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Abstract 

There has been renewed interest in determining the physicochemical properties of denatured states of proteins. In many 
denatured states there is evidence for the existence of nonrandom configurational distributions. Here we examine the small-angle 
neutron scattering profile of yeast phosphoglycerate kinase in the native state and in highly denaturing conditions. We show that 
the denatured protein scattering profile can be interpreted using a model developed for synthetic polymers in which the chain 
behaves as a random coil in a good solvent, i.e. with excluded volume interactions. The implications of this result for our 
appreciation of the protein folding process are discussed. 
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1. Introduction 

Globular proteins fold into specific, functional three- 
dimensional structures that are determined by their 
amino acid sequences [ 11. In vitro, highly unfolded 
proteins can sometimes reversibly refold into the native 
state [2] and there is evidence that the folding path- 
ways concerned may be similar to those occurring in 
cells [2,3]. Thus, in vitro experiments can provide 
information on the physicochemical factors determin- 
ing the kinetics and thermodynamics of protein folding 
in vivo [ 4-71. 

Protein folding proceeds from a ‘highly’ or ‘com- 
pletely’ denatured state through partially folded inter- 
mediates to the native state. Therefore, a determination 
of the configurational distribution of the highly dena- 
tured state is a prerequisite for a complete understand- 
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ing of protein folding pathways. Further interest in the 
characterization of denatured states has arisen as these 
states appear to be the forms recognized by chaperones, 
by protein complexes that initiate transport across bio- 
logical membranes and by proteases responsible for 
intracellular protein turnover [ 81. 

Although for most proteins the physiological dena- 
tured states are too unstable to be studied, proteins can 
be denatured in several ways using, for example, heat, 
acid or solvents. The properties of the denatured states 
thus obtained have been found to depend critically on 
the denaturing conditions [ 41. Under mild denaturing 
conditions a globular protein may adopt a compact non- 
native form with a significant amount of residual struc- 
ture [ 91. Further denaturing may lead to an expansion 
of the structure with a further loss of local interactions 

[lOI. 
The stability of a protein towards reversible dena- 

turation is determined by the free energy difference 
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between the native and denatured states under the con- 
ditions of study. The free energy of a state depends on 
the configurations and interactions present in it. 
Detailed atomic-resolution information on the native 
structures of proteins can be obtained using NMR spec- 
troscopy or X-ray crystallography. However, structural 
information on highly denatured states is much less 
accessible as their conformational flexibility prevents 
their crystallisation and reduces the information obtain- 
able using multidimensional NMR spectra. Therefore, 
until quite recently, most biophysical research aimed 
at understanding the principles of protein stability 
relied exclusively on examinations of the native state, 
and this is still the preferred approach in some labora- 
tories [ 111. However, changes in the interactions pres- 
ent in the denatured state can, in principle, affect the 
stability of a protein. Changes in the free energy of the 
denatured state upon, for example, site-directed muta- 
genesis, will influence the relative stabilities of the 
native forms. Indeed, evidence that the denatured form 
can play a significant role in stability differences has 
been provided by experiments on staphylococcal nucle- 
ase [ 121. A significant fraction of the stability loss 
accompanying point mutations in this protein was 
attributed to changes in solvent exposure in the dena- 
tured state. 

Recently, much progress has been made in finding 
out information about the structures of denatured pro- 
teins and in trapping and characterising kinetic folding 
intermediates. NMR, in particular, has provided a 
major impetus in this regard. A combination of pulsed 
hydrogen exchange experiments with NMR has 
allowed the detailed characterization of interactions 
present in denatured states of some small proteins that 
may correspond to intermediates along their folding 
pathways [ 13,141. 

Most of the present, widely used techniques for the 
investigation of denatured states, such as NMR and the 
various optical spectroscopies, probe protein confor- 
mation on relatively short length scales. To comple- 
ment these approaches small-angle scattering (SAS) 
using either neutrons (SANS) or X-rays (SAXS) can 
provide information on low resolution global structural 
features of denatured proteins [E-20]. SAS experi- 
ments have recently started to be applied to the char- 
acterization of denatured states. For instance, SAXS 
has been used to examine the salt-mediated conversion 
of the moderately expanded acid-denatured form of 

cytochrome c to a compact molten globule form [ 181. 
Heat-denatured states have also been examined by 
small-angle scattering. Using SAXS it was found that 
thermally denatured ribonuclease A undergoes only a 
30% increase in its radius of gyration when its disul- 
phide bonds are intact [ 191. Upon reduction of these 
bonds the heat-denatured and 6 M guanidinium chlo- 
ride-denatured forms increased greatly in size, yet 
remaining much smaller than predicted for a random 
coil. SAXS has been applied to the examination of the 
staphylococcal nuclease mutants mentioned above 
[ 171. The results showed that single amino acid sub- 
stitutions can radically alter the configurational distri- 
bution of a partially condensed polypeptide chain. 

In the present paper we will be concerned with a 
highly denatured protein. A highly denatured protein 
can be produced, without disrupting the covalent struc- 
ture of the polypeptide chain, with high concentrations 
of urea or guanidinium chloride (Gdn-HCl) . As a first 
approximation for experiments on protein folding, this 
state has been considered as ‘fully unfolded’, that is as 
a random coil with conformations limited only by steric 
interactions between the atoms. More recently, how- 
ever, it has become apparent that some highly dena- 
tured proteins can still possess significant residual 
structure. For example, NMR studies of 434-repressor 
in 7 M urea have provided evidence that a cluster of 
hydrophobic residues exists [ 211. Results such as these 
call into question the idea that even highly denatured 
proteins behave as random polymers. 

In a recent paper [ 161 we applied the SANS tech- 
nique to obtain information on the configurational dis- 
tribution of highly denatured yeast phosphoglycerate 
kinase (PGK), an enzyme involved in the first step of 
glycolysis. PGK is a two-domain monomeric globular 
protein of 44525 Da consisting of 415 amino acids and 
no disulphide bridges [22]. Its folding pathway has 
been widely studied using spectroscopic and biochem- 
ical methods [ 231. In a previous work [ 161 the SANS 
data showed that the denaturation was accompanied by 
a large increase in the radius of gyration of the protein. 
The data were further interpreted using statistical 
mechanical and molecular mechanical modelling pro- 
cedures to obtain a description of the configurational 
distribution of the denatured chain. In the statistical 
mechanical model the region of contrast scattering den- 
sity associated with the protein chain was pictured as a 
chain of freely-jointed spheres. It was found that a 
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model with a small number of spheres could not fit the 
data; a good fit was obtained with 100 spheres of 8.5 
A radius. Single configurations of the fitted chain of 
spheres were used as low-resolution bounds for model- 
building and molecular mechanics calculations to 
obtain plausible atomic models of individual denatured 
chain configurations. 

An alternative and complementary approach to inter- 
preting the SANS data involves the use of analytical 
polymer theories to describe the chain configurational 
distribution. In this article we present improved exper- 
imental SANS scattering profiles and describe them 
using theoretical expressions commonly used for syn- 
thetic homopolymers [ 24,251. The results allow a bet- 
ter determination of the radius of gyration of the 
denatured molecule and enable distinctions to be made 
between different polymer models that might be appli- 
cable to the description of the protein chain. 

In Section 2, the experimental procedures are briefly 
described. In Section 3, SANS profiles are presented 
for native and denatured PGK. Polymer models are 
fitted to the results obtained for the denatured form. We 
find that the data can be described by a model in which 
the chain behaves as a random coil with excluded vol- 
ume interactions. 

2. Materials and Methods 

The experiments were performed in heavy water 
(D,O) with deuterated guanidinium chloride (Gdn- 
DCl) . This choice has three main advantages: (i) The 
scattered intensity is higher than in H,O; (ii) incoher- 
ent scattering is reduced to a minimum; (iii) Gdn-DC1 
has a scattering power density almost identical to that 
of D,O so that excess coherent scattering arises mainly 
from the solute polypeptide. 

2.1. Materials 

Yeast phosphoglycerate kinase and deuterated guan- 
idinium chloride were prepared and purified as follows. 

2.1.1. Yeast phosphoglycerate kinase 
Just before the scattering experiments, recombinant 

PGK was prepared as described previously [ 261. The 
purified protein was transferred to 50 mM deuterated 
Tris buffer, pD 7.2, by desalting on a G25 Sephadex 

column. The enzyme activity was checked as described 
in ref. [ 271 using a coupled assay with glyceraldehyde- 
3-phosphate dehydrogenase. The protein concentration 
in the stock solution was determined by both BCA 
protein assay [28] and light absorbance at 279 nm, 
using E= 0.49 ml/mg cm. 

2.1.2. Deuterated guanidinium chloride 
Sequanal grade Gdn-HCl was purchased from Pierce 

(Rockford, IL, USA, catalogue No. 24110) and 99.8% 
enriched D20 from Eurisotop (Saint-Aubin, France, 
catalogue No. D214H). These chemicals were used 
without further purification. The Gdn-HCl was dis- 
solved in D20 at a concentration of about 4 M. The 
solution was gently degassed under vacuum at room 
temperature and the D20 evaporated at 40°C in a vac- 
uum oven. This procedure was repeated four times in 
the same flask. Before the last evaporation the solution 
was filtered through 0.1 mm pore-size nylon membrane 
filters (Nalge Co., Rochester, NY, USA). An 8 M stock 
solution was prepared by dissolving the dry salt in a 
suitable amount of D,O. The solution pD was adjusted 
to the same value as that of the buffer and the final 
denaturant concentration was measured by refracto- 
metry. 

Samples for neutron scattering experiments were 
prepared in a cold room at 8°C by mixing suitable 
volumes of the protein and the denaturant stock solu- 
tions with the deuterated buffer. Control samples of 
solvent alone were simultaneously prepared using the 
same pipette settings. Scattering profiles of the native 
and denatured protein were measured at 14.8 f 0.2”C 
with a protein concentration of 5 mg/ml. 

2.2. Neutron scattering 

In this article we present experimental SANS profiles 
that are improved compared to the previously published 
results [ 161. A careful reexamination of the previous 
profiles indicated that there may have been a slight 
aggregation of the denatured PGK molecules due to 
insufficient temperature stability during sample prep- 
aration. The effect of aggregation on the scattering pro- 
files is essentially confined to the region used to 
determine the radius of gyration. However, the 
improved value for the radius of gyration obtained in 
the present work is still within 10% of the previous 
value. 
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The SANS measurements were carried out with the 
PACE instrument at the Laboratoire Leon Brillouin, 
C.E. Saclay, France. Scattering intensities were simul- 
taneously recorded at different scattering angles using 

neutrons of wavelengths, A = 5.0 and 11.0 A. Different 
sample-to-detector distances were selected to obtain 

wavevector transfers, 4, ranging from about 8 X lop3 
A- ’ to about 7 X 10-i A- ‘. The wavevector transfer 

is defined as 

where 8 is the scattering angle. 
All the samples were contained in fused silica spec- 

trophotometer cuvettes of 5.00 mm path length 
(Hellma, France). Scattering intensities were corrected 
for non-uniformity of the detector response by nor- 

malization to the mainly incoherent scattering from a 
1.00 mm thick water sample whose absolute differen- 
tial cross-section was measured to be 0.815 0.02 cm-’ 

sterad- ’ at A=5.0 A [ 16,291 and 0.98 +0.02 cm-’ 

steradd’ at h=ll.OA. 
In each case the scattering spectra of the solvent 

alone were subtracted from those of the solution. Each 
resulting spectrum was further corrected for excess 
incoherent scattering from the protein solution com- 

pared to the buffer. This scattering contribution arises 
mainly from the protein hydrogen atoms which were 

not exchanged in the deuterated stock solutions. In the 
q range investigated the level of incoherent scattering 

is constant. At the largest q values, the coherent scat- 
tering of the solution is negligible with respect to the 
incoherent contribution. Consequently, the excess 
incoherent scattering was subtracted in such a way that 

the remaining intensity almost vanishes for qaO.55 

A-‘. The incoherent background subtracted in this way 
was very close to that computed using the hydrogen 

atom content of the solution and the incoherent cross- 
section of a bound hydrogen atom. The level of the 
incoherent background contribution to the spectra 
obtained with A = 11 A was assumed to be the same as 
for A = 5 A. In fact, this level might be expected to be 

slightly higher at A = 11 A than at A = 5 A [ 301. HOW- 

ever, this would lead to negligible systematic errors 
because the signal-to-noise ratio is always higher than 
30 in the q range corresponding to A = 11 A. 

3. Results and Discussion 

3.1. Experimental results 

3.1.1. Native PGK 

The SANS profile of native PGK is shown in Fig. 1. 
The radius of gyration R, was determined from the 
small q data using the Guinier approximation [ 311 

In Z(q) = In I( 0) - fx, (2) 

where x = (qR,) ‘. Eq. (2) was fitted to the experimen- 
tal data over the range 3.0x lop4 
A-‘12,4 < q2 < 2.4 X lop3 A-“. The upper limit of this 
fitting range (corresponding to x < 1.3) is sufficiently 
low that the Guinier approximation is expected to be 
valid. The resulting value for R, is 23.4 f 0.2 A. When 
the upper limit of the fitting range was varied between 
1.3 and 0.7 the result for R, remained constant within 
the stated uncertainty. As the concentration of PGK 
was low (5 mg/ml) the above value of R, may be 
reasonably expected to be close to that at zero concen- 
tration. The result is also in fair agreement with other 
determinations of R, of PGK using X-ray scattering 
[ 32,331. 

3.1.2. Highly denatured PGK 
The coherent SANS profile of a 5 mg/ml solution 

of PGK denatured in 4 M Gdn-DC1 is presented in Fig. 
1. The denaturant concentration is far higher than that 
corresponding to the midpoint (0.8 M) of the denatur- 
ation curve [ 23,341. Consequently, PGK is expected 
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Fig. 1. Guinier plot of the SANS coherent scattering profiles of PGK 

in the native state (0) and denatured with 4.0 M Gdn-DC1 (0): 

Z(q) is in cm-l sterad-’ (differential cross sections) and q is in 

A-‘. 
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to be highly or fully unfolded at the denaturant concen- 
tration used. For 4 < 0.25 A-’ this spectrum is very 
different from that of the native protein. In what fol- 
lows, we interpret the scattering in terms of random 
polymer solution theory. 

3.2. Theory of polymers in solution 

Random coil theory has been widely developed to 
describe the behaviour of synthetic homopolymers in 
solution [ 24,251. Because of its local stiffness a poly- 
mer can be regarded as rigid over a length b, which is 
called the statistical length. Consequently the polymer 
can be described theoretically as a chain of N freely- 
jointed rigid rods of length b. The contour length, L, of 
the chain is therefore Nb. The overall size of the poly- 
mer chain is characterized by its radius of gyration R,. 

The polymer chain can be solubilized in solvents 
with different physical properties. In a ‘good’ solvent 
the chain is fully solvated. Monomers far apart along 
the chain cannot come into close contact because of 
solvophilic forces. Thus, the effective interactions 
between the monomers are repulsive. This excludes the 
polymer solvation layer from the configuration space 
of the chain which is then said to have excludedvolume. 
Its radius of gyration follows the scaling law 

R,=R,(L/b)“, (3) 

where RO depends on both the chain stiffness and the 
excluded volume interactions. The exponent v is the 
excluded volume exponent; its value was first calcu- 
lated by Flory who found Y= 3/5 [35] whereas recent 
field theory gives V= 0.588 [ 361. 

In a so-called f+solvent, the excluded volume van- 
ishes and the chain can be equally well in contact with 
itself or with the solvent. In this case the probability 
density for distances between points on the chain is 
Gaussian and the chain is said to be Gaussian. It is more 
compact than in a good solvent. Its radius of gyration 
is given by Eq. (3) with R, = bl& and v= 0.5. Finally 
in a bad solvent the polymer chain collapses and 
becomes compact. Its radius of gyration is then pro- 
portional to the cube root of its contour length. 

The SAS profiles of random coils have been well 
characterized theoretically and experimentally. To dis- 
cuss this point it is convenient to introduce the nor- 
malized structure factor 

P(q) =Qq)ll(O). (4) 

3.2.1. Low q scattering 
For 0 < q < 3R; ’ scattering experiments give infor- 

mation about the global size and shape of the macro- 
molecule. Under these conditions the normalized 
structure factor of a random coil can be described by 
the Debye function [ 371 

P,(X) =$(X- 1 +e-“), (5) 

where x = (qR,) ‘. This expression is valid for Gaussian 
and excluded volume chains [ 38,391. To within less 
than f 0.4%, this function can be approximated as 

[P,(X)] -‘= 1 +0.359x’.‘03, (6) 

for 1 <x 6 13. A plot of the reciprocal scattering profile 
of denatured PGK as a function of q2.*06 is shown in 
Fig. 2. The Debye function fits well over the range 
0 <X Q 9. The radius of gyration, calculated from the 
intercept and the slope of this line, is found to be 
71.5 & 2.0 A. 

This value of the radius of gyration determined using 
the Debye function is likely to be accurate for the fol- 
lowing reasons. The range of validity of the commonly 
used Guinier approximation [ Eq. (2) ] is rather short 
for a random coil (x< 0.3). As few data points are 
collected in this range the value of R, is uncertain. 
Moreover, the scattering intensities at these small q 
values are likely to be affected by interparticle inter- 
ference, particularly if the measurements are carried 
out at relatively high concentrations. As a result, the 
apparent value of R, is concentration dependent. Usu- 
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Fig. 2. Reciprocal coherent SANS profile [Z(q) ] - ‘, as a function of 

qz.‘06 for unfolded PGK. Using the approximation (Eq. (6) ) to the 
Debye function (Eq. (5) ) the radius of gyration of the protein is 
given by R g = (~/0.3596)~~“~~ , where a is the slope and b the intercept 
of the straight line: Z(q) is in cm-’ sterad-’ and q ink’. 
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ally one determines it at different concentrations and 
extrapolates to zero concentration. In the present work 
the value of R, was inferred from the Debye equation 
using scattering data collected over a much larger q 

range ( 1 <x < 9) than that applicable using the Guinier 
approximation. In this way high q data are incorporated 
in the fitting range. These data are much less affected 
by interparticle interference than low q ones. Further- 
more, in the present experiment the concentration of 
the scatters was rather low. Consequently we expect 
the value of R, obtained here to be close to the zero 
concentration value. 

Measurements have been performed [30] to esti- 
mate the contribution of intermolecular correlations to 
scattering profiles from random polymers. Using 
5 X lo4 Da deuterated polystyrene in a good solvent it 
was found that at a polymer concentration of 25 mg/ 
ml the intermolecular interference becomes negligible 
for x> 36. Using the Zimm model [ 30,401 and the 
experimental results of ref. [ 301 leads to the estimation 
that, for the present experiments on PGK, interference 
effects are negligible for x > 4. This again suggests that 
the approach used here to determine R, is quite reason- 
able. 

3.2.2. Intermediate q scattering 

We now consider the form of the SANS profile in 
the intermediate q range corresponding to 
3R; ’ <q < 1.4b-l. In this range the scattering probes 
the long-ranged internal structure of the chain. Accord- 
ing to random polymer theory the scattering profile can 
be expressed as 

P(q) = P,x- “2v. (7) 

The exponent v is the excluded volume exponent intro- 
duced in Eq. (3). Its determination allows the distinc- 
tion to be made between different polymer models, e.g. 
Gaussian or excluded volume chain. For a Gaussian 
chain u= 0.5 and the scattering intensity varies as qp2. 

For this reason it has been common practice in SAS 
experiments to present data in terms of a Kratky plot, 
q2Z( q) versus q. In the case where the scatterers obey 
Gaussian statistics a Kratky plot will contain a plateau 
region in the intermediate q range. A Kratky plot for 
the native and denatured forms of PGK is presented in 
Fig. 3. The scattering for the native form is typical of 
globular proteins. For the denatured form there is no 

q 

Fig. 3. Kratky plot of the SANS profiles of PGK in the native form 

and denatured in 4 M Gdn-DCl: I(q) is in cm-’ sterad ’ and q in 

A-‘. 

plateau at intermediate q values indicating that the 
polypeptide is not a Gaussian chain. 

A Kratky plot cannot be conveniently used to obtain 
quantitative information on the configurational distri- 
bution in the intermediate q regime. To obtain this we 
draw a log-log plot as shown in Fig. 4. This figure 
indicates that in the q range corresponding to 

3Ri1 < q < 0.20 A-’ the scattering profile of the 

unfolded protein can indeed be described by Eq. (7). 
The apparent value of the excluded volume exponent 
derived from the slope is V= 0.58 + 0.02. This is con- 
sistent with a description of the chain as a random 

polymer with excluded volume interactions 
(v=O.588). The value V= l/2, corresponding to a 
Gaussian chain, is ruled out by the data. 
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Fig. 4. Log-Log plot of the coherent neutron scattering spectrum, 

I(q), of PGK in the denatured state in 4 M Gdn-DCl. For 4.5 X 10m2 

W-‘~q~2XlO-‘~-‘theslope1/2v=-1.72ofthestraightline 

is, giving v=O.58: I(q) is in cm-’ sterad-’ and q in A-‘. 
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The prefactor p, in Eq. (7) is, like V, also a universal 
constant. For a Gaussian chain its value is p, = 2. For 
a chain with excluded volume the theoretical value of 
the prefactor is much more approximate than that of 
the exponent. Different models of an excluded volume 
chain lead to different values of p, [ 301. p, has been 
calculated by means of renormalization group theory 
[41,42] to be = 1.11. Experimental determinations 
have given F_ = 1.3 [ 30,39,43]. In the present exper- 

iment the amplitude Pm was found to be 1.30+0.15. 
This provides further support for the model for dena- 
tured PGK in which the polypeptide chain behaves as 
a random polymer chain with excluded volume inter- 
actions. 

3.2.3. High q scattering 
For q> 1.4b-’ scattering reflects the local confor- 

mation of the chain which roughly behaves as a rigid 
rod of length b. Furthermore scattering become sensi- 
tive to the chemical structure of the chain so that its 
apparent cross-section has to be taken into account. In 
this case, a suitable model to describe the neutron scat- 
tering spectrum of the chain is the wormlike chain 
model of Porod and Kratky [ 44-471 with a finite appar- 
ent gyration radius of cross-section, R, [30]. The 
reduced structure factor of such a chain can be written 

[30,481 

f’,(q) =-!& n+& exp[ - (q2R$/2)]. 
( 1 

According to Ref. [ 301 this expression is expected 
to be valid for 1.4b-‘<q< 1.8K1, provided that 
b > R,. For proteins in D,O the exponential factor of 
Eq. (8) leads to a decrease of the reduced scattering 
intensity with q2. This sharp decrease in the scattering 
intensity is probably responsible for the absence of a 
rise in the Kratky plot for denatured PGK (Fig. 3). 
Unfortunately, the accuracy of the present measure- 
ments is not sufficient to allow a meaningful fitting of 
Eq. (8) to the data in the required q range. Furthermore, 
the results in the high q range are very sensitive to the 
background subtraction. However, it is not unreason- 
able to expect that an improvement in the data quality 
is feasible and that it will become possible to determine 
the structural parameters L, b and R,. 

For heteropolymers, such as proteins, the Porod- 
Kratky description might be reasonable when the solute 
is in a very good solvent where the effective interac- 

tions between different monomers of the chain are 
repulsive. In this case the values of L, b and R, should 
be regarded as averages over the heterogeneities of the 
chain. When the solvent quality decreases, interactions 
between some monomers will become attractive 
whereas most of the others will remain repulsive. 
Amino acids either far apart or next to each other along 
the chain can be involved in such attractive interactions. 
As a result clusters are likely to form. If the local clus- 
ters are not too numerous the random polymer descrip- 
tion may remain valid. However the apparent contour 
length L of the chain may shorten whereas its statistical 
length b and gyration radius of cross-section R, will 
increase. In this way the determination of L, b and R, 
can yield information about the average residual local 
structure. 

4. Conclusions 

The present analysis of the scattering data demon- 
strates that PGK is highly unfolded in 4 M guanidinium 
chloride. The radius of gyration changes from 
23.4 & 0.2 A for the native protein to 71.5 f 2.0 A in 4 
M GdnDCl. The value of the exponent V= 0.58 & 0.02 
is close to the theoretical value of 0.588 given by a 
model for the denatured protein in which it behaves as 
a homopolymer in a good solvent, i.e. with excluded 
volume interactions. This means that all, or almost all, 
the amino acid residues are solvated at such denaturant 
concentrations. It may well turn out that the excluded 
volume chain description of the protein configurational 
distribution is general for proteins in extreme denatur- 
ing conditions [ 491. However, some proteins such as 
bovine pancreatic trypsin inhibitor, ribonuclease A, and 
thioredoxin [ 501 may require more stringent denatur- 
ing conditions than the one used in the present work to 
completely lose their secondary structure and behave 
as excluded volume chains. 

Some short sequences of proteins, when taken out of 
the folded protein, i.e. in the absence of stabilizing 
tertiary interactions, can still have a tendency to adopt 
the conformation present in the folded protein [ 511. 
Thus, one would not expect the protein in physiological 
denatured states to behave as a completely random coil 
as local sequences of amino acids still manifest con- 
formational preferences. However, the extent that this 
is still true in highly denaturing solvents remains to be 
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determined. The question arises as to whether the find- 
ing that the excluded volume random coil description 
fits the present data is consistent with the increasing 
body of data indicating that proteins possess residual 
structure in denatured states. The majority of the exper- 
iments performed hitherto have been on proteins under 
mildly denaturing conditions where they are still com- 
pact with residual secondary or tertiary structure. 
Clearly, in these cases the excluded volume random 
coil description is expected to be inapplicable. Evi- 
dence for residual structure also exists in samples of 
proteins under highly denaturing conditions. The NMR 
data on 434-repressor in 7 M urea have provided evi- 
dence that a cluster of hydrophobic residues exists 
[ 211. However, this cluster concerns residues that are 
fairly close in the sequence (residues 54 to 59) and 
occurs in only 20-30% of the configurations. Some 
clusters such as these might not significantly affect SAS 
profiles. It is unclear however as to whether the pres- 
ence of nonlocal interactions would be consistent with 
the above data. Evidence for the existence of nonlocal 
interactions in some highly but possibly insufficiently 
denatured proteins has been provided by fluorescence 
energy transfer experiments [ 521. What is clear is that 
a complete understanding of the denatured states of 
proteins will require an accumulation of data on pro- 
teins denatured in different and precisely defined ways 
using many different experimental methods and theo- 
retical approaches. 
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