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ABSTRACT  The subunit complex ClrgCls; of the first com-
ponent of complement was investigated by small-angle neutron
scattering in both the activated and unactivated forms. From these
experiments, a molecular weight of 390,000 for ClryCls; was found.
The matchpoint was determined to be 43% *H;0. Both results are
consistent with composition data. The partial specific volume is
0.751 ml/mg. The radius of gyration at infinite contrast was found
to be 17 nm for ClryClsg and 1.1 nm for the cross section. Models
for ClryCls; were computed by the method of hard spheres, in
which ClryCls; was represented by spheres 0.87 nm diameter ar-
ranged in a straight rod of length 59 nm and a circular cross sec-
tion of 3.2 nm. This rod can be bent at one or two places by up
to 60° without significant effect on the calculated radii of gyration.
The model is in agreement with published ultracentrifugation and
electron microscopy data.

The first component of complement (C1) is a macromolecular
assembly of two distinct entities, C1q and ClryCls,. The bind-
ing of Clq to immune complexes causes conversion_of the
proenzymic Clr,Cls; to the activated complex ClryCls,. On
the basis of protease digestion and electron microscopic stud-
ies, the structure of Clq has been proposed to be most unusu-
al—consisting of six globular heads attached to six collagenous
stalks and resembling a bunch of tulips (1-5). The tetrameric
complex Clr,Cls, appears in the electron microscope to adopt
an extended conformation, and ultracentrifugation data tend to
support the proposal that the complex is extended in solution
(6). Electron microscopy studies on the reconstituted chemi-
cally crosslinked C1 complex have been used to propose a ten-
tative model in which Clr,Cls, is wound within the stalks of
the Clq molecule (7). Other biochemical data have been used
to propose an alternative ring-like model (8).

Neutron scattering is a powerful low-resolution method for
the study of macromolecule assemblies (9), particularly when
used in conjunction with information available from other tech-
niques such as electron microscopy. It has the added advantage
that measurements are obtained from solution where it is known
that the bound hydration shell of the glycoprotein does not af-
fect interpretation.

Results of a preliminary characterization of Clq by using
neutron scattering (10) substantially agreed with results from
electron microscopy. Here we report on neutron studies of the
Clr,Cls, complex. The overall shape and cross-sectional di-
mensions of ClryCls, indicate that this complex adopts an ex-
tended conformation in solution. The neutron data are consid-
ered together with a further analysis of ultracentrifugation
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experiments and allowed models of the C1r,Cls, complex to be
discussed.

MATERIALS AND METHODS

Preparations of ClryCls, and ClryCls,. Proenzymic Clr
was purified from human serum by affinity chromatography as
described (11). Proenzymic Cls and activated Cl1r and Cls were
purified from human serum by using insoluble immune ag-
gregates as described (12, 13). Each isolated protein was stored
at 0°C in 5 mM triethanolamine*HCl/145 mM NaCl, pH 7.4.
Proenzymic ClryCls, and activated ClryCls, complexes were
prepared by mixing equimolar amounts of the appropriate sub-
components in the presence of 5 mM CaCl, and dialyzing against
10 mM Tris'HCI/150 mM NaCl/5 mM CaCl,, pH 7.25. The
amino acid and carbohydrate compositions are summarized in
Table 1 (14-18).

The neutron experiments were performed in 10 mM Tris/
150 mM NaCl/5 mM CaCl,, pH 7.25, containing 75% or 100%
2H,0 by volume. Dialysis was performed for 36 hr at 4°C in a
specially constructed apparatus in which 0.4-ml samples could
be dialyzed repetitively against 4 ml of buffer. This permitted
extensive dialysis to equilibrium with minimal losses of sample
and a relatively small volume of dialysis buffer. Concentrations
of the ClryCls; and ClryCls; complexes in gog/ml were de-
termined by using an extinction coefficient (E§1%) of 1.06. The
value 1.06 is the mean of the coefficients determined for proen-
zymic Clr and Cls (19). All neutron measurements were per-
formed at 6 + 0.5°C.

Neutron Scattering Measurements and Data Analysis. Data
were measured on the neutron instrument D11 at the Institut-
Laue-Langevin (20, 21). Data analysis followed conventional
procedures (22). The forward scattering of neutrons extrapo-
lated to zero momentum transfer, I, and the radius of gyra-
tion, R¢, were obtained from least squares fits by the Guinier

relationship:
In I(Q) =In I(o) - R0202/3 [l]

in which Q = 4 sin 6/A (20 is the scattering angle and A is
the wavelength). The corresponding cross-sectional parameters
were obtained by using the relationship (23):

In IigrQ = In IoyQ — Rxs® Q%/2.
im Q—0

(2]

Abbreviations: C1, first component of complement, composed of the

distinct proteins Clq, Clr, and Cls; ClryCls,, calcium-dependent

complex of Cl1 subcomponents Clr and Cls; overbar (as in CIr,-

Cls,), indicates the enzymatically active component.

§ Present address: Kennedy Institute, Bute Gardens, Hammersmith,
London W6 7DW, United Kingdom.
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Table 1. Amino acid and carbohydrate compositions (mol/mol of
glycoprotein) of C1r,Cls,

Cir* Cist
Nonpolar residues:
Ala 33.3 40
Val 41.6 57
Leu 62.6 44
Ile 32.2 31
Phe 42.3 37
Tyr 37.2 35
Trp# 11.9 10
Met 13.0 12
1/2 Cys 28.9 30
Pro 473 53
Total 350.3 349
Polar residues:
Gly 69.7 71
Aspt 45.2 48
Glu# 57.8 50
Ser . 44.6 51
Thr 40.6 35
Asnf 354 37
Glnt 37.5 33
Lys 41.3 42
Arg 43 30
His 214 14
Total 4317.8 411
Protein matchpoint, % 2H,01 426 423
Carbohydrate residuest:
Man 75 59
Gal 9.2 5.6
GleNAc 15.1 84
GalNAc 2.2 0.8
NeuNAc 5.2 75
Total 39.2 28.2
Carbohydrate matchpoint, % 2H;01 469 488
Carbohydrate, % (wt/wt) of total
glycoprotein 81 6.8
*From ref. 17.
tUnpublished data.
tFrom ref. 18.

§ Approximated by reference to Dayhoff (14).
TResidue volumes were taken from refs. 15 and 16. The nonexchange
of the main-chain exchangeable protons was taken to be 10%.

A detector-sample distance of 10.66 m, a collimation of 10 m,
and A of 1.20 nm were used for the R; measurements; for the
Rxs measurements the values were 2.66 m, 2.5 m, and 0.80
nm, respectively. Spectra were referenced on an absolute scale
on the basis of the incoherent scattering of neutrons from a 1-
mm water sample. Backgrounds were measured by using an
empty cell and a cadmium sample.

The R and Rys values were analyzed according to the Stuhr-
mann equation (24). For a distribution of scattering densities
within a macromolecule that is concentric on average, a sim-
plified form of the Stuhrmann equation may be used:

Rc® = R* + acdp™ (3]

in which Ap is the contrast difference between the macro-
molecule and the solvent, R is the radius of gyration at infinite
contrast, and a is related to the radial fluctuation of scattering
densities within the macromolecule (9). Knowledge of the Rc
values leads to the determination of the length L of the straight
rod-like particle (25):

L? =12 (R-¢ — R&-xs). (4]

The value of I(p)/concentration (c) measured in HyO and nor-
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malized on the basis of the incoherent scattering of H,O leads
to the molecular weight M, (26). In application to Clr,Cls, at
a wavelength of 1.20 nm, the composition in Table 1 was used
to derive the following expression:

M, =18.2 X 10° X Ip/c. (5]

For the cross-sectional ;oQ/c (lim Q—0) measured with a
wavelength of 8.00 nm, the M, per unit length M,/L nm™" is
given by (26):

M,/L = 4.86 X 10° x I(Q)’Q/C (lim Q—0). [6]

For modeling calculations, the method of hard spheres was
used in order to calculate R¢ and the full scattering curve. As-
semblies of spheres were generated, and these were used for
the Debye calculation of the scattering curve which in turn was
used to calculate Rg and Rxs values. The ranges of Q over which
calculation of Rg and Rxs values from the scattering curve is
allowed were determined from the calculated scattering curves.
These simulations were used to predict the dependence of I
and R¢ on the Q range used for analysis of the neutron data.
For the present experiments, fitting of the Guinier plots in the
Q-R¢ range of 0.2-1.0 and Q-Rxs range of 0.5-1.6 satisfy Eqs.
1 and 2 to within a few percent on the basis of model A in Fig.
4. The curvature of the Guinier plots shown in Fig. 1 could also
be taken into account in determining Re.

Interpretation of Frictional Coefficients. Combination of
the Stokes-Einstein equation for diffusion (27) and the Sved-
berg equation for ultracentrifugation (28) gives the following
general expression:

o M7
0T ONLS

in which s, is the sedimentation coefficient, M, is the mo-
lecular weight, T is the partial specific volume, p is the solvent
density, N, is Avogadro’s number, and (f) is the frictional coef-
ficient. For a sphere, (f) is given by 67rna in which 7 is the
solvent viscosity and a is the Stokes radius. There is no exact
theory for the hydrodynamic properties of circular cylindrical
rods, unlike the case of ellipsoidal objects (29). However, sev-
eral approximate expressions for the frictional coefficients of
straight cylinders have been proposed, which show reasonable
but not perfect agreement with experiments (29).

(i) In a previous analysis (6) of C1ryCls,, a hydrodynamic model
was derived from ref. 30, which was based on the 1960 theory
of Broersma (31). In Eq. 7 above, the frictional coefficient (f)
is replaced by 67ryL/[2In(2L/d) — 0.2316 + d/L] in which L
is the length of the rod and d is its diameter.

(#) An updated expression of Broersma (31) given by this au-
thor was used in ref. 32, where the frictional coefficient was
described by 67mL/[26 — (y; + v.)] in which 6 = In 2L/d and
L and d are as above. The values of y; and y, are given by:

vy =127 - 7.4(87" — 0.34°
y. =019 — 4.2 (57! — 0.39)% (8]

(i) In refs. 29 and 33, a type of expression similar to ii is
given (which these authors hold fits more closely to the avail-
able theoretical and experimental data) in which the frictional
coefficient is described by 37nL/[In p + (y; + v,)/2] and p
= L/d with L and d as above and 7y, and y, are given by:

yy = —0.207 + 0.980 p~! — 0.133 p~2

(7]

0.839 + 0.185p~" — 0.233p™2, 9]

YL
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RESULTS AND DISCUSSION

Analysis of the scattering curve of ClryCls, is shown in Fig.
1 for the sections corresponding to the Guinier region and the
cross-sectional region. Plots of In I at low Q2 and In I-Q against
Q? were linear. From the H,O measurement of I)/c, a mo-
lecular weight of 390,000 + 40,000 was calculated. This is in
good agreement with apparent values of 336,000-364,000 mea-
sured from NaDodSO,/polyacrylamide gel electrophoresis of
the a and'b chains from the isolated fragments (18). The data
of Table 1 suggest a value of 380,000 and this is used below.
Although the counting statistics were poor in this H;O mea-
surement, the cross-sectional measurements of I,prQ/c lead to
a molecular weight per unit length of 5,000 = 1,000/nm. The
full-contrast variation experiment depicted in Fig. 2 showed
that C1r,Cls, has a matchpoint of 43% 2H,0. This can be com-
pared with a matchpoint (i.e., scattering density) of 43% 2H,0
(Table 2) calculated from the composition data. The mass den-
sity of ClroCls, corresponds to © = 0.751 ml/g (Table 2). These
considerations indicate that the neutron scattering properties
of ClryCls, in solution are accounted for in terms of its known
;:omposition and that Clr,Cls, has an elongated shape in so-
ution.

The analyses of the radii of gyration are summarized in Fig.
3. Within the error of measurements, the Stuhrmann plot of
the R¢ values is linear, and the value of Rc_c, the radius of
gyration at infinite contrast, was determined to be 17 + 2 nm.
That for R¢_xs was estimated as 1.1 = 0.1 nm. From these val-
ues, the length of the straight rod is 59 + 6 nm, and hence M,/
L is determined to be 6,400 + 1,000/nm in agreement with the
above value. By comparison, the value of R¢_c for a globular
protein of M, 380,000 is calculated to be 4 nm. The slope a was
determined to be about 20 X 1073, If the value of a measured
for small globular proteins is rescaled on the basis of its pro-
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F1G. 1. Scattering curves of Clr;Cls, in 100% 2H,O buffers in a
concentration of 1.10 mg/ml. (A) Guinier plot of In I vs. Q2. The arrow
corresponds to @R = 1.4. The solid line at @2 > 0.01 nm 2 corresponds
to the calculated Debye scattering curve. The dotted line corresponds
to R = 4 nm, which would be expected if C1r,Cls, had a globular shape.
(B) Cross-sectional plot of In I'Q vs. Q% the range 0.6 < Q-Rxs < 1.1
is marked by arrows.
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Fie. 2. Determination of the matchpoint of C1r;Cls, from a plot of
VIg)/ctT, and \/1gyQ/ctT, vs. concentration of 2H;0; T, is the sam-
ple transmission, c is the concentration, and ¢ is the sample thickness.
o, Guinier plots; O, cross-sectional plot. Sample concentrations ranged
between 1.1 and 1.3 mg/ml.

portionality to R¢?, a for Clr,Cls, is predicted to be about 6
X 1073, ClryCls, thus possesses a surface of hydrophilic amino
acid (and carbohydrate) residues and a core of hydrophobic res-
idues.

Models for the shape of C1r,Cls, were developed on the ba-
sis of a Debye calculation of an array of hard spheres (Fig. 4;
Table 3). The physical volume of ClryCls, of 474 nm® (which
for these calculations was expressed in terms of the volume of
the same number of equivalent cubes) and the total and cross-
sectional values of the Rc from the Stuhrmann plots were used
as constraints. That the R of the neutron shape is less than the
Rc of the physical shape because of 'H-?H exchange in C1r,Cls,
is not considered in the simulations; the errors are <1% (un-
published calculations). A straight rod of 168 spheres corre-
sponding to cubes of side 1.4 nm with total length 59 nm and
square cross section of 4 spheres satisfied the R and Rys pa-
rameters. These simulations were improved with the use of 1,344
spheres of diameter 0.87 nm, and these led to the final values
of Table 3. The application of smearing corrections with a
Gaussian function has little influence on the R¢ values. Because
ClryCls, is a tetrameric association of C1r and Cls, further cal-
culations were made in which the rod was bent in one or two
positions in order to examine the effects of segmental flexi-
bility. A family of solutions exists in which segmental move-
ments of up to 60° can occur which leaves R¢ and Ry smaller
by up to only 8%. Further conformational changes have larger
effects on R¢ and therefore can be ruled out. Some or all of the
structures of this family could coexist in equilibrium with one
another. Furthermore, a small amount (<20%) of ring-like shapes
(8) cannot be excluded. In such cases the dimensions reported
here would represent a population-weighted average. In this
context, large R values are favored in the experimentally de-

termined value in a group of particles of identical mass but dif-
ferent shapes (34).

Table 2. Characteristics of total C1r,Cls,

Total C1r,Cls, Calculated Experimental
Matchpoint, % 2H,0* 4238 43
Volume, nm®* 474
Molecular weight x 10~3 375 390
7, ml/g 0.751
3b/MinH,;0,cm x 10712 0.02357

*See footnote ¥ in Table 1.



3772  Immunology: Boyd et al.

400

300 |-

200 -

R%, nm?

100

!

R%s, nm?
—

o

|

><L

1

1
-50 -25 0 25 50
Ap_l, em? x 10712

Fig. 3. Stuhrmann plots of R¢? () and Rxs? (0) versus Ap™™.

This model of a rod of length 59 nm and circular cross section
3.2 nm is compared with the hydrodynamic properties of the
Clr,Cls, complex determined from ultracentrifugation exper-
iments. Data on the shape of Clr,Cls, published by Tschopp
et al. (6) suggest elongated particles of length 51 + 2 nm from
electron microscopy and of length 64 + 4 nm and diameter 3.4
+ 0.1 nm from ultracentrifugation. From electron microscopy,
Strang et al. (7) proposed an elongated particle of approximate
length 59 nm. The R of straight cylindrical objects with these
dimensions are 14.8 + 0.6 nm, 18.5 = 1.1 nm, and 17.1 nm.

Fic. 4. Selection of possible perspective rod-like models of C1r;Cls,
represented by 168 spheres corresponding to the cubic array that was
used in the Debye simulations of the scattering curves. The four models
lead to similar R and Rxs values (Table 3); all bends are 60° in mag-
nitude. Each sphere is 1.4 nm in diameter. The size of each model is
indicated by the scale in increments of 10 nm. The models depicted are
only a selection of those consistent with neutron scattering data; the
presence of small amounts of ring-like forms is not excluded.

Proc. Natl. Acad. Sci. USA 80 (1983)

Table 3. Shape parameters for C1r,Cls, by experiment
and modeling*

Model calculations® R, nm Rxs, nm
17.0

Straight rod 1.1%

Two bends of +60°% 15.6 1.1

One bend of 60° 16.1 11

Two bends of 60° 15.6 11

* Experimental (unactivated C1r,Clsy): Rc ¢ = 17 + 2 nm; Rc_xs =
1.1+0.1nm.

+The 1,344 spheres are of diameter 0.87 nm set in a cubic array of 84
X 4 X 4 (Fig. 4); the radius of the sphere corresponds to the volume
of each cube.

$Rxs is 1.1 nm if a uniform cylindrical rod of diameter 3.2 nm is as-
sumed (ref. 25; Table 4).

§The values of R¢ are 17.0 and 13.5 nm for bends of +30° and +90°,
respectively.

These are consistent within error with the R determined by
neutron scattering (Table 3) of 17 = 2 nm.

To make some choice in this range of dimensions, we used
hydrodynamic theory iii (see Materials and Methods) as a filter,
although Table 4 shows calculations for all three of the theories
because of their previous application to this system. The use of
theory iii is dictated by Garcia de la Torre and Bloomfield’s
comments (p. 110 of ref. 30). With the improved value for ©
(see above), the experimental value of 3, of 8.7 S can be sat-
isfactorily accounted for, once allowance is made for flexibility
in the rod (29) and a degree of hydration of 0.3 (35). If the rod
is allowed to bend with or without being flexible, the discussion
in ref. 30 shows that the viscosity 1 becomes smaller but that
the translational diffusion coefficient D; remains unchanged,
implying that the s3 ,, value will increase. This means that an
increase in the physical length of the rod is required to main-
tain the experimental value of s3,,, = 8.7 S once the rod is al-
lowed to bend by much more than 60°.

The model with the shortest length leads to s3,,, values that
are too large (Table 4), and flexibility would increase these val-
ues still further. The longest rod, length 64 nm, leads to quite
close agreement with s ,, but its R value is at the limit of our
determination. The intermediate value derived by ourselves
and Strang et al. (7) is the most consistent with the experimental
data. The joint findings from neutron scattering, ultracentrifu-
gation, and electron microscopy (7) therefore show that the
Clr,Cls, complex has an extended rod-like shape of length 59
+ 6 nm and diameter 3.2 nm. The solution data do not distin-

Table 4. Calculations of the hydrodynamic properties
of Clr,Cls,

Theoretical sedimentation
coefficient, S*
L-d, nm Modeli Modelii  Model iii
Unhydrated straight rod models:
51 x 3.4 (6) 10.8 8.8 10.0
59 X 3.2 (7; this study) 9.9 8.2 9.2
64 x 3.1 (6)* 94 7.9 8.7
Hydrated straight rod models:
51 x 4.0 (6) 10.2 8.1 94
59 x 3.8 (7, this study) 94 7.7 8.7
64 x 3.6 (6) 9.0 7.5 84

*Experimental value (6.35): 8.7 S. Calculations are based on M, =
380,000, 7 = 0.751 ml/g, p = 0.9982 g/ml, and 1 = 0.01002 poise. The
value of d is derived from the volume of the rod and its length.

+ A diameter of 3.4 nm was derived in ref. 6; the calculation of s3,,, is
almost unaffected.
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Fic. 5. Plasticene scale models of IgG, Clq, and C1r,Cls,. The di-
mensions are from refs. 38 and 39 for IgG, from refs. 2 and 11 for Clgq,
and from this work for C1r;C1s,. The C1r,C1s, complex is shown as a
straight rod, although this rod may be bent (Fig. 4).

guish between straight rods or rods with up to 60° of bend. Pre-
liminary data were acquired for activated Clr,Cls, in 100%
’H,0; these suggest the same elongated dimensions but again
do not discriminate among the models shown in Fig. 4. There-
fore, there is no clear evidence in the neutron scattering data
for any major conformational change leading to large changes
in dimensions in the activation of Clr,Cls,, at least in the ab-
sence of Clq. In this context, we note the similar s ,, of 8.7
S observed for the activated species (36). However, some changes
must occur, reflecting the cleavage of covalent bonds. In this
regard, it previously was shown that the number of calcium-
binding sites changes upon activation (37).

Finally, we show in Fig. 5 a comparison of the relative di-
mensions of IgG, Clq, and the straight rod representation of
Clr,Cls,.
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