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Abstract In order to investigate the effect of concentration in
biological processes such as protein folding, small angle neutron
scattering measurements were used to determine the second virial
coefficient of solutions of both native and strongly denatured
phosphoglycerate kinase and the radius of gyration of the protein
at zero concentration. The value of the second virial coefficient is
a good probe of the non-ideality of a solution. The present results
show that the unfolding of the protein leads to a drastic change in
the repulsive intermolecular interactions. We conclude that these
interactions are due mainly to the behaviour of the denatured
polypeptide chain as an excluded volume polymer.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

The understanding of protein folding remains one of the
major goals of contemporary structural biology. This requires
a detailed characterisation of both the folded and the un-
folded states. While X-ray crystallography and nuclear mag-
netic resonance yield exponentially growing data on native
proteins, only a few biophysical techniques can provide struc-
tural information about the denatured state considered as
unstructured. Among these techniques, small angle scattering
(SAS) of either neutrons (SANS) or X-rays (SAXS) is a very
powerful tool that yields low- and medium-resolution infor-
mation about the structure of macromolecules in solution [1].
Recently it has been used increasingly in the field of protein
folding [2-4]. This technique provides a direct measurement of
the radius of gyration of a molecule, and is therefore very
sensitive to the molecule’s compactness which is a key param-
eter characterising the degree of denaturation of a protein.
Furthermore, SAS can also give a description of the overall
shape of a compact macromolecule and the distribution of
configuration of an unfolded chain [5,6].

However, SANS and SAXS experiments require high pro-
tein concentrations for accurate measurements. Moreover, the
apparent values of the forward scattered intensity /(0) and of
the radius of gyration obtained by SAS spectrum analysis
depend on the concentration of scattering particles. This arises
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from the non-ideality of solutions caused by the finite size of
the particles, the volume of which would be equal to zero in
an ideal solution, and by interactions existing between them,
such as van der Waals, hydrophobic or electrostatic interac-
tions due to the surface charge of the particles or to the ionic
properties of the solvent. Non-ideality of biomolecule solu-
tions affects experimental measurements and, above all, proc-
esses in the cell, where protein concentrations are far higher
than those commonly used for experiments [7,8]. In spite of
this, this point remains too much neglected.

In order to assess the importance of this phenomenon, we
present here a small angle neutron scattering study of the non-
ideality of a yeast phosphoglycerate kinase (PGK) solution
and of the effect of a drastic unfolding on this non-ideality.
The structure and dynamics of native and strongly denatured
PGK have been previously studied using neutron and X-ray
scattering [9-12]. We reconsider here previous measurements
of the apparent radius of gyration and now give values ex-
trapolated to zero concentration. They reflect the actual size
of native and totally unfolded PGK. We also determine the
second virial coefficient of solutions of both native and com-
pletely denatured PGK. Thus we show that non-ideality of
these solutions should not be neglected and that the magni-
tude of the concentration effect is quite different for the native
and the unfolded states.

2. Materials and methods

2.1. Experimental

2.1.1. Sample preparation. Recombinant PGK was prepared as
described by Minard et al. [13]. The enzyme activity was verified using
a coupled assay with glyceraldehyde-3-phosphate dehydrogenase,
adapted from Bucher [14], as described by Betton et al. [15]. The
experiments were performed in deuterated buffer so as to allow the
highest contrast between the protein and its solvent and to minimise
incoherent scattering arising from hydrogen atoms. Besides, the scat-
tering-length density of deuterated guanidinium chloride (Gdm-Cl) is
almost the same as that of heavy water, and therefore excess coherent
scattering arises mainly from the protein. Deuteration of guanidinium
chloride was performed as described in [10]. The purified protein was
extensively dialysed against D,O Tris-DCI 20 mM pD 7.0 buffer. The
denatured samples were prepared by dissolution in Gdm-Cl to 4 M
concentration. All experiments were conducted at 4°C.

The protein concentration of the samples was determined both by
absorbance at 280 nm (¢ = 0.49 ml/mg cm) and by the bicinchonic acid
assay [16]. The molecular weight of PGK in deuterated solution is
close to 45.3 kDa.

2.1.2. SANS experiments. The SANS measurements were carried
out at the Laboratoire Léon Brillouin, using the PACE instrument.
The neutron wavelengths A were 5 A and 11 A and the sample-to-
detector distances 0.80 m and 2.80 m respectively. This gives access to
scattering vectors ranging from 0.006 to 0.5 A~'. The scattering vec-
tor is defined as ¢ =4nA~! sin®, where 20 is the scattering angle.

The samples were contained in fused silica cells of 5 mm inner path
length. The scattering data were corrected for the solvent contribution
and for the excess incoherent scattering as described in [10]. Detector
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non-uniformity was corrected by normalisation to the scattering from
a | mm thick light water sample.

The duration of data collection was chosen according to the protein
concentration, in order to get the same statistical accuracy for all
measurements. For instance, 4 h was needed when the protein con-
centration was 5 mg/ml. The final spectrum of each sample corre-
sponds to the average of all the spectra obtained during consecutive
half-hour runs. This enabled us to check that the forward scattered
intensity /(0) stayed constant and therefore that no aggregation oc-
curred during the course of the experiment.

2.2. Theoretical analysis

2.2.1. Zimm approximation. For a finite concentration of protein,
the scattering function may be altered compared to the signal of a
molecule in dilute solution. The Zimm approximation [17] takes into
account the concentration effects on the scattering function. It can be
written as follows:
1(0,0) _ 1 ) 2
I(%c) —P(q)+2A2ML+3A3M( + ... (1)

where I(g,c) is the apparent scattering function at concentration ¢ (g/
cm?®), P(q) is the structure factor of a single macromolecule, i.e. the
scattering function in the molecule would give in an ideal solution, M
(g/mol) is the molecular weight of the molecule, 45, A3, ... are the
second, third, ... virial coefficients. 45 describes interactions between
pairs of molecules, 43 is related to interactions between three mole-
cules, etc. A determination of 45 can then provide a good estimate of
the non-ideality of the relatively dilute solution and of the extent of
intermolecular interactions. It can be evaluated by performing experi-
ments at different protein concentrations.

2.2.2. Determination of the second virial coefficient. For an ideal
protein solution, the forward scattered intensity can be written [18]:

cM _
Ny [(py—P)) )

1(0,0) =

where N is Avogadro’s number, p,, and p, are the scattering length
densities (cm™2) of the protein and of the solvent respectively and v,
the partial specific volume (cm?/g) of the protein.

Combining Eqgs. 1 and 2 leads to:

¢
1(0,¢)

= (=) (1 + 22 M +-.) ()

At lower concentrations, the third term 345M¢* and the following
can be neglected. In this case, a plot of ¢/I(0,c) vs ¢ should be linear,
with a slope proportional to A,. For repulsive intermolecular inter-
actions (42 >0), Eq. 3 shows that the apparent scattered intensity
1(0,¢) is lower than 1(0,0).

2.2.3. Determination of the radius of gyration. The apparent value
of the radius of gyration R,(c) of a compact particle can be inferred
from its scattering spectra by means of the Guinier approximation

[19]:
Réq2
; ) )

. For a spherical particle this approximation is valid up to gR, =1.3
A~! [10]. It was used to obtain the apparent values of the radius of
gyration and of the forward scattered intensity 7(0,c) for native PGK.

In the small ¢ region (¢R,= 3), the scattering profile of an expanded
chain is better described by the Debye function [20]:

P(x) = % = %(x—l e (5)

1(gq,¢)=1(0,c)exp (—

where x = (¢R,)*
This function can be approximated as [10]:

I(g.0)”" = 1(0,¢) ' [1 + 0.359(qRy (¢))**"] (6)

In this expression the figures 0.359 and 2.206 allow the accuracy of
this approximation to remain within less than +0.4% for 1 =x=13.
The scattering spectra of unfolded PGK were fitted to this expression.
A plot of I(q,c)™" vs. ¢>?% gives a straight line and allows the appar-
ent radius of gyration Ry(c) and the apparent scattered intensity /(0,c)
to be inferred from its slope and intercept.
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Fig. 1. Guinier plot of the scattering profiles of native PGK. The
protein concentrations are: A 5 mg/ml; ¢ 7.5 mg/ml; @ 10 mg/ml;
0 15 mg/ml; ¢ 20 mg/ml; O 32 mg/ml; m 60 mg/ml.

The Debye law is basically valid for a gaussian chain [20] but it can
also be used for excluded volume chains [21,22].

It is noteworthy that Eqgs. 4 and 6 are well established for ¢=0.
Inserting them in Eq. 1 for P(g) and rearranging demonstrates that
they remain very good approximations for finite, but not too high
concentrations. In particular Eq. 4 leads to the following results:

[Ry()]* =[Rg(0)]*(1 + 242 Mc) ™! ™)

This equation enables us to determine the radius of gyration ex-
trapolated at zero concentration for native PGK.
Similarly Eq. 6 leads to:

[R()*" = [Rg (0)]*"(1 + 24, Mc] ! (8)

We can thus determine the radius of gyration extrapolated to zero
concentration for the denatured PGK as well. The values of the sec-
ond virial coefficient obtained from Eqs. 7 and 8 are less reliable than
those given by Eq. 3, because the former hold only if the pair corre-
lation function does not depend on the concentration.

If this is true, Eqs. 7 and 8 indicate that an increase of repulsive
interactions leads to a decrease of the apparent values of the radius of
gyration.

3. Results and discussion

3.1. Native PGK

The scattering experiments were performed for seven differ-
ent concentrations of protein, ranging from 5 to 60 mg/ml. No
aggregation was detected in the sample during data collection,
even at the highest concentration.

Fig. 1 exhibits the scattering profiles of native PGK for
each protein concentration. The Guinier approximation de-
scribes the scattering intensity in the appropriate g-range
very well. For ¢ =20 mg/ml the linear fits are parallel, suggest-
ing that the radius of gyration of native PGK does not depend
strongly on the concentration.

In order to determine the second virial coefficient, we plot-
ted ¢/1(0,c) vs the protein concentration (Fig. 2a). For concen-
trations below 30 mg/ml, the dependence is linear and the
slope of the straight line gives: A4, =(0.4%0.1)Xx10"% ml
mol g2

For ¢=30 mg/ml, the scattered intensity /(0,c) is weaker
than expected. This cannot be due to any aggregation, be-
cause aggregation would have led to an increase of 1(0,c).
This decrease of the intensity reveals higher order contribu-
tions from repulsive interactions. In this case, the third term
involving the third virial coefficient is not negligible any more.

We also determined the radius of gyration of the native
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protein extrapolated to zero concentration (Fig. 2b). We
found: R,(0)=23.8+0.3 A.

The value of Ay inferred from this extrapolation is less
accurate but is similar to the value previously obtained.

We have calculated the radius of gyration of native PGK
from the atomic co-ordinates of the crystal structure and to
the scattering density lengths and taking into account the
contrast with the solvent. The theoretical value is R, =23.6
A, in very good agreement with our measurements.

Previous work determined the radius of gyration of native
PGK using either SANS or SAXS [12,23-26]. Whereas some
performed measurements at different concentration, none
tried to estimate the second virial coefficient. Henderson et
al. [23] did it only for PGK in the presence of substrates.
For instance, they found 4,=0.67x10"% ml mol g2 for
the binary complex PGK+p,y-bidendate Cr(HyO),ATP. This
difference with our result may be interpreted in terms of either
a lower charge screening due to substrate binding or of higher
electrostatic interactions due to a lower pD= 5.9.

The second virial coefficient of a macromolecules solution
can be written [27,28]:

3
Ay = 4n3/2\PNAR§'4—(S) (9)
¥ is a universal constant whose value depends on the shape
or the conformation of the molecule. For hard spheres
Y =1.619 [29]. Assuming that native PGK may be regarded
as a hard sphere, allowing no interpenetration between par-
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Fig. 2. Dependence on protein concentration of ¢/I(0,c) (a) and
[Ry(c)]? (b) for native PGK in 20 mM Tris-DCI pD 7.0. The slope
of the straight line in a gives the value of the second virial coeffi-
cient and the intercept in b the value of the radius of gyration at
zero concentration.
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Fig. 3. Plots of [1(0,c)]* vs ¢*?% for PGK denatured by 4 M Gdm-
Cl. The protein concentrations are: M 2.5 mg/ml; O 3.5 mg/ml; a
5 mg/ml; ¢ 7 mg/ml; @ 10 mg/ml.
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ticles, the second virial coefficient would then be:
A;=1.4x10"* ml mol g~2. This calculated value is about
4 times higher than the experimental one. However, the as-
sumption that native PGK is a hard sphere is not correct.
First, the geometry of native PGK is not exactly spherical.
Secondly, because of the low distribution of charges of PGK
in our experimental conditions, the interaction potential be-
tween molecules should be attractive. The second virial coef-
ficient should then be smaller. This was indeed observed.

3.2. Denatured PGK

PGK was strongly denatured with 4 M Gdm-Cl. Previous
works [11,30,31] have demonstrated that in the presence of
such a concentration of denaturant no structure remains
and the protein is completely unfolded. Furthermore, Calm-
ettes et al. [10,11] showed that strongly denatured PGK be-
haves as an excluded volume polymer, where every amino acid
is fully solvated.

The scattering experiments were performed at five different
protein concentrations ranging between 2.5 and 10 mg/ml.
The denaturation was very quick and the system reached equi-
librium within a few minutes. A set of consecutive runs re-
vealed that the protein started to aggregate a few hours after
addition of Gdm-Cl, depending on the protein concentration.
In the data analysis we only kept the first spectra for which no
aggregation was detected.

In Fig. 3 we plot the reciprocal of the intensity I(g,c) vs
¢*?% for denatured PGK and the line fits to Eq. 6. This plot
shows that Eq. 6 correctly describes the scattering profiles of
denatured PGK. As shown in Fig. 4 the decrease of both the
apparent forward intensity and the apparent radius of gyra-
tion with the concentration is now substantial. In the concen-
tration range of our experiments, ¢/I(0,c) varies linearly with ¢
and we can deduce the value of As from the slope of the
straight line (Fig. 4a). We obtain: A, =(10%2)x107* ml
mol g2

By plotting 1/R4(c)*?% vs ¢ we get the value of the radius of
gyration of denatured PGK extrapolated to zero concentra-
tion (Fig. 4b): R,(0)=89.0+4.0 A.

Previous reports have given values lower than this:
71.5+2.0 A at 5 mg/ml [10] and 66+2.0 A at 10 mg/ml
[12]. This results from the very significant concentration effect.
Now the comparison between native and denatured PGK re-
veals a far more dramatic increase of the radius of gyration
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[Ro(0)]*?* (b) for PGK denatured by 4 M Gdm-Cl. The slope of
the straight line gives the value of the second virial coefficient and
the intercept in b the radius of gyration at zero concentration.

when the protein becomes unfolded: almost a 4-fold expan-
sion.

This strong concentration dependence indicates that un-
folded PGK behaves as an excluded volume chain, confirming
our previous findings. In fact, the second virial coefficient of a
gaussian chain in a 6-solvent is equal to zero and there is no
concentration dependence of the radius of gyration nor of the
forward scattered intensity. The second virial coefficient of an
expanded chain can be calculated using Eq. 9, with ¥ =0 for a
gaussian chain and ¥ =0.233 for an excluded volume chain
[28,32]. In the last case, the second virial coefficient of dena-
tured PGK should be: 4, =11.5X10"* ml mol g2, according
to the value of R,(0). This is in excellent agreement with our
measurements and confirms that PGK behaves as an excluded
volume polymer. The excluded volume for each molecule can
be estimated to be u=24,M/N, =6.8%X 105 A3,

From osmotic pressure measurements Lapanje and Tanford
[33] determined the second virial coefficient of several proteins
denatured in 6 M Gdm-Cl. They established the variation of
Ao with the molecular weight. According to their results, the
second virial coefficient of denatured PGK would be
A;=8.6X10"* ml mol g~2. This value is slightly lower than
ours, which is obtained for a deuterated solution, but is still
within the error bars of our measurements.

The second virial coefficient of denatured PGK is about 25
times larger than for native PGK. The dramatic increase in
the volume of denatured PGK caused by unfolding is not the
only reason explaining this deviation from ideality of the sol-
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ution. The main reason is the drastic change in interparticle
interactions. It does not concern electrostatic interactions
which are completely screened because of the high ionic con-
centration in the denaturing solution (4 M Gdm-Cl). In the
native protein, hydrophobic and hydrophilic residues were
rather segregated. In contrast, in the fully denatured protein
every kind of residue is exposed to the solvent and not to
other monomers of the chain. Therefore, denatured PGK be-
haves as a polymer in good solvent. This means that any
segment of the unfolded chains repel each other because of
preferential interaction of the different residues with the sol-
vent.

4. Conclusion

We have shown here that, whereas there are very few re-
pulsive interactions in the native PGK solution, the strongly
unfolded polypeptide chains repel each other significantly. In
this case, it seems that the second virial coefficient does not
depend on the composition of amino acids in the protein, as it
corresponds to the values expected for an excluded volume
chain or a protein of the same size. However, this does not
mean that the intermolecular interactions are the same for
every unfolded protein whatever its amino acid composition:
Tanford’s results indicate that the second virial coefficient of
denatured pepsinogen did not fit with his other results. More-
over, the second virial coefficient of acid-denatured cyto-
chrome ¢ measured by Damaschun et al. [34] is also too large
compared to the predictions. Therefore, the overall interpar-
ticle interactions may strongly depend on many different pa-
rameters, among them the conformation of the molecule is
very important but also the way the protein is denatured
and the polyelectrolyte nature of the polypeptide chain.
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