
with low parasitic scattering. Platinum was chosen
because the high density and high absorption cocfficient
for Cu Ko allow the use of a thin foil. The scatter-
ing from the entrance aperture is not critical, so a hole
drilled in a simple, thick brass button is adequate.
Fluorescence from the brass is of no concern.

A cone of rectangular cross section made with 5 mm
thick polyvinyl chloride shect (to absorb stray X-rays)
and having a 0.1 mm thick polystyrene film entrance
window and a mylar film exit window provides a helium
path between the sample and the beam stop. The cone is
mounted on a z translator which also carries an xy
translator for the beam stop and beam monitor
assembly. The cone is skewed so that the detector can be
centered on the beam or translated to the wider side to
collect a larger angular range of the scattered intensity
without changing the apparatus configuration. The
sample-to-detector distance can be varied from 0.5 to
23 m by changing the helium cone to one with a
different length. The total reconfiguration time is about
30 min by one experienced operator when the optical
configuration is changed completely.

The sample holder is mounted on an xy two-dimen-
sional translator. A 2.0 mm quartz capillary tube is

Helium pipe Helium pipe
Aperture d,

7 Helium pipe

O rin 0 nng

Iy

Fig. 9. Diagram of the collimator design.

Aperture
support button
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inserted and glued in the sample holder. A glass capil-
lary tube may scatter X-rays less than a quartz capillary
but is much more fragile. The observed scattering from
either the quartz or the glass capillary tube is much
smaller than our total instrument background. The
temperature of the sample holder is controlled with a
circulating water bath. This sample holder requires
about 10-50 pl sample solutions. When a measurement
is finished, the sample solution can be pipetted out and
the same quartz capillary tube reused without changing
its position. All the sample solutions and the solvents in
a series of samples are measurable without changing
such instrument factors as the position and the path
length of the sample. Keeping these instrument factors
unchanged throughout the series is important with
respect to ensuring a correct background subtraction
and correct interpretation of the scattering data. Cells of
path lengths 2, 1.5 and 1 mm with parallel windows made
of 0.1 mm polystyrene film are useful for samples of
increasing absorbency.

The direct beam is blocked by a brass beam stop,
6 mm in diameter. The beam monitor was made as
follows. A 50 ml 28.8% (w/v) aqueous solution of
ammonium sulfate and 0.02% corn starch was boiled
and diluted with water to 75 ml. A 25 ml aliquot of that
solution was added to 200 ml of 100% ethanol to co-
precipitate the ammonium sulfate and the corn starch.
The white precipitate was collected via vacuum filtration
and allowed to dry in air. The ammonium-sulfate—corn-
starch co-precipitate was added to a 5 mm diameter
brass mold and hand pressed with a small arbor press
into a polycrystalline pellet. The thickness of the pellet
was 1 mm and the density of the beam-monitor pellet
was 1.6 gcm~>. Since the beam monitor was cal-
culated to attenuate the central beam 104-fold, the
scattering from air between the monitor and the beam
stop is insignificant and this beam-monitor/beam-
stop assembly docs not need to be in the helium
chamber.

The polycrystalline ammonium sulfate pellet is
installed about 2.5cm in front of the beam stop to
intercept the X-ray beam and diffract three rings on the
area detector. The detector is placed about 40cm
beyond the beam stop so that the (110) reflection from
the polycrystalline pellet falls near the edges of the area
detector, and the (111) and (002) reflections fall in the
corners. The intensity of the powder diffraction pattern
from this pellet is used as an internal monitor of the
changes in beam intensity and absorption/transmission
in X-rays by the sample. The location of the beam-
monitor-diffracted peaks is 0.21 < Q < 0.32 A, which
does not interfere with the Q range of interest. Both the
beam stop and the beam monitor are mounted on
polystyrene films glued to a frame. The frame can be
translated in the xy plane to adjust the position of the
beam stop and the beam monitor when aligning the
instrument.
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3.2. Detector-computer interface, data acquisition

The SDMS detector clectronics produce a 16 bit data
output (8 bits each for y and z coordinate), along with
handshaking control signals. The detector electronics
can be interfaced to a Digital Equipment Corporation
VAXstation 3200 computer with a DRQ3B parallel
DMA (direct memory access) I/O module (Digital
Equipment Corporation, 1989). The DRQ3B accepts
the TTL (transistor-transistor logic) data and controls
signals from the Arca-Detector System Corporation
(ADSC) electronics, buffers the data internally, and
transfers full buffers to the computer using DMA.

A program running on the VAXstation plots the data
as a histogram in the computer memory, i.e. a counter is
maintained for each of the 144 x 256 pixels in the
detector, and is incremented each time a photon is
reported at that pixel coordinate. The program saves the
plotted data to a disk file at regular intervals. Other
programs start and stop data collection, display data
(locally or on a remote X-Windows server), control the
X-ray shutter and the constant-temperature bath. Data
can then be processed locally, or transferred to another
computer for further processing.

Some data are lost if two photons impinge anywhere
on the detector with insufficient delay. Hamlin (1985)
gives the fraction f(r) lost in this manner as

f(r) =1 —exp[-RQ2T, + T))] %

where R is the raw photon detection rate, T, is the
maximum detector delay line time, and 75 is the time
required to transfer a coordinate pair to the DRQ3B
module. T, is given by Hamlin as 2 ps, 75 is less than
0.5 ps (Digital Equipment Corporation, 1989); at typical
data rates of 2000 counts s~', the loss is less than 1%.
System diagnostic tools running on the VAXstation
indicate that the computer’s processing capacity is used
at a rate of less than 10% at 2000 counts s~'. Although it
is obsolete by today’s standards, the VAXstation has
proved a stable platform for this application. By using it
to histogram the data, we avoid the expense and relative
complexity of CAMAC (computer automated
measurement and control) electronics, which are usually
used to histogram and control the SDMS detector.

3.3. Data reduction and analysis

No correction for detector nonuniformity has been
found necessary on the SDMS detector as judged from
the scattering image and the quality of the reduced data.
Since the beam is pinhole collimated, it can be treated as
point-like, and no desmearing of the scattering data is
therefore necessary on this SAXS apparatus. To prove
this point, a frame of the attenuated direct beam was
collected and fed into the GNOM program (Semenyuk
& Svergun, 1991) to calculate the length distribution
function P(r) of Smgml~! BSA in 150 mM NaCl,
10 mM tricine buffer. The GNOM software has the
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options of calculating the P(r) function and the radius of
gyration assuming the cxperiment condition has no
smearing, or desmearing with a given direct-beam
intensity profile measured without the beam stop and
the sample. The P(r) functions and the radii of gyration
of the measured BSA with and without desmearing of
the intensity profile werc essentially the same.

A program package, ANSAXS, has been developed
to reduce the scattering data. The two-dimensional
16 bit data are circularly and time averaged and reduced
to 1(Q) in counts pixel™! s7' versus Q plots. Multiple
scans on the sample or the blank can also be summed
and averaged at the same time. For oriented, anisotropic
samples, the program has the option of performing
averaging within a specified angular range about the
origin in the detector planc. With the aid of the pecak
intensity diffracted from the beam monitor, the lincar
scattering data can be normalized to correct for the
beam-intensity changes and absorption/transmission
differences and subtracted to obtain the net corrected
scattering data /(Q). A program for extrapolating finite-
concentration scattering data to infinite dilution has also
been developed. The principles of eliminating concen-
tration effects are described by Tanford (1961) and
Glatter & Kratky (1982). The scattering data are then
further reduced to a Inf(Q) versus Q plot (Guinier plot)
and a 1/I versus Q° plot (Zimm glot) for small-angle
analysis and the Kratky [(Q)*Q° versus Q plot for
larger-angle analysis. .

The principles of normalization and subtraction of the
scattering data are as follows. The measured intensity
I(Q) is a sum of the scattering from the sample
BGTto(Q), the parasitic scattering I1(Q) and the dark
count Dark as described in equation (1) (subscript s
stands for the sample solution, and b for the solvent
alone). The dark count is generally low on the SDMS
area detector used here and can be assumed to be time
independent so that D, = D,. The parasitic scattering
term T1(Q) can also be assumed to be the same for the
sample and the solvent becausc no instrument factors
were changed during the measurements. The peak areas,
above a bascline level, of all three rings diffracted by the
beam monitor are

A, « I(0) = B,GT,

(8)
A, x I,(0) = B,GT,

for the sample solution and the solvent, respectively.
After [(Q) is scaled with a factor (A,/A)) =
[(B,T,)/(B,T,)] to correct for the bcam intensity and the
transmission difference, the subtracted intensity I1(Q) is

I(Q) = B,GTyto,(Q) — 0,(Q)] = B,GT,t0(Q)  (9)

where o(Q) is the scattering cross section of the
macromolecules. Since the scale factor is near unity
when measuring a dilute protein buffer, both the para-
sitic and the dark-current terms cancel. In the absence of
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Fig. 10. (a) The linear scattering profile from a 5mg ml~' BSA in
150 mM NaCl. 10 mM tricine, pH 79 solution (o, solution; +,
buffer). Shells arc at 1 mm intervals on the detector. The first point
is at 1 mm radius from the center of the direct beam. The small
shoulders at around Q = 0.12,0.14 and 0.2 A ! are explained in the
legend of Fig. 8. Their effect on the net scattering data is negligible
after buffer subtraction. (b) The subtracted scattering data /{Q)
versus Q of the sample shown in Fig. 10(a) (2, 5 mg ml ' BSA). (¢)
Guinier plots of BSA, in 150 mM NaCl. 50 mM NaH,PO, solution
at () 1824mgml™'. R, = 273(2) A; (0) 9.12mg ml™', R, =
28.8 (3) A;(») 6.08 mg ml~', R, =29.7 (4) Aiand (e) In[/(Q)/c]atc
- 0,R, =296 (5) A.
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intermolecular interaction effects, o(Q) can be
expressed as (Pessen et al., 1973; Glatter & Kratky, 1982;
Moore, 1982)

o(Q) = Ec(p, — p,)',°M,,/N,P(Q) (10)

where the constant E is related to the scattering of a
single electron; c, v,, M, p, and P(Q) are the concen-
tration, the partial specific volume, the molecular
weight, the electron density and the form factor of the
measured macromolecules, respectively; and p, is the
electron density of the solvent. The form factor P(Q)
can be approximated as (Guinier & Fournet, 1955)

P(Q) = exp(—-R;Q*/3) (11)

in the small-angle region and P(Q) is unity at Q = 0. The
radius of gyration and the molecular weight can be
obtained from the slope and the intercept of an In/(Q)
versus Q7 plot (the Guinier plot), respectively. Since it is
easy to obtain a monodisperse protein molecular-weight
standard, such a standard can be used to calibrate the
geometric factor and the intensity of the X-ray beam in
equation (9) to measure a protein of unknown mole-
cular weight.

4. Application examples

Fig. 10(a) gives the circularly averaged raw scattering
data of a 5 mg ml™!, 67 kDa BSA solution and its buffer.
The sample cell is 2 mm thick with parallel polystyrene
film windows. Data collection times were 2 h for both
the sample solution and the buffer The three large
peaks from Q = 0.229 to 0.322 A" are the diffraction
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Fig. 11. Normalized Guinier plots of the 5kDa Bl domain of

streptococcal protein G at different GuHCI concentrations buffered
in 50 mM sodium acetate, pH 5.2. () 10 mg ml~! protein at 0 M
GuHCl, (c) 5.7mgml™! at 0.7 M GuHCI and (o) 12.7 mg ml~}
protein at 1.9 M GuHCI. The Guinier plots show this protein is
progressively denatured as the GuHCI concentration is increased
(Smith et al., 1996).
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pattern of the direct beam by the beam monitor. The
total peak area of the three peaks was used to determine
the scaling factor used in equations (8) and (9) for buffer
subtraction. Fig. 10(b) shows the linear scattering data of
the 5mg ml~! BSA solution after buffer subtraction.
The effective Q range is from 0.01 to 0.3 A~'. The
counting error of the subtracted scattering data in the
small-angle region is shown in Fig. 5(b).

Fig. 10(c) shows the Guinier plots of scattering from
BSA in 150 mM NaCl, 50 mM NaH,PO, solutions at
different concentrations. These data were collected in a
cylindrical 2 mm thick quartz capillary cell. The linearity
of the Guinier plots suggests that the protein is mono-
disperse and globular. The radius of gyration of BSA
from the scattering data extrapolated to ¢ = 0 from ¢ =
18.24, 9.12 and 6.08 mg ml~! was 29.6 (5) A, which is in
good agreement with the literature value of 29.8 A
(Tanford, 1961). Since the partial specific volume of
BSA is known, this protein is used as one of our mole-
cular-weight standards to calibrate the X-ray beam when
it is necessary to measure the absolute molecular weight
of a protein or a protein complex.

Fig. 11 shows the Guinier plots of the denaturation of
a small protein, the 5 kDa Bl domain of streptococcal
protein G, as a function of guanidine hydrochloride
(GuHCI) concentrations. This is a challenging
measurement, both because the protein is small and
because the electron-density contrast is low between the
protein and the denaturant solutions. Solutions
containing different denaturant concentrations were
measured at a protein concentration of about
10 mg ml~!. Data collection times were 5h for the
folded protein and 24 h for the denatured Protems The
measured Q ranged from 0.013 to 0.36 A~!. Guinier
plots were fitted in the QR, < 1 region w1th a least-
squares linear fitting routine. The radius of gyration
changed from 10.8(2) A in the fully folded state to
23 (1) A in the fully denatured state. The instrument
proved stable, giving repeatable measurements in this
difficult case.
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