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SUMMARY

With current emphasis in bioengineering on developing new and better structure-function relationships
for proteins (e.g., the need for predictability of expected properties prior to cloning), practical and reliable
methodology for providing characterization of appropriate features has become of increasing importance.
The most potent and detailed technique, X-ray crystallography, has severe limitations: it is so demanding
and time-consuming that X-ray coordinates are frequently unavailable for materials of interest; its data relate
to static and essentially unhydrated structures, whereas proteins exhibit a variety of dynamic features and
function in an aqueous environment; and many proteins of technological importance may never be crystal-
lized. Smali-angle X-ray scattering, however, is particularly suitable as a methodology that can provide a
substantial number of significant geometric parameters consistent with crystallographic results, that can
readily show tertiary structural changes occurring under varying conditions, and that can deal with solutions
and gels. Results are presented here from small-angle X-ray scattering investigations of the apo and holo
forms of chicken egg-white riboflavin-binding protein, chicken egg-white lysozyme, bovine milk-whey a-
lactalbumin and B-lactoglobulin, and bovine ribonuclease. We utilize these observations to compare tertiary
structures of these proteins as well as conformational changes in these structures, and to provide a basis for
discussion of their physical and biological significance.
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brought about a clearer understanding of the struc-
ture-function relationships in proteins. With the
advent of the new age of biotechnology, a myriad
of new site-selected variants of enzymes and pro-
teins have become possible, and the problem of rap-
id comparisons of these new substances has come
to the fore. For genetically engineered enzymes, se-
lection of the most appropriate form can be made
on the basis of such criteria as substrate specificity
or increased turnover number, but it must be borne
in mind that any engineered change may in turn
induce unforeseen changes in tertiary or quaternary
structure leading to undesired alterations in physi-
cal properties, e.g., reduced solubility, or aggrega-
tions capable of blocking an active site. In the case
of engineered food proteins, rapid methods for di-
rectly screening alterations in tertiary or quaternary
structure seem warranted. In our laboratory small-
angle X-ray scattering (SAXS) has been employed
to study such structural changes.

SAXS is particularly suitable because, among
the methods available for the characterization and
study of globular proteins, it is one of the most
powerful as well as versatile. When it is used on the
absolute-intensity scale (i.e., when both the incident
and the scattered intensities are quantified), this
method is capable of yielding a variety of molecular
parameters, such as the radius of gyration, maxi-
mum diameter, molecular weight, hydrated volume,
surface-to-volume ratio, electron density, and de-
gree of hydration of a particle in solution
[4,26,37,64,65]. In addition, one may obtain the
thermodynamic parameters of interacting systems
[64], such as association constants of aggregating
subunit systems and the degree of preferential in-
teraction of proteins with components of mixed sol-
vent systems.

In comparison with the ultimate method in
structure determination, crystallography by X-ray
or neutron diffraction, SAXS has both shortcom-
ings and advantages. It is not capable of determi-
ning the coordinates of individual atoms in a mo-
lecular structure, as is crystallography. Such coor-
dinates, however, are presently unavailable for
many materials of interest and are not readily ob-
tained except by a considerable investment in

equipment and time. Moreover, X-ray diffraction
is performed on samples in the crystalline state, i.e.,
on static structures, whereas proteins exhibit a var-
iety of dynamic features increasingly recognized as
crucial to their biological functioning; furthermore,
notwithstanding the fact that they contain water of
hydration, crystals are removed from the kind of
aqueous environment in which proteins function
and in which they may exhibit a variety of distinc-
tive hydrodynamic features. SAXS, on the other
hand, while giving results consistent with those of
X-ray crystallography where available, is applicable
to materials containing any desired amount of
water, from dilute solutions to aggregates and gels.

The focus of this work is on the use of SAXS to
show changes in tertiary structure which occur
when proteins are subjected to altered environmen-
tal conditions; such changes can be used to monitor
these conditions or to shed light on mechanisms or
function. Presented here are the results of SAXS
measurements which allow comparisons of related
but significantly different structures of biological
interest, such as the hen’s egg-white enzyme lyso-
zyme and the bovine milk-whey protein a-lactal-
bumin (a-La), thought to be evolutionarily related;
and between both of these and an enzyme of similar
size, bovine pancreatic ribonuclease. The relation-
ships between the SAXS data and the published low-
resolution diffraction data for the bovine milk-
whey protein f-lactoglobulin (f-Lg) are examined
for two natural genetic variants. Finally, in a case
where no crystallographic structural data are avail-
able, changes are studied between the tertiary struc-
tures of the holo and apo forms of chicken egg-
white riboflavin-binding protein (RBP) in reponse
to pH variation, and in relation to the biological
function of these changes.

MATERIALS AND METHODS

Materials

The g-Lg B and a-La were prepared from the
unpasteurized milk of homozygous B/B cows and
from pooled milk, respectively, according to the
procedures described in Ref. 1. Chicken egg-white



lysozyme was the three-times-crystallized material
of Pentex, Inc., Kankakee, IL. Bovine pancreatic
ribonuclease was the salt-free five-times-crystallized
product of Mann Research Laboratories, Inc., Or-
angeburg, NY. Homogeneities of these proteins
were validated by sedimentation velocity, which in
each case showed a single Gaussian peak. RBP was
prepared by the method of Farrell et al. [18] and
analyzed for purity electrophoretically on SDS gels
by the method of Laemmli [34] with the use of 10%
acrylamide. This method was used also to estimate
the molecular weight of RBP, with the use of bovine
serum albumin, ovalbumin, §-Lg, and «-La as stan-
dards at 68000, 45000, 19000 and 15000, respec-
tively.

Measurements of f-Lg were carried outin 0.1 M
acetate buffer at pH 5.7, as in the work of Witz et
al. [74]; those on «-La in 0.1 M NaCl at pH 7.0 and
those on lysozyme in 0.15 M NaCl at pH 3.8, both
following Krigbaum and Kiigler [29]; those on r1i-
bonuclease in 0.1 M acetate buffer at pH 5.2; those
on RBP at pH 3.7 in 0.005 M phosphate buffer con-
taining 0.1 M NaCl for the apoprotein, and a pH
7.0 also in 0.005 M phosphate with 0.1 M NaCl for
both apo- and holoprotein. All buffer chemicals
were reagent grade.

Sample solutions were prepared by dissolving
the particular protein in 4-6 ml of the appropriate
solvent, adjusting the pH to the desired value, and
dialyzing against three 1-liter changes of solvent.
Required dilutions were made with the final dialy-
zate. Protein concentrations, ranging roughly from
10 to 80 mg/ml, depending on the protein, were de-
termined spectrophotometrically with absorption
coefficient values of 0.96 I-g~*-cm™! for f-Lg at
278 nm [70], 2.01 for a-La at 280 nm [31], 2.60 for
lysozyme at 280 nm [27], 0.698 for ribonuclease at
277.5 nm [13], and 49 x 10* M '.-cm™ ! for
apo-RBP at 282 nm [58], respectively, or also, in
the case of the latter, by the method of Lowry et al.
[35].

The values of the partial specific volume, ¥, used
were 0.751 ml/g for -Lg [47], 0.729 for a-La [23],
0.7138 for lysozyme [11], 0.7075 for ribonuclease
[15,57], and 0.720 for RBP [52]. The number of elec-
trons per gram, g, for each protein was calculated
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from its amino acid composition [22,8,10,59,18, re-
spectively]. The resulting values of ¢ and the elec-
tron partial specific volume, ¥ = 1024 y/q, were
0.3221 x 10%* e /g and 2.332 A3/e™, respectively,
for g-Lg, 0.3178 x 10%* and 2.293 for a-La, 0.3209
x 1024 and 2.225 for ribonuclease, and 0.303 x
10?4 and 2.376 for RBP. The electron densities of
the solvents were calculated as 0.355 e 7 /A3 for the
case of RBP and 0.335 e /A3 for all others.

Apparatus

The apparatus employed was an absolute-scale
small-angle X-ray scattering instrument designed
and constructed at this laboratory. It is a directly
referenced, symmetrically scanning, vertical-axis in-
strument with sealed-window proportional detec-
tion, used in the continuous-scan mode with time
constants of appropriate length. The CuK,; radia-
tion from a fine-focus tube operated at 40 kV and
25 mA was selected by the curved quartz-crystal
primary-beam monochromator. Full details of this
instrument and operational procedures have been
given earlier [50].

Data evaluation

The working equations and the notation used
are essentially those of Luzzati et al. [38,39], with
some modifications. They apply to globular parti-
cles in the case of so-called ‘infinite slit’ collimation
(i.e., very high slit height-to-width ratio), conditions
satisfied by the instrument and the systems under
examination. The expression relating the excess
scattered intensity for a slit source, j,(s), (scattered
intensity of sample, normalized with respect to the
intensity of the incident beam and corrected for
scattering of blank) to the scattering angle 26 is [38]:

Jals) = ja(0) exp [~ (4/3)n*R%s%] + o(s) {0

where s = (2 sin 0)/4, A is the wavelength of the
radiation used (1.540 A), j, (0) is the normalized
intensity extrapolated to zero angle, R, is the appar-
ent radius of gyration (i.e., the root-mean-square
distance of all the electrons in the solute particle
from its center of electronic mass) obtained by slit
collimation at a finite concentration of solute [36],
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and ¢(s) is a function expressing the residual be-
tween the Gaussian part of Eqn. 1 and the scatter-
ing actually observed. For small values of s (i.e., s
< 25 x 1072 A7 or 20 < 2%, @(s) is always
negligible compared with the first term, which re-
presents the Guinier approximation [25]. R, can
therefore be obtained from the Gaussian fit to j,(s)
vs. s2 for the region of very small angles. Since,
however, the theoretical point-source scattering
function i,(s) was needed later in any event, it was
constructed from the smeared infinite-slit data j,(s)
by deconvolution [38], and the concentration-de-
pendent point-source radius of gyration R; was, in
fact, obtained in place of R, in an analogous man-
ner.

After evaluating i,(0) by extrapolation of i,(s) to
zero angle, it was possible to calculate

Mapp = in(O)(17p1¢2)720671 (2)
M = May + 2 Bmc, (2a)
M = mN,/q (2b)

Here m,,, is the apparent molecular mass, ex-
pressed as electrons/molecule, at concentration c.,
c. is the concentration in electrons of solute/elec-
tron of solution, m is the molecular mass obtained
by extrapolation to zero concentration of a plot of
Mapp VS. Ce, p1 18 the electron density of the solvent,
and v, is the electron partial specific volume of the
solute, defined in terms of ¥ and ¢ under Materials
and Methods above. B is the second virial coeffi-
cient, M is the weight-average molecular weight,
and N, is Avogadro’s number.

Introduction of a corrected normalized scatter-
ing intensity j,*(s) defined by

Jn'(s) = jals) — & (&)

where 6* is a correction term reflecting short-range
electron-density fluctuations due to the internal
structure of the particle, leads to the equation

$3j2(5) = $3a(s) — &3 (3a)

illustrated by the Soulé-Porod plots [54,60] of s3j,(s)
vs. 83 (cf. Figs. 1B and 3B). The straight line fitted
to such a plot at intermediate and higher values of
s, where the gradually diminishing oscillations of
the curve permit a fairly reliable fit of a straight line
as a mean, provides an asymptotic approximation
represented by

; 30 = | 3% *o3
i ll'm00 §$%ja(8) = . ll)m00 $%a(s) + &%s (3b)

which allows the evaluation of the constants 6* and
lim 5%/,*(s) (both needed for subsequent expres-

sions) from the slope and intercept of the asymp-
tote, respectively. (To be strictly consistent, j,*(s)
should have been used in place of ju(s) in Eqn. 1,
but the value of R, is not actually affected by the
correction of 6* [38], in contrast to the equations
that follow.)

With the use of these constants, further parame-
ters were calculated [38]:

V= in(O)/J 25 *(s)ds 4
0
1672 lim s3],
v nw Jim 5%u*(s) - cepzls —Suﬁz)} )
—¥H1
J' 2nj,*(s)ds
0
J 2rsj. (s)ds
Ap = pr—pr = lﬂ——ml/;:) + copr (1—p1yf2) (®)
H = pi(1—payfs) @)

Ap

Here V is the hydrated volume, S is the external
surface area of the particle, p, is the mean electron
density of the hydrated particle, in electrons/A3,
S/V is the surface-to-volume ratio, and H is the de-
gree of hydration in electrons of bound
H,O/electron of dry particle, from which the con-
ventional degree of hydration, expressed as the
number of grams of water of hydration per gram



of dry protein, can be obtained by a simple con-
version. Tabulated parameters (such as the point-
source radius of gyration Rg, derived from the con-
centration-dependent point-source radius of gyra-
tion R;) were obtained by extrapolation to zero con-
centration.

Assuming as a model prolate ellipsoids of revo-
lution, one can calculate from R, and V" axial ratios
p = a/b (where a is the semiaxis of revolution and
b the equatorial radius), making use of the relation-
ship

3Vi(4 n Rg®) = 5 p*P/(2 p)** ®)
from which p could be obtained graphically [38].

We solved for p by iteration, using a programmable
desk calculator.

RESULTS

The final results are summarized in Table 1. It
may be noted that, as experience with instrument
and technique became refined, the number of
parameters and the precision of data increased.

Table |

SAXS parameters of five proteins®
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B-Lactoglobulin

Data collected on a relative scale over an an-
gular region from —2 to +2° for solutions at con-
centrations from 12 to 61 mg/ml were treated ac-
cording to Eqn. 1. The resulting Guinier plots (plots
of the natural logarithm of the excess scattered in-
tensity vs. the square of the scattering vector s) have
slopes of —(4/3)z* R,?, from which values of R,
were obtained. Plotted against the corresponding
concentrations, R, showed no concentration depen-
dence, so that the value listed was taken as the av-
erage.

Lysozyme, o-La, and ribonuclease

The data were collected on an absolute scale
over an angular range of —5 to +5° for concentra-
tions from 10 to 50 mg/ml and evaluated according
to Eqns. 1-8. Typical Guinier plots (Eqn. 1) and
Soulé-Porod plots (Eqn. 3) are shown in Fig. 1A
and B. Concentration plots are shown in Fig. 2. For
lysozyme and a-La, none of the parameters exhi-
bited a concentration dependence. By contrast,
most of the parameters for ribonuclease were dis-
tinctly concentration-dependent and required
extrapolation to zero concentration. The apparent

Parameter® p-Lg a-La Lysozyme Ribonuclease Holo-RBP Apo-RBP

(pH 7.0) (rH 3.7)
Rg, A 20.8 + 0.4 145 £ 0.2 143 £+ 0.2 148 + 04 19.8 £ 0.2 20.6 £ 0.1
M 14 200 + 600 14300 + 300 13700 + 800 33800 + 400 35000 + 800
v, A? 25100 + 800 24200 + 400 22000 £ 700 55600 + 530 66 500 £ 240
Sy, A1 0.24 + 0.02 0.25 + 0.03 0.29 + 0.02 0.213 £ 0.001  0.203 + 0.001
Ap, e” (A3 0.067 £ 0.002  0.078 £ 0.002  0.071 + 0.002 0.0626 + 0.0005 0.053 + 0.0004
H, g (H,0)/g (dry protein) 0.36 + 0.03 0.32 £ 0.02 0.27 + 0.04 0.27 £ 0.01 0.38 + 0.01
alb 1.43 1.42 1.87 177 + 0.05 1.63 + 0.03
(a/b)y* 3.62 £ 0.04 3.57 + 0.05

 Error terms represent the standard error of the parameter.

b Definitions and procedures for obtaining these parameters are as given under Materials and Methods.

° See Discussion.
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Fig. 1. Typical scattering functions from slit-smeared data for

lysozyme at several concentrations: (a) 45.0 mg/ml; (b) 36.0

mg/ml; (¢) 27.0 mg/ml; (d) 21.6 mg ml. (A) Semi-logarithmic

piot of normalized slit-source scattered intensily vs. square of

scattering angle (Guinier plot). (B) Plot of s3,(s) vs. 5* (Soulé-
Porod plot).

radius of gyration and the molecular volume de-
creased slightly, the molecular weight and the hy-
dration decreased considerably, and the apparent
electron density difference increased with concen-
tration, while the surface-to-volume ratio showed
no concentration dependence.

RBP apo and holo forms

Absolute intensity measurements were made
over an angular range from —5 to + 5°, for protein
concentrations from 15 to 80 mg/ml and were
evaluated as before. Typical Guinier plots and Sou-
1é-Porod plots are shown in Fig. 3A and B; concen-
tration plots are shown in Fig. 4. For both the apo-
and the holoprotein, the apparent radius of gyra-

tion was independent of concentration, as were the
surface-to-volume ratio, the electron density differ-
ence, and the hydration for the holoprotein. The
apparent molecular volume and molecular weight
of the holoprotein decreased slightly with concen-
tration, as did the molecular volume, molecular
weight, electron density difference, and surface-to-
volume ratio for the apoprotein; for the apoprotein
also, the hydration increased slightly. These para-
meters, therefore, required extrapolation to zero
concentration.

DISCUSSION

p-Lg B

The value of the radius of gyration found, 20.8
+ 04 A, compares with values 0of 21.7 + 0.2 A for
B-Lg B and 21.6 + 0.4 A for f-Lg A reported by
Witz et al. [74]. Green et al. [24], in a low-resolution
X-ray diffraction study of §-Lg A and B determined
parameters from which a radius of gyration of 21.8
A was calculated [74].

This protein has been reported to occur in
nature in at least seven genetic variants [14]. The
most studied of these, the A and B variants, can
undergo a variety of changes in conformation and
state of association, summarized in part in Fig. 5.
Among the most notable of these are a slow, irre-
versible high-pH denaturation {71] and a rapid di-
mer = octamer equilibrium [33,66-69], both oc-
curring primarily in the cold. The 2-subunit
36700-dalton dimer is the kinetic unit persisting
over a wide range of moderate conditions of pH
from 3 to about 7 [66].

Apart from some less notable differences in
physical properties, the differences between the var-
jants in denaturation and association behavior are
the most striking. At pH 6.5, the dimer is known to
begin to dissociate [20,43,70], followed by a time-
dependent denaturation [9,20,56]. This ‘cold dena-
turation’ occurs about three-times faster with f-Lg
A than with B [71] and correlates with increased
hydration under the same conditions found by
Pessen et al. [51] in a nuclear magnetic resonance
(NMR) study of these variants.
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Fig. 2. Concentration dependence of six computed molecular parameters (radius of gyration, molecular weight, hydrated volume,
electron density difference, degree of hydration, surface-to-volume ratio) for lysozyme (---O---), a-La (-@-), and ribonuclease (--A--).

Between pH 3.7 and 5.1, self-association of di-
mer to octamer takes place as temperature decreas-
es. This rapid-equilibrium process has also been
well characterized [33]. It occurs to a markedly
greater extent with the A variant than with the
others; e.g., at 2°C and pH 4.65, the optimum, oc-
tamer formation is over 90% complete for f-Lg A
vs. 31% for B-Lg B, as calculated from the light-
scattering data of Kumosinski and Timasheff [33].
This process also correlates exceedingly well with
increased hydration [51].

The basic difference between the variants is in
the primary structure, where B differs from A by
two substitutions in the 162-amino acid sequence,
namely a Gly in B for an Asp in A in position 64,
and an Ala for a Val in position 118. Although this
must be the direct (or indirect) cause of the differ-
ences in behavior described above, it evidently is
not sufficient to result in a difference in the radius
of gyration at room temperature, where our scat-
tering work was carried out.

An interesting recent observation is that f-Lg



96

£ x 104 A

3

f A
M (
0 | | |

0 5 10 15 20
s¥x 0% A

Fig. 3. Typical scattering functions from slit-smeared data for

apo-RBP at pH 3.7 at several concentrations: (a) 70.9 mg/ml;

(b) 62.9 mg/ml; (c) 21.0 mg/ml; (d) 12.6 mg/ml. (A) Semi-log-

arithmic plot of normalized slit-source scattered intensity vs.

square of scattering angle (Guinier plot). (B) Plot of s3/u(s) vs.
s3 (Soulé-Porod plot).

has a strong structural homology with serum reti-
nol-binding protein [21,49]; in fact f-Lg binds re-
tinol as well as other aromatic compounds [16]. The
point mutations discussed above have been found
to influence binding of aromatics to a marked ex-
tent. Thus, the association constants for complex
formation with p-nitrophenyl phosphate by the ge-
netic variants §-Lg A, B and C are, respectively, 32,
16 and 14 x 103> M~ ![16]. The pH dependence of
the B-Lg molecular structure, however, may also
relate to binding, and this has not been tested. In
the light of our own findings on RBP below it may
be of interest to examine structural changes occur-
ring below pH 3.5, where §-Lg becomes monomeric
and aromatics are released.
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Fig. 4. Concentration dependence of six computed molecular

parameters (radius of gyration, hydrated volume, surface-to-vol-

ume ratio, molecular weight, electron density difference, degree

of hydration) for RBP holoprotein (-@-) and apoprotein
(--O-).

Lysozyme and o-La

No statistically significant difference between
these two proteins is found for the values of mole-
cular weight and surface-to-volume ratio, and only
a very slight, probably not significant difference for
the radii of gyration and the molecular volumes.
Values for the electron density difference and the
degree of hydration differ more significantly. The
axial ratios of the scattering-equivalent ellipsoids of
revolution are virtually indistinguishable.

These findings are in essential agreement with
the expectations raised by the homologous amino
acid sequence portions of the two proteins and the
consequent conjecture of conformational similari-
ty. The sequence homologies are very substantial,
extending to better than 30% of the chain and in-
cluding the position of the four disulfide bridges [8].
Furthermore, the replacements of amino acid resi-
dues necessary to change the sequence of lysozyme
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the dimer axes; (C) octamer, with square faces in front and back,
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to that of «-La are functionally conservative, in that
they can be accommodated by the same secondary
and tertiary structure [72]. Extensive investigations
using optical rotatory dispersion, circular dichro-
ism, infrared and NMR spectroscopy [2,12,30] ob-
served only small differences which could be fully
accounted for on the basis of dissimilar side chains.
An immunological study [61] detected a weak cross-
reaction; immunological findings, however, result-
ing presumably from similar residues in exposed
parts of the two proteins, cannot be conclusive re-
garding molecular conformation because of their
limited significance with respect to the portions of
the chain responsible for maintaining the three-di-
mensional structure.

X-ray scattering, which gives more direct know-
ledge of conformation, furnishing at the same time
independent information on molecular size and
shape, would be more pertinent. An earlier SAXS
investigation [29] appeared to have found some
substantial differences between lysozyme and «-La.
In our work we have not been able to reproduce
these differences. Thus we conclude that, except for
a small difference in the extent of hydration, the
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two proteins have closely similar macromolecular
parameters. This result confirms the report of
Warme et al. [72] that the amino acid sequences of
both proteins can be accommodated by the same
three-dimensional folding of the polypeptide
chains.

It may be, however, that the diversity in these
results, while real, is reconcilable. It has recently
been shown that o-La is actually a calcium-binding
protein [32,48]. With this information, elucidation
of the X-ray crystallographic structure of holo-a-
La, and in particular its Ca2*-binding site, has now
progressed rapidly [62]. Murakami et al. [44] have
shown enhanced structural stability in a-La owing
to the presence of Ca?*. In our experience the de-
gree of calcium bound to the protein is highly de-
pendent upon the method of preparation. The dif-
ferences in SAXS data between laboratories, there-
fore, might well be due to small changes in confor-
mation or stability occurring upon binding of Ca? ™.
Thus a reinvestigation of holo- and apo-a-La under
controlled conditions might reveal discrepancies in
such chahges as a result of varying degrees of me-
tal-ion binding.

Ribonuclease

In view of the similarity of results obtained for
lysozyme and a-La, it could be suggested that X-
ray scattering as a method might not be sensitive
enough to distinguish between two globular pro-
teins of very similar size. In this connection the re-
sults for ribonuclease, another globular protein of
also approximately the same size (see Table 1), are
of interest. Of the parameters for this protein, the
molecular weight shows no statistically significant
difference compared to either lysozyme or a-La, but
the radius of gyration is somewhat higher com-
pared to either, the surface-to-volume ratio and the
axial ratio are significantly higher, and the molec-
ular volume and the hydration are significantly low-
er. The electron density difference for ribonuclease
is the only parameter intermediate between those of
the other two proteins and is again distinctly dif-
ferent from each. Also of interest is a distinct con-
centration dependence of nearly all these param-
cters (except only the surface-to-volume ratio) in
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the case of ribonuclease, whereas in general no sig-
nificant dependence was observed for lysozyme or
o-La.

Compared with lysozyme and «-La as a group,
ribonuclease thus presents a distinctly different pic-
ture. It is apparent that while no very substantial
size or shape differences were observed between ly-
sozyme and o-La, significant differences may be
seen between either of these proteins on the one
hand and ribonuclease on the other. More extensive
differences permitting more detailed conclusions
would probably be detected on extending the stu-
dies to higher scattering angles (and, because of the
diminished scattering, necessarily to higher concen-
trations), where intraparticle interference effects
would be more notable and the shape factor would
become of greater consequence.

RBP

RBP occurs in the yolks and whites of all avian
eggs [46]. Tt is responsible for the transport of ri-
boflavin through the blood stream of the laying hen
and into the eggs, where the vitamin is essential for
embryonic growth and development [17,19]. The
absence of this protein from the blood and eggs of
a mutant strain of chickens leads to the death of
the developing embryo by reason of a gross ribofla-
vin deficiency [42,73]. Studies of the reversible bind-
ing of riboflavin to RBP have yielded values for the
association constant of 10°-10'© M ! [3,45]. This
strong binding serves the function of transport well:
it appears that the vitamin is released to the embryo
at low pH, since the pH profile for binding of ri-
boflavin to the protein shows that below pH 4.0 the
binding drops off rapidly, with an apparent pK at
3.8 [7,18]. This release could be due to protonation
of specific residues, or to more generalized phenom-
ena relating to changes in the structure of the pro-
tein.

Neither the amino acid sequence nor the X-ray
crystallographic structure of RBP is known. In the
absence of such basic structural information, SAXS
parameters relating to the protein both above and
below the pK of binding can be used for correlating
observed structural changes with the binding and
release of riboflavin by RBP.

Comparison between the SAXS parameters in
Table 1 for the two forms of the protein at pH 7.0
and pH 3.7 shows that, in going from the holo to
the apo form, the radius of gyration increases from
19.8 to 20.6 A. The difference of 0.82 (with a stan-
dard deviation of the difference of the means of 0.19
A) is relatively small but statistically significant. It
is of the same order of magnitude, and in the same
direction, as comparable changes in radius of gyra-
tion found by other workers from SAXS in cases
where proteins bind ligands of roughly similar size.
For yeast hexokinase, Steitz and co-workers [40,41]
found that on binding glucose there was a reduction
in radius of gyration of 0.95 + 0.24 A; on binding
glucose 6-phosphate the reduction was 1.25 = 0.28
A. On binding 3-phosphoglycerate to phosphogly-
cerate kinase there was a 1.09 + 0.34 A reduction
[53]. Quiocho et al. [55], studying similar changes
in a number of sugar-binding proteins, determined
a decrease of 0.94 £ 0.33 A in radius of gyration
upon binding of arabinose to L-arabinose-binding
protein. In these instances, the X-ray crystallo-
graphic structures were known, and radii of gyra-
tion computed from them were in close agreement
with those found from SAXS. Crystallographic da-
ta further showed a clear conformational difference
between apo and holo forms of the protein and in-
dicated that the mechanism of binding depended on
an allosterically induced closure of a cleft in the
molecule. Except for the radius of gyration, no
other structural SAXS parameters were used in the
study of these systems; in fact, in no case were any
SAXS parameters, such as V, S/V, a/b or H, rc-
ported.

Several of the parameters listed in the table
undergo changes which are significant and warrant
discussion. The marked increase in volume accom-
panying release of the riboflavin at low pH must be
indicative of swelling, due to increased hydration,
structural changes, or both. The increase in H from
0.27 to 0.38 g H,O/g dry protein shows that hydra-
tion certainly is a factor; it corresponds to a pre-
sumptive increase from about 500 to 700 molecules
of water/protein molecule. But even allowing a vol-
ume of 30 A2 per molecule of water (estimated from
the specific volume of bulk water), the difference of



about 200 molecules could account for at most
about 7000 A3 of the 10900 A3 increase in hydrated
volume seen from Table 1. A considerable amount
of structural swelling must, therefore, occur, per-
haps owing to the reversal of net charge, since the
protein at pH 3.7 is below its isoelectric point.

Inspection of the relative changes in some of the
parameters (+4% for Rg, +20% for V, —5% for
S/V) discloses that they are roughly consistent with
one another from simple dimensional considera-
tions, although the change in Rg is slightly less than
would be expected from the corresponding changes
in ¥ and S/V. This is a hint of some decrease in
anisotropy. A combined consideration of the
parameters leads to some further information.
Since the expression 3V/(4 n Rg®) is dimensionless,
it must be characteristic of a family of spheroids of
equal anisotropy and must be a function of the axial
ratio a/b only [38]. Conversely, a/b can be calculat-
ed from the dimensionless ratio (by straight-for-
ward numerical methods, if not in closed form).
The values listed in Table 1 show that there is in-
deed a small but significant decrease from 1.77 to
1.63; i.e., the molecule at pH 3.7 has become some-
what more rounded as well as bulkier. If the mol-
ecule is assumed to be a prolate ellipsoid of revol-
ution one may, from the values of a/b and V, obtain
the values of the respective half-axes (¢ = 34.6 +
0.6, b = 19.6 + 0.2 A, for the holoprotein; a =
348 + 0.5,h = 21.4 + 0.2 A, for the apoprotein).
The differences between the parameters of holo-
and apo-RBP in every one of the preceding instan-
ces, as well as in nearly all of those to follow, are
statistically significant (by s-test, P < 0.01, in all
cases except for Ap and (a/b),, where P ~ 0.1, and
a, where P > 0.2). The difference in a is thus not
significant at any reasonable probability level. It
may, therefore, be concluded that both the decrease
in anisotropy and the increase in volume are due
mainly to an enlargement of the minor axis.

By methods analogous to those used to obtain
alb, a value for a virtual axial ratio (a/b), may be
obtained from a second dimensionless ratio used by
Luzzati et al. [38], Rg S/V. This, in contrast to the
first, includes a parameter that is a measure of sur-
face. The resulting (a/b), (holo-RBP, 3.62; apo-
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RBP, 3.57) clearly does not represent a ‘real’” ellip-
soid but some scattering-equivalent ellipsoid of
identical volume. This second model attempts to
compensate in terms of the smooth surface of a
hypothetical, elongated body for the textured sur-
face of the more compact actual body, which would
not be amenable to characterization by two simple
parameters (a and b). (These parameters, since they
are based on three independent equations (one for
cach of the experimental quantities Rg, S, and V),
are algebraically overdetermined and will not yield
a calculated value for Rg identical to the experi-
mental one. Nonetheless, since it does take into ac-
count surface features, this is a useful alternative
model to employ for comparisons with the sur-
face-sensitive data obtained from hydrodynamic
phenomena).

To examine the data relating to surface area
more closely, it will be convenient to distinguish
between several separate contributions to the total
surface as follows. (1) There is the surface of the
basic model, i.e., the ellipsoid of revolution having
the volume and radius of gyration found by SAXS
independently of any model assumptions. Its sur-
face area, as a first approximation to that of the
molecule, may be designated as Sy, the model sur-
face. (2) It is recognized that the assumption of an
ellipsoid of revolution is arbitrary and is made only
as a point of departure because of its mathematical
convenience. The real model is certain to vary from
this idealization and to be less readily characteri-
zable. A closer approximation might utilize some
other shape, such as a more general cllipsoid with
three different axes, a cylinder or conical frustum
with rounded edges, or a kidney. Without attempt-
ing to go into details of such geometries, we may
assume that for any such body with identical vol-
ume and radius of gyration the corresponding sur-
face area will be somewhat larger than Sy. To take
the difference into account, we consider it as an ex-
cess surface, Sg, the additional contribution to sur-
face due to deviation in overall body shape from
the spheroidal model. (3) It is obvious that the sur-
face of a molecule which consists of coiled, folded,
and unordered chains, as does a protein, cannot be
smooth. Superimposed on the body shape will be
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such textural features as wrinkles, small protuber-
ances, clefts, or localized grooves. These will make
a substantial contribution to surface which we des-
ignate as S, the additional contribution to surface
due to texture. When convenient, Sz and Sx might
be lumped together as St, the excess topographical
surface. If we assign all conceivable contributions
to total surface to one of the foregoing three cat-
egories, Sy, S, or Sx, then Sy + Sp + Sx must
equal S, the total surface area.

As a measure of S,,, we take the surface S found
from experiment. Using the respective values for V'
and S/V from Table 1, we have S, equal to 11840
+ 120 A2 for holo-RBP and 13470 + 140 A2 for
apo-RBP. For Sy, using the appropriate gecometric
expression for elliptical surface in terms of @ and b,
we calculate 7420 + 30 A2 and 8250 + 30 A2, res-
pectively. It is noteworthy that the ratio Sy/S.: 1s
0.63 £ 0.01 and 0.61 = 0.01, respectively. It fol-
lows that St/S, the remaining fraction of about
0.38, also is the same, or nearly so, for both forms
of the protein; i.e., the increased Sy, remains divid-
ed in nearly the same proportions between Sy and
St. Even without specific knowledge of Sy (obtain-
able, for example, from a more detailed shape
analysis not undertaken here), there is some perti-
nent information available because the shape of a
scattering particle gives rise to very characteristic
fluctuations in the various scattering curves, as dis-
cussed, e.g., by Kratky [28] and as scen in the Sou-
1é-Porod plots of Fig. 3B. Shapes and positions of
the minima and maxima in this figure did not
change between apoprotein and holoprotein (the
latter not shown here), and similar minima and
maxima in the tails of the primary scattering curves
(e.g., Ja(s) vs. 5), where they show up even more
sharply, remained equally undisplaced. Whatever
Sp might be, it thus cannot differ by much between
the two forms of RBP in the absence of a change
in body type or any major change in shape within
the same body type. From a consideration of the
behavior of S, Sn/Stet> and Sp, it may be conclud-
ed that at low pH not only does Sx increase in ab-
solute terms, but as a fraction of total surface it
must also increase to some extent depending on Sg.
That is, the new textural surface must be, at mini-

mum, in proportion to the new total surface. In
looking for a structural change to fit this geometry,
one finds that it can be accounted for by a cleft
which opens to supply this increased textured sur-
face. It would also supply the sites of additional
hydration and, by the concomitant swelling, the in-
creased volume and radius of gyration measured.
This increase in radius of gyration, it may be noted,
is nearly the same as corresponding increases docu-
mented in other cases of cleft mechanisms, where
clefts accommodate ligands of the same order of
size [40,41,53,55].

Chemical modification studies [6,18] have
demonstrated the involvement of tyrosine and tryp-
tophan in the binding of riboflavin by RBP. Re-
orientation of these residues at low pH would lead
to release of the vitamin by the carrier protein. A
more disordered state for the residues associated
with the near-UV region, that is, more freedom of
rotation for the aromatic side chains [5], is in agree-
ment with the observation that the increase in mo-
lecular volume in going from high to low pH out-
paces the increase in hydration; it agrees also with
the earlier mention of a reversal of net charge and
of increased segmental motion. Increased exposure
of aromatic groups in an opened-up aromatic-rich
cleft would lead to less additional hydration than
the increases in volume and surface would imply.

The observed changes in the molecular parame-
ters of RBP indicate a fairly coherent description
of the changes in structure that accompany the re-
lease of riboflavin at low pH. SAXS results docu-
ment a change in tertiary structure at low pH cha-
racterized by an appreciable increase in volume
with slightly decreased anisotropy. Analysis of the
total surface data gives an estimate of the portion
attributable to increased surface texture of the mol-
ecule. The change in radius of gyration is of the
same order of magnitude as that associated with
cleft closure in the case of several binding proteins
reported in the literature. (It makes no essential dif-
ference that the mechanism in those cases was al-
losteric, whereas in the present case it is pH-in-
duced.) The mechanism emerging from these ob-
servations had to be based on solution properties
alone since, in contrast to proteins for which similar



mechanisms have been reported, no X-ray crystal-
lographic data were available here. Subject to this
reservation, a picture consistent with all observa-
tions is one in which the release of riboflavin by
RBP involves the opening of a pre-existing aro-
matic-rich cleft in the protein molecule under con-
ditions of low pH. In a similar situation, we have
begun to use SAXS to study the deletion mutation
of a;-A casein (Farrell and Kumosinski, pages
61-71, in this issue) and its impact on casein func-
tionality (Kumosinski, Pessen and Farrell, unpub-
lished data, Abstract of the 7th International Scat-
tering Conference, Prague, July 13-16, 1987).

In summary, then, SAXS is a technique that can
be used to highlight both essential similarities and
rather subtle differences in tertiary structure. It mir-
rors similarities between a-La and lysozyme that
may be conjectured from the literature, but it also
shows a sharp contrast between these proteins and
ribonuclease, a protein of similar size but very dif-
ferent properties. SAXS further tracks the subtle
changes in tertiary structure between the apo and
holo forms of RBP, which correlate with the dra-
matic chemical changes attendant on its biological
functioning. Since caseins and other food proteins
have never been, and may never be, crystallized,
SAXS studies in many cases will offer the only hope
for investigating detailed molecular properties.
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