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Abstract

Small-angle neutron scattering (SANS) was used to measure the radius of gyration (R,) of solutions of phosphoglycerate
kinase (PGK) in a variety of substrate environments in D,0. The R, of 24.0 A was measured for native PGK. A decrease in R
was observed for the following: 23.7 A for PGK + sulphate; 23.5 Afor PGK + B,y-bidentate Cr(H,0),ATP (CrATP); 23.3 £
for PGK+ 3-phospho-pD-glycerate (PGA) + CrATP; 22.9 A for PGK+CrATP +sulphate; 22.6 A for PGK+PGA+
CrATP + sulphate. The statistical error was about +0.3 A, which is less than systematic effects in this system. These results are
consistent with catalysis by a hinge-bending motion of the enzyme. Since CrATP is not hydrolyzed, these results represent the
conformational states of the bound substrates in the catalytically relevant ternary complex in the absence of product formation.
The second virial coeffcient is also measured for this system and this is consistent with that calculated from the protein volume
only.

Keywords: Yeast phosphoglycerate kinase; Small-angle neutron scattering; Second virial coefficient; Conformational change; Radius of gyration

1. Introduction

Yeast phosphoglycerate kinase (PGK) is one of sev-
eral kinases for which the protein crystal structures
consist of two domains separated by the substrate bind-
ing cleft (Fig. 1). The locations of the proposed bind-
ing sites for substrates and the bilobal structure of the
enzyme led to the suggestion that closing of the active
site occurs via a hinge-bending action [1-3]. The sub-
strates for PGK are adenosine triphosphate (ATP) and
3-phospho-D-glycerate (PGA). Substrate-induced
conformational changes in yeast PGK have been
observed by various techniques, including NMR [4—-
6], small-angle X-ray scattering (SAXS) [3,7,8], ana-
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lytical ultracentrifugation [9], and site specific muta-
tions [10-13]. SAXS studies of yeast [3] and pig
muscle enzyme [ 14] indicated a decrease in the radius
of gyration (R,) for these enzymes in the presence of
substrates. Although there is no direct crystallographic
evidence, these results are consistent with hinge-bend-
ing motion upon formation of the ternary complex.
Indeed, the X-ray structure of the binary pig muscle
enzyme—PGA complex shows that the domains are
closer to each other when compared to the substrate-
free horse muscle enzyme [15], although not to the
extent suggested for the ternary complex. Simple
hinge-bending motion (rotation of two lobes about a
single axis) of the two domains is not compatible, how-
ever, with the determined substrate-to-enzyme dis-
tances in binary CrATP-PGK and ternary CrATP-
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Fig. 1. Two-dimensional representation of the PGK crystal structure
from the Brookhaven data bank.

PGA-PGK complexes [16], which suggests a more
complex rearrangement.

The structural interpretation of the solution studies
has not been straightforward with yeast PGK since the
only known crystal structure of the yeast enzyme is
solved in the presence of effector sulfate ion. Sulfate
and other multivalent anions such as inorganic phos-
phate are known to affect the kinetics and the interac-
tion of the enzyme with substrates [17,18]. At low
concentrations, sulfate activates the enzyme and at high
concentrations, it is a competitive inhibitor [17,18].
NMR [5,19-21], hydrodynamic [9], and other bind-
ing [17,22] studies also suggest that the presence of
sulfate ion alters substrate binding and the structure of
the enzyme—substrate complexes as well as the equilib-
rium of the bound substrates. Site specific mutations of
different residues yielded various mutant enzymes,
some of which lack activation by sulfate [11,12,23—
25]. However, the nature and the extent of the confor-
mational change induced by sulfate is not known. A
recent NMR study of internuclear distances reported
the arrangement of the substrates at the active site
which are significantly altered by the presence of sul-
fate ion [23].

The results of an earlier hydrodynamic study sug-
gested that PGK becomes ‘more compact’ in the pres-
ence of both substrates [9]. Furthermore, the authors
also reported that the same effect was produced by the
presence of sulfate ion in the absence of substrates.
Although values for binary enzyme—substrate com-
plexes were reported, no information was given on the
ternary, catalytically relevant, complex in the presence
of sulfate. The validity of these results, however, has
been questioned [ 7] and conflicting ultracentrifugation

studies indicating no difference in 5,4, values of the
enzyme in the absence and presence of the substrates
with and without sulfate has been reported [26]. The
latter investigators, however, exclude the catalytically
required divalent metal ion which affects the binding
of substrates to the enzyme [19].

This report describes an investigation of the low
resolution structure of native PGK and ‘closed’ con-
formations with the substrates and/or sulfate ion by
small-angle neutron scattering (SANS). A preliminary
report of this work was previously presented [27].
Previous SAXS studies were performed in the presence
of high concentrations of substrates with the enzyme at
25°C [3,9], which were therefore done with an equi-
librium mixture of the substrates and products which
also yields inorganic phosphate upon hydrolysis of 1,3-
bis-PGA. Furthermore, the change due to sulfate ion
was not investigated in those studies. In this study, we
used an exchange-inert MgATP analog, namely {3,y-
bidentate Cr(H,0),ATP (CrATP), and we investi-
gated not only the conformational effects of substrates,
but sulfate as well. CrATP is a competitive inhibitor of
the enzyme [28,29] and slowly inactivates PGK by
forming a stable complex with a 1:1 stoichiometry in
the presence of PGA and/or sulfate ion [30]. Since
CrATP is not hydrolyzed by the enzyme [31], no prod-
uct formation was possible in our experimental condi-
tions. In the previous SAXS studies, the authors used
high concentrations of MgATP and PGA. Under their
experimental conditions, the reaction product 1,3-bis-
PGA quickly hydrolyzes to yield PGA and inorganic
phosphate (z;,, =20 min). Since phosphate affects the
enzyme just like sulphate, earlier results represent the
effects of not only bound substrates but bound products
and effector anions as well. Thus, multiple conforma-
tions of the enzymes could be present.

2. Experimental procedures
2.1. Materials

PGK was isolated from yeast strain 20B-12 contain-
ing multi-copy plasmid pCGY219. The plasmid and
the yeast strain were kindly provided by Dr. Hitzeman
of Genentech Inc. The purification of the enzyme was
accomplished as described earlier [32,33]. The
enzyme was greater than 95% pure as determined by
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SDS-PAGE. A specific activity of =580 wmol/min
mg was observed for the purified enzyme when assayed
under saturating substrate concentrations (3 mM for
both CrATP and 3PGA) in the absence of sulfate at
25°C, pH 7.5. The enzyme concentration was deter-
mined at 280 nm using &)+7=0.5. The CtATP was
prepared [34] immediately before use, diluted with
D,O and used in the inactivation experiments. D,0O
(99.9 d%) was purchased from Isotec and Cambridge
Isotope Laboratories. All other chemicals used were of
the highest grade commercially available. Stock solu-
tions of buffer, salts and substrates were prepared in
D,O. The pH of solutions in D,O is reported as read
directly from the pH meter, and is designated pH™.

2.2. Enzyme preparation

The enzyme (30—40 mg/ml) was incubated for 120
min at 37°Cin a total volume of 1.7 ml D,O containing
50 mM MES pH* 5.9, 100 mM NaCl and 3 mM
CrATP. This pH* was selected because of the instabil-
ity of CrATP complex at higher values [34]. Previous
studies indicated that the kinetics of the enzyme is not
altered at this pH* [24]. When present, the concentra-
tions of PGA and/or sulfate ion were 3 and 10 mM,
respectively. When sulfate ion was present, the ionic
strengths of the solutions were adjusted by lowering
the NaCl concentration. The activity of the enzyme was
determined spectrophotometrically at 340 nm, by
measuring the initial rates in a coupled enzyme assay
as described earlier [30,35] in a total volume of 1 ml
at 25°C. The solutions containing the inactivated
enzyme (15% remaining activity) were then centri-
fuged 10 min at 10000 g to remove aggregated protein.
These solutions were stored on ice until use.

The inactivation of yeast PGK with CrATP was car-
ried out in two groups. In each group, the three incu-
bation conditions were:

(a) native PGK;

(b) PGK in the presence of CrATP and;

(c) PGK in the presence of CrATP and PGA.

The first group contained 100 mM NaCl and the
second group contained 10 mM Na,SO, and an appro-
priate concentration of NaCl to match the ionic strength
in both groups. In all experiments, the conditions were
chosen such that PGA and CrATP were saturating (3
mM at highest PGK concentration) and the residual
activity of the enzyme was less than 15% at the end of

incubation period. SANS experiments were then per-
formed with the above solutions as a function of
enzyme concentration. At the end of neutron scattering
experiments, no loss of enzymatic activity from the
native PGK was detected.

2.3. Small-angle neutron scattering (SANS)
measurements.

The experiments were conducted at the W.C.
Koehler 30 m SANS camera at Oak Ridge National
Laboratory. The neutron wavelength (A) was 4.75 A
(AA/A=5%) and the beam diameter at the sample was
16 mm. The sample detector distance was 3.63 m,
which gave the first usable data at g = 0.022 A1, where
q is the momentum transfer for the scattering event
defined as

g=4mA""sin 6 (1)

and 28 is the scattering angle. The samples were con-
tained in cylindrical quartz cells of path length 5.00
mm. The area detector was 64 cm X 64 cm with a pixel
area of 1 cm®. The data were reduced with the program
SPECTOR (author John Hayter) on a pixel by pixel
basis for detector efficiency, instrumental background
and solvent (buffer) background prior to azimuthal
averaging to produce one-dimensional data. The net
intensities were converted to an absolute ( +5%) dif-
ferential cross-section per unit sample volume (d3/
d{(q) in units of cm™") by comparison with pre-
calibrated secondary standards [36]. The detector effi-
ciency calibration was based on the scattering from
light water. Data were recorded at about 7°C.

3. Results and discussion

SANS experiments were performed in D,O solutions
since the replacement of H,O with D,O improves the
signal-to-noise ratio significantly due to lower inco-
herent scattering of D,O. There is also a greater neutron
scattering density difference or contrast (Eq. (2), see
below) between the normally hydrogenated enzyme
and D,O solution (typically Ap= —3.5%X10!° cm~2
for H-proteins with 80% of labile hydrogens
exchanged) compared to an H,O solution (typically
Ap= +2.35X10' cm 2 for H-proteins), where con-
trast is defined as
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Ap = Psolute — Psolvent (2)
and
p=Xb/V,

where the b, are the neutron scattering lengths of all the
atoms contained in the solvent excluded volume V. The
scattered intensity from an isolated protein molecule at
zero angle is related to contrast as

(@) ,-0=(Ap)*V?, (3)

where I(g) is used instead of the differential cross-
section nomenclature for simplicity.

The observed intensity in an experiment on a mon-
odisperse sample can be written as the differential scat-
tering cross-section per unit solid angle per unit
volume,

d2/d€(q) =1(q) =nP(9)S(q) , (4

where P(gq) is called the particle form factor (different
for X-rays compared to neutrons) and describes the
scattering from an isolated particle, S(g) is called the
interparticle structure factor which is an interparticle
term that converges to unity at infinite dilution inde-
pendent of the radiation used, and n is the number
density of the particles (number/cm?).

Ligand-induced conformational changes would be
detected with greater precision in D,O due to this higher
intensity and the much lower incoherent scattering
from deuterium compared to hydrogen (incoherent
scattering superposes a flat signal onto the data, which
is greater than the actual signal in the case of H,O
solvent). The kinetics of yeast phosphoglycerate kinase
is not altered by the presence of D,O as solvent with
the exception of a lower V. [42].

When the radius of gyration is sought for the isolated
particle, a concentration series is usually done and the
R, measurements are extrapolated linearly to c=0 as
(R,)” against c. The radius of gyration of a particle is
the mean square radius of all volume elements from the
center of mass, where these elements are weighted by
their contrast value. It is possible to have a large con-
formation change with no change in R,, such as when
one lobe of a bi-lobal protein rotates, without altering
the lobe—lobe seperation or lobe shape. R, is calculated
in these experiments from the Guinier formula which
models the low ¢ portion of the scattering curve (typ-

ically quoted as gR, <1, though this ¢ domain is a
strong function of the protein shape) by

P(q) =P(0) exp(—3[ gR,]*) . (5)

For all real measurements on particles in solution,
the gR, domain chosen will give an estimate of R, at
infinite dilution either higher or lower than the true R,
that would be measured if the gR, domain measured
were infinitesimally small (say, gR, <0.05). This devi-
ation is usually ignored in small-angle scattering work.
It can be estimated for any particular study such as
PGK by studying the Guinier estimate of R, as a func-
tion of ¢ domain for the scattering either from the crys-
tal coordinates or from some other model. The upper
limit of gR, for Eq. (5) can vary by more than an order
of magnitude (less than 0.2<[gR,] ., <more than
2.0) if a 1% deviation in the R, estimate from [5] away
from the true R, is used as a criterion (arbitrary) for
validity. This value of | gR, ] max is, of course, a function
of the lowest gR, at which data is measured, where
[gR] nax is reduced as [gR, ], incCreases.

Consider two identical, uniform ellipsoids
(a=b=16 A, c=24 A), with ellipsoid A at the origin
and ellipsoid B parallel to A at (32,0, 0), i.e. touching,
with R, (true)=21.76 A. This model (conformation
No. 1) of a bilobal structure has valid gR, domains
0.17-2.3, and/or 1.0-2.1, and so on. So even data
entirely outside the ‘classical’ Guinier domain
(gR,<1) can give a good R, estimate for this model.
Conformation No. 2 is created from the first when ellip-
soid B is rotated 90° about the x axis, and so the true
R,isunchanged, and the valid gR, domains are unchan-
ged from conformation No. 1, even though the scatter-
ing curve has changed. Conformation No. 3 is created
from the first when ellipsoid B moves another 3 A away
from ellipsoid A to (35, 0,0), and each ellipsoid rotates
about their own b axes 20° (and — 20°), tilting together
to touch (forming a ‘V’ with 40° between the two ¢
axes). The true R, is now 22.89 A, and the values of
[gR,1max for the above valid domains are lowered to
1.9 and 1.65 (from 2.3 and 2.1, respectively). This
reduction is produced by moving the ellipsoid centers
apart and is independent of tilt. The crystal coordinates
of PGK are known (3PGK, Brookhaven Protein Data
Bank), so these can be used to generate the scattering
curve from the crystal as if it were placed in water.
Crystalline PGK has a valid Guinier domain (the 1%
criterion used above) of 0.14 <gR, <1.84, which is
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R, summary for different substrate conditions

99

System c R (Io/¢) =0
(mg/m) &) (cm?/g)
crystalline PGK - 24.1 46.1
native PGK 5, 10, 20, 30 240102 46.4
PGK+S0O, 10, 20, 30 23.7+04 36.9
PGK + CrATP 8.2,18,27 235403 42.0
PGK + CrATP + PGA 45,7.4,18,27 233+0.2 41.3
PGK + CrATP+ SO, (4.4), 18,26 22.9+04(7) 34.9
PGK+ CrATP+PGA + SO, 45,84,18,27 226402 36.2

2 0 -2
q (100.A7)
Fig. 2. Guinier plot of In  against ¢° for native PGK at four concen-
trations: 5, 10, 20, 30 mg/ml, showing the points used (filled sym-
bols) to measure R,.
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Fig. 3. Plot of R2 against c for the 3 sulphate-free cases: () native
PGK; ((0) PGK + CrATP; ( ¢ ) PGK+PGA + CrATP.

similar to the above model system. From this simple
illustration, we assert that for contracting bi-lobal pro-
teins of similar proportions (such as PGK), the valid
Guinier range observed from the crystal structure, if
known, is valid for the contracted (i.e. substrates
bound) forms, where the contractions are small
(<5%). In addition, we use a different gR, domain
for the PGK + sulphate case (due to suspected slight
aggregation), and we use the crystal scattering curve
to estimate the correction term to correctly compare the
two domains. The gR, domain 0.9-1.8 was used for
our data for the PGK + sulphate case and the domain
0.6—-1.5 was used for all others. The corrections that
would be required for the crystal scattering in these two
q ranges to give the true crystal R, are +0.15 and
+0.34 A respectively, which are applied to our data.
The small size of these corrections along with the above
arguement makes them useful and valid in our case to
improve the precision of the data. We do not claim that
all systems are amenable to such treatment.

For the case of PGK + CrATP + sulphate, the R, for
the lowest concentration is significantly displaced from
the trend shown in the other experiments, so the slope
drawn in Fig. 4 is taken from the two highest concen-
trations only and a larger error is assigned to the infinite
dilution result. The data correction for deconvolution
of wavelength spread (5%) and neutron beam size was
estimated from Ref. [37]. The correction was negli-
gible (about +0.02 A increase in R,) so was ignored
(Table 1, Figs. 2-4).

The data were also corrected for excess incoherent
scattering from the protein compared to the buffer. The
incoherent correction produced a difference in R, of,
for example, +0.13 A for 5 mg/ml native PGK. This
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Fig. 4. Plot of RZ against ¢ for the 3 sulphate-containing cases: ({J)
PGK + sulphate; ( ¢ ) PGK + CrATP +sulphate; (M) PGK + PGA
+ CrATP + sulphate.

correction was made as follows. The scattering inten-
sity from the buffer was measured at 0.068 cm ™", of
which 50% is assumed to be incoherent scattering [ 38].
The incoherent scattering of the sample is assumed
proportional to the fraction of the beam not transmitted
by the sample, 1 — 7, where T is the transmission of the
cell contents. Then,

Isample(inc) = 0034[ ( 1 - Tsample/0.95)
/(1= Touseer/0.95)1 (6)

where 0.95 is the transmission of the empty cell. This
agreed within 50% of the value calculated directly by
multiplying the number of hydrogen atoms per cm’ by
the incoherent cross-section of hydrogen 80 b), and
dividing by 4.

Table 2
Comparison of R, (A) determinations with other work

The 5.0 mm path length is longer than the more
traditional length of 2.0 mm for D,O solutions. The 20
mg/ml native PGK sample was measured with both
2.0 and 5.0 mm path lengths to give R, of 23.21 +0.07
A (2.0 mm) and 23.32+0.09 A (5.0 mm), as well as
I(0) values which agree within the accuracy of the
transmission measurements.

SAXS studies have been reported on yeast PGK
[3,7,8]. These are tabulated in Table 2 for comparison
to this work. The other experiments were X-ray exper-
iments which should produce somewhat higher R, due
to the following factors:

(a) X-rays are scattered by electron density differ-
ences between the protein and the solvent, while the
neutrons are scattered by nuclear scattering length den-
sity differences between the same. These are not equiv-
alent. The atomic coordinates of the crystal can be used
to estimate the R, for each case. We assume that 80%
of the labile hydrogen atoms exchange with the solvent
in random positions (in reality, an unknown fraction
would actually exchange in specific, solvent accessible
positions, which is difficult to predict from the crystal
coordinates), and we assume a specific volume of 0.72
cm®/g. We calculate R,(crystal/neutron) =24.13 A
and R,(crystal/X-ray) =24.30 A so the difference is
—0.17 A for the neutron case.

(b) The measurement of hydration is probably more
significant when comparing the X-ray and neutron scat-
tering because, although the protein is hydrated in both
cases, the opposite sign of the contrast of protein against
the solvent makes the solvent perturbation to the R,
opposite also. If we model a 3 A thick layer of water
on the protein with a 5% greater density compared to
bulk water (arbitrary choice), we see a AR, of +0.47

System Ref. [7] Ref. [8] Ref. [3] This work
temperature (°C) 20 not given 25 7

pH 7 7 not given 59

q for R, estimate - - 0.013-0.067 0.025-0.064
PGK native 245 245402 233102 240402
PGK +PGA + MgATP 23.3 23.240.2 223403 22.6+0.2*
PGK +PGA - - 23.040.2 -

PGK + MgATP 23.8 - 22.8+0.2 23.5+0.3*

* CrATP was used instead of MgATP in this work
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A for X-rays and —0.34 A for neutrons relative to the
unhydrated cases, or a net —0.81 A from hydration for
the neutron case.

Therefore, this modelled hydration case ((a) and
(b)) gives a total AR, of —1.0 A for the neutron
relative to the X-ray case.

_ The R, of a protein can be sensitive to both confor-
mation changes and/or hydration changes. A confor-
mation change, however, should produce no change in
(Iy/ ¢) ., because the volume and contrast are unchan-
ged. A hydration change can produce a change in (/,/
¢).—¢, since the effective scattering object is changing
in size and composition. R, measurements are more
sensitive to hydration effects when | (pgowen/ Ap) | is
relatively large. For our system of H-protein in D,O,
we define an increase in hydration to mean an increase
in the average density of water at the surface of the
protein due to higher surface charge there (which dis-
rupts the relatively open structure of bulk water) . (This
would also be associated with associating/dissociating
of ions/substrates which are ignored in the following
calculation on the effect of changing the density of a
uniform layer of water around the protein.) This hydra-
tion increase will lower the R, even though the scat-
tering object is physically larger, because the hydration
layer is a positive contrast perturbation on the dominant
negative contrast of the protein. Similarly, (Iy/¢).—q
will also decline. From Refs. [3,4], we calculate (1,/
¢)e_ogas46.1 cm?/g (using Ap= —3.45x10° cm~?,
protein specific volume=0.72 cm?®/g, M,=44.6
kDa). From Table 2, we see that native PGK agrees
well with this, and the PGK + CrATP/PGK + CrATP
+ PGA cases are 10% lower at about 42, but the three
systems containing sulphate are about 20% lower at
about 36. Hydration changes would manifest as discrete
effects at surface sites rather than a uniform global
change over the whole surface. We do not know the
detailed information required to model real hydration
with PGK. However, it is useful to look at uniform
global hydration on PGK and its relative effect on (/,/
C)c—o and R,, in order to try to distinguish betwee?
changes in conformation and hydration. For a 3 A
hydration thickness of D,0, with 5% higher density
than the bulk, the R, is reduced by 0.3 A and the (1,/
€)= is reduced by 10%. For a 10% higher density in
the hydration layer, the R, is reduced by 0.7 A and the
(lo/¢) .= is reduced by 19%. These calculations imply
large hydration effects are occurring, particularly when

sulphate is present. Application of these calculations to
the figures in Table 1 suggest that for the systems
PGK+ CrATP, PGK + CrATP +PGA, and PGK+
SO,, the observed R, changes are consistent with
hydration alone. The systems PGK+ CrATP+ SO,
and PGK+ CrATP +PGA + SO, have conformation
changes convoluted with hydration changes. The ear-
lier small-angle X-ray scattering studies did not discuss
the conflicting effects of hydration in their conforma-
tion studies. For X-rays, greater hydration will increase
R, and (Iy/c)._,, though no evidence of this is appar-
ent from Table 1, which shows similar differences to
this neutron study, rather than larger differences. This
may be due to solution conditions being different than
those used here, including the use of MgATP, giving
rise to an equilibrium mixture of substrates and prod-
ucts. This could be checked by repeating our experi-
ment with SAXS. While comparison of absolute R,
between publications is complex because of reasons
outlined above, R, differences within publications are
more clearly defined and hence comparable.

The effects of multivalent anions such as sulfate or
phosphate on the structure and the activity of PGK has
been studied [5,9,17-22]. It was also shown recently
that the presence of sulphate not only alters the enzyme
conformation and activity but also changes the confor-
mation and arrangement of the substrates at the active
site as determined by NMR studies [24]. Roustan et
al. reported [9] that PGK becomes more ‘compact’
when both substrates are present. The same effect was
produced by the presence of sulphate even in the
absence of substrates as determined by hydrodynamic
studies [9]. These studies, however, did not report the
effects of sulphate on the catalytically relevant
PGK +MgATP +PGA complex. Recent sedimenta-
tion studies yielded conflicting results suggesting that
the hydrodynamic properties of PGK are not altered by
the presence of substrates and sulfate [26], though
these authors excluded the catalytically required Mg?™*
to prevent catalysis. The results of Roustan et al. [9]
were also regarded as ‘rather strange’ by Ptitsyn et al.
[7] because it would indicate significant changes in
the molecular dimensions of PGK.

Proteins do not form ideal solutions because the spa-
tial dispositions of the particles are not independent.
The scattered intensity of neutrons (or X-rays) is not
just the summation of the scattering from individual
protein molecules. McMillan and Mayer [39] rigor-
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Table 3
Variation in PGK contrast (calculated) as a function of H-D
exchange with the solvent D,O

H-D exchange at Contrast
labile sites (D%) (10" ecm™—2)
0 —4.57
80 —3.50
100 —-3.23

ously derived a series expansion for osmotic pressure
in terms of concentration, which is written as

p=RT(c/M,+A,*+A;c+..), (71

where M,, is the molecular weight of the solute, and ¢
is the concentration of the solute in g/cm?, and the A,
are called the virial coefficients which are constant at
constant temperature. This series converges and is valid
at any concentration. The coefficients A,, are related to
the molecular distribution functions, in particular, A,
has a fairly simple molecular meaning describing pair-
wise particle—particle interactions. The third term (A3)
involves interactions between triplets of molecules and
so on. The second virial term accounts quantitatively
for deviations from ideality quite well for many cases
where c is not too high.

If the solute particles repel one another with a force
which falls off rapidly with distance, the second virial
coefficient can be described [40] in the form

A= (NAo/M2)(b+a/RT) , (8)

where N, is Avogadro’s number, b is the covolume
(cm®) or effective volume and a is a constant with a
positive sign proportional to the energy of repulsion.
Repulsion between the particles increases the effective
volume of the particle. For proteins, the magnitude of
a would be minimal at the isoelectric point and/or in
high salt conditions. For cases well away from the iso-

Table 4
Summary of A, values for different substrate conditions

electric point and low salt, higher terms in the virial
series are needed to correctly interpret scattering and
other measurements. For a spherical particle, the cov-
olume is equal to four times the actual volume, which
is equal to the volume excluded from the center of an
approaching second identical sphere. Few measure-
ments of A, for protein solutions appear to have been
made [16], and none from SAXS or SANS to our

knowledge.
From Eqs. (3) and (4), we can write
My — o= [ 1000 NAI(0) 1/ cr*(Ap)*] (9)

where v is the specific volume of protein (typically
=(0.72 cm®/g) and M, app is the apparent molecular
weight. From Ref. [41], we see how the true molecular
weight derives from the apparent molecular weight and
the second virial coefficient,

My, =M, /[ 1+24A,cM,] , (10)
and combining Eqgs. (9) and (10, we get
c/I(0)y=K[14+24,cM,,] , (11)
where

K=NA/[ My,v*(Ap)?] (12)

so a plot of ¢/1(0) against ¢ will be linear (assuming
two terms in the virial series describes the system) to
give A, from the slope and K from the intercept. The
theoretical value of Ap is a strong function of the
amount of H/D exchange exhibited as shown by Table
3, which contributes perhaps + 15% error to K(calc.).
There is also + 5% uncertainty from ¢?, so

K(calc.) =21.9+4.3mg/cm?.

This number agrees with the measured values for K for
the three non-sulphate cases (Table 4, Fig. 5). All
solutions had the same ionic strength. The calculated

System c AM,, K
(mg/ml) (cm?/g) (mg/cm?)

PGK + PGA + CrATP 45,7.4,18,27 3.15 24.2

PGK + CrATP 8.2, 18,27 3.02 23.8

PGK + SO, 10, 20, 30 1.56 27.1

PGK+ CrATP+ SO, (4.4),18,26 6.29 28.7

PGK +PGA + CrATP+ 80, 4.5,8.4,18,27 5.64 27.6
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Fig. 5. Virial coefficient plot for PGK + PGA + CrATP.

concentration slope in Eq. (11) (using Eq. (8) with
a=0) is 0.127 cm, or A,M,,=2.9 cm®/g (M, =44.6
kDa) which is also close to that observed for the three
non-sulphate cases.

The three sulphate-containing cases are systemati-
cally different in intercept and slope. Because the ionic
strength was kept the same as with the non-sulphate
cases, there is less charge shielding the protein mole-
cules, so data at lower concentrations may be required
to correctly measure A, (due to higher virial terms
being involved). The higher slope may be from lower
screening (more repulsion) between the molecules (so
A, is larger). The higher intercept reflects the strong
hydration discussed earlier. The low slope for PGK
+ sulphate indicates an attractive potential (Eq. (8))
with low screening which is supported by the presence
of slight aggregation observed with this sample.

4. Conclusion

The results of SANS experiments presented here
show that the radius of gyration of PGK is reduced by
0.7 A when the substrates are bound to the enzyme
(Table 1) without sulphate compared to 1.4 A with
sulphate. Similar observations were made earlier in
SAXS experiments where binding of substrates to yeast
and muscle enzymes produced R, changes of =1.2 A
between the free enzyme and the ternary enzyme-—
MgATP-PGA complex [3,7]. An important difference
between our conditions and the X-ray scattering con-
ditions is our prevention of unwanted product forma-

tion. We used exchange—inert CrATP as the metal-
ATP analog, that binds to the active site and inactivates
the enzyme in the presence and absence of PGA [30].
Thus, the binary PGK+ CrATP and ternary PGK
+PGA + CrATP complexes contain the locked con-
formation of PGK. An examination of the earlier data
reveals that under the conditions for SAXS [3,7], sub-
strates and products were in equilibrium. Furthermore,
since the product 1,3-bis-PGA is unstable in solution
and hydrolyzes to 3-PGA and phosphate, the observed
change of —1.2 A in R, for SAXS may reflect the
combined effects of bound substrates and products;
multivalent anions such as phosphate also affects PGK
just like sulphate. The determined AR, values of SAXS
and SANS experiments are not consistent when allow-
ing for hydration effects, but when all substrates are
present including sulphate, cleft closure between the
two protein domains is supported [1-3].

Other authors [3,7] did not investigate the effects of
sulphate with SAXS. The presence of sulphate resulted
in a larger change in the radius of gyration upon for-
mation of the ternary complex, due in part to unusually
large hydration effects. These observations suggest that
multivalent anions have distinct and independent
effects on the the enzyme, which are revealed in this
work and warrant further study. It is also clear that
sulfate binds to the ternary complex suggesting the
presence of anion binding sites on the enzyme distinct
from the active site.
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