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ABSTRACT: Pulse field gradient NMR methods have been used to determine the effective hydrodynamic
radii of a range of native and nonnative protein conformations. From these experimental data, empirical
relationships between the measured hydrodynamic ra@iyisifd the number of residues in the polypeptide
chain (N) have been established; for native folded proté®s= 4.75N %2%A and for highly denatured
statesR, = 2.2IN °57A. Predictions from these equations agree well with experimental data from dynamic
light scattering and small-angle X-ray or neutron scattering studies reported in the literature for proteins
ranging in size from 58 to 760 amino acid residues. The predicted values of the hydrodynamic radii
provide a framework that can be used to analyze the conformational properties of a range of nonnative
states of proteins. Several examples are given here to illustrate this approach including data for partially
structured molten globule states and for proteins that are unfolded but biologically active under physiological
conditions. These reveal evidence for significant coupling between local and global features of the
conformational ensembles adopted in such states. In particular, the effective dimensions of the polypeptide
chain are found to depend significantly on the level of persistence of regions of secondary structure or
features such as hydrophobic clusters within a conformational ensemble.

In the characterization of native or nonnative states of Most studies of molecular dimensions have relied on
proteins in solution, a measurement of the molecular dimen- measurements of the effective radius of gyration by small-
sions of the system is of considerable importance. For nativeangle scattering studies using neutrons (SANS)X-rays
folded proteins this is particularly valuable when dimers or (SAXS) (6, 8, 13. Alternatively, the hydrodynamic or Stokes
higher oligomers are formed or when the system is highly radii have been determined via translational diffusion coef-
anisotropic {—3). In the case of nonnative states an ficient measurements using dynamic light scatterihg).(
ensemble of interconverting conformers will in general be Both of these approaches have been applied to the study of
populated 4, 5). Here a measure of the average dimensions a number of proteins in their native states and also in a
of the conformational ensemble can give information about variety of nonnative conformations. The systems studied
the nature of the structures adopted by the polypeptide chaininclude denatured states of phosphoglycerate kiresel@
(6—9). This provides an opportunity for probing the coupling and ribonuclease Al{, 18 in guanidine hydrochloride, and
of the local and global conformational properties of these partially folded molten globule states of apomyoglobin,
unfolded and partly folded species. This is of importance bovinea-lactalbumin, and cytochrome(19—24). Recently
for understanding the role of these conformationally disor- time-resolved measurements by these techniques have also
dered states in protein folding, stability, and aggregation been used to study the changes in dimensions during protein
(10-12). folding (21, 23, 25, 2k
We have previously reported the effective dimensions of
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Table 1: Hydrodynamic Radii for Native and Denatured States of Proteins Measured by the PFG NMR2Method

(A) Folded Proteins

protein R (A) no. of residues

bovine pancreatic trypsin inhibitor 15.8 58

SH3 domain of PI3 kinase 18.6 90

horse heart cytochronte 17.8 104

hen lysozyme 20.5 129

horse myoglobin 21.2 153

S. equisimilisstreptokinase 36.0 414

yeast triosephosphate isomerase 29.7 494 (dimer)

(B) Polypeptide Chains without Disulfide Bridges under Strongly Denaturing Conditions

peptide or protein conditions R (A) no. of residues
residues 4964 from hen lysozyme 8 M urea, pH 2 10.4 16
residues 1737 from D3 of fibronectin binding protein 8 M urea, pH 7 13.3 22
residues 2-38 from D3 of fibronectin binding protefn 8 M urea, pH 7 155 32
SH3 domain of PI3 kinase 3.5 M GUHCI, pH 7.2 27.5 9y
horse heart cytochrone pH 2 32.6 104
hen lysozyme 8 M urea, pH 2, reduced and methylated 34.6 129
yeast triosephosphate isomerase 2.5M GuHCI, pHi 7.2 49.7 247 (monomer)

aThe errors in the hydrodynamic radii values estimated from repeat measuremet®.2BeA. ® Sequence includes a two-residue N-terminal
extension and a four-residue C-terminal extension to the native SH3 seqti&ecgience taken from the third D repeat in the fibronectin binding
domain ofS. aureusibronectin binding protein variant A (FnBPA9). ¢ The SH3 domain sample contained 20 m\PK, and the triosephosphate

isomerase sample contained 5 mM Tris and 100 mM NaCl.

Pan et al. 9), who measured the dimensions of native BPTI to residues 4964 from hen lysozyme and residues-137

and partially folded and unfolded variants of the protein that from D3 of fibronectin binding protein were synthesized on
contain one or no disulfide bridges. The PFG NMR method an Applied Biosystems 430A automated peptide synthesizer,
has also been used in a number of studies that have probedy standard 9-fluorenylmethoxycarbonyl (Fmoc) methodol-
aggregation and the formation of oligomers in protein ogy, and were purified by reverse phase HPLC. The purity

samples Z, 3, 28, 29. The NMR approach has particular

and integrity of the peptides were checked by electrospray

appeal as the measurements of hydrodynamic radius can benass spectrometry. The peptide with a sequence correspond-
made on samples identical to some of those used toing to residues 238 from D3 of fibronectin binding protein
characterize the local properties of the polypeptide chain. was obtained from Bachem California. Hen lysozyme with
This is particularly important for nonnative states, where the disulfide bonds reduced and S-methylated was prepared
recent studies have shown that, under favorable conditions,by methods described previously by Ching-Li and Ata33) (
multidimensional heteronuclear NMR techniques can give and was characterized by mass spectrometry.

a wealth of data about local conformational preferences and  protein concentrations of approximately 1 mM were used
the dynamics of the polypeptide chains in these disorderedfor the NMR samples unless otherwise stateduR®f 1%

states 80, 31).

dioxan in DO being added to all the samples. For the native-

Here we report results from PFG NMR methods designed state samples the following conditions were used: BPTI, pH
to measure the hydrodynamic radii of a range of native and 4 5; cytochromes, pH 2.0 (holoprotein); hen lysozyme, pH
denatured proteins. In this work dioxan was included in the 2 o; myoglobin, pH 6.0 (holoprotein); SH3 domain, pH 7.2
protein solutions to act as a viscosity probe, enabling valuesin 20 mM H;PQy; triosephosphate isomerase, pH 7.2 in 5
of the hydrodynamic radii to be determined relative to @ mMm Tris and 100 mM NaCl; streptokinase, pH 7.0 in 20

protein of known dimension2{). By studying a number

mM H3PQO,. The conditions used for the protein samples

Of proteins bOth in their na.tiVe f0|ded State and Under Strongly under highiy denaturing conditions are given in Table 1.
denaturing conditions, it has been possible to characterize\where used, the concentration of urea in solutions was
the relationships between the effective hydrodynamic radii getermined by measurement of the refractive inc@y. (For

and the length of the polypeptide chain for the different the sample of hen lysozyme in which the disulfide bonds
states. These results have been Compared with other proteiQ\/ere reduced and methyiated, an increase in the apparent
I’adius da.ta reported in the “terature a.nd W|th predictions protein hydrodynamic radius was observed with increasing
from theory. We demonstrate that the results provide an protein concentration (in the range 0-25mM) in both the
approach in which hydrodynamic radius measurements madeapsence and presence8M urea. This result could reflect

for partially folded protein species can be interpreted.

MATERIALS AND METHODS

Protein and Peptide Sampleklen lysozyme, yeast tri-
osephosphate isomerase, horse heart cytochigrherse
myoglobin, and bovine pancreatic trypsin inhibitor were

the presence of some aggregated species within the lysozyme
sample solution. The values of the hydrodynamic radii for
this system were therefore obtained by extrapolation to zero
protein concentration.

NMR ExperimentsAll NMR spectra were recorded on

purchased from Sigma Chemical Co. (U.K.). Streptokinase home-built spectrometers at the Oxford Centre for Molecular

from Streptococcus equisimili@nd fibronectin binding
protein D1-D4 from Staphylococcus aurewgere supplied

Sciences withH operating frequencies of 500.15 and 600.20
MHz. The spectrometers are equipped with Oxford Instru-

by SmithKline Beecham Pharmaceuticals. The SH3 domain ments Co. magnets (Oxford, U.K.), Omega software and

of PI3 kinase was expressedHtscherichia colias described

digital control equipment (Bruker Instruments), home-built

previously 82). The peptides with sequences corresponding triple-resonance pulsed-field-gradient probe he&&s &énd
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Ficure 1: PG-SLED sequence. The phase cyde< X, X, Y, Y,

=X =X =Y, =Y; ¥ =X =X Y, —Y, =X X, =Y, y) combines the
standard CYCLOPS cycle, to remove acquisition artifacts, with
phase alternation of the longitudinal encode sequence, which causes
longitudinal relaxation to be manifested as an exponential decay
(61). The diffusion labeling gradients, shown in gray, were varied,
while the crush gradients, shown in black, were applied at full
strength. All gradient pulses were shaped either as sine waves or
as composite sine wave3g); their integrated intensity was adjusted
for each sample to give optimal results. The diffusion gradients
were applied along the (transverseaxis, so as to minimize the
effects of convection, while the two crush gradients were applied
along they- and z-axes.

FiIGURe 2: Experimental PG-SLED spectra of (a) a peptide

_hiile T s ; corresponding to residues 437 from D3 of fibronectin binding
home-built linear amplifiers. The NMR experiments were protein in water and (b) hen lysozyme with the disulfide bridges

performed at Z_OC'_ _ reduced and methylated B M urea. The diffusion gradients were
PFG NMR diffusion measurements were performed with varied between 5% and 100% of their maximum value (about 60
the PG-SLED (pulse gradient stimulated echo longitudinal G cn?). Regions of the spectrum corresponding to the dioxan

; ; ; g reference signal (around 3.6 ppm) are shown on the left, while the
encode-decode) sequence shown in Figure2I)( incor main aliphatic regions (3-30.3 ppm) are shown on the right; the

porating composite sine gradient puls@§)( The lengths  gjigyan signals are plotted on a reduced vertical scale. The signals
of all pulses and delays in this sequence were held constantfrom the fibronectin binding protein peptide decay more slowly
and 20 spectra were acquired with the strength of the than those of the reference as dioxan diffuses more rapidly than
diffusion gradient varying between 5% and 100% of its the peptide. In the spectra from denatured lysozyme, the protein
maximum value; each measurement was repeated five timei’lg?ciﬁngiﬁzﬂa?agcgizre"gﬁhﬂ"lm}glég%“prtgtee ir:cleference signals,
to improve the signal-to-noise ratio and to allow the

measurement error to be estimated. The lengths of theregyTs

diffusion gradient and the stimulated echo were optimized (a) PFG NMR Hydrodynamic Radius Measuremefite

Lorteach ss%rl}ple E;)g(')\gf ell:tOtal decaly in the proteltn 5|gnalt_of effective hydrodynamic radii of seven proteins in their folded
etween oan 0. mOr examplé, exXperiments on Nalive, iiye states and seven peptides and proteins under strongly

hen lysozyme used a gradient timedof= 6.3 ms, a recovery denaturing conditions were determined using PFG NMR

time ¢ = 0.7 ms, and an echo time of= ;00 ms. NMR. techniques. As described in detail in the Materials and
spectra were acquired with 8K complex points, with a typical Methods section, for each system studied a series of 1D

spectral width of 8000 Hz. Data processing was performed s
X . . - : pectra was produced by the PG-SLED pulse sequence, each
\_’I_V;]th |E)E'|IX |2.'3 from Bfllct)tS)(/jmtTechnologleds (San|D|egq, |CA)'d of which was recorded with a different gradient strength

€ baseline was Tilted 1o a zero-order polynomial an (Figure 2). In most cases fitting the intensities of the signals

integration wa; performed .Wlth- home-written software. from the protein € as a function of gradient strengt) to
The decay in the protein signal from the PFG NMR

experiments was in most cases fitted to a single Gaussian. $g) = AP (1)
However, an additional function was also used in the fits of 9=

the decays for a number of the denatured protein Samplesenabled the observed decay rat, @hich is proportional

where there was a degree of pratein aggrggation. In the €aS¢s the diffusion coefficienD, to be obtained. For two of the

?; stgﬁ e(SjHiﬁ iomggﬁ I?gjﬁziggeng;n}?rﬂznigf tiggrig?etﬁ]s denatured polypeptide chains a more complex function was
trati '?h i Id be ob d by NMR Th'pl dt required for the fit to extract the decay rate as described in

concentration that could be observed by - [NIS 180 10 4o Materials and Methods section.

an additional signal loss that was accounted for by multiply- A value of the hydrodynamic radius can be calculated from
ing the Qaussian function used to fit the diffusion coefficient measurements of the diffusion coefficient by means of the
E/ﬁogy:;r]eea;oriicagtee;rggrggc]);tergdwugfed prrr;i?g’tlitﬁt?"nhi?esltokes—Einstein equation. quever, here we have used a
sample which give a very broad NMR signal. In this case a different approach and have included a reference molecule
Gaussié\n curve having an offset to fit the.broad signals in the protein solutiona7). Decay rqtes have been extracted
from the spectra for both the proteid, ) and the reference

greatly improved the consistency .Of the. radn obtained. For molecule {le) and the protein hydrodynamic radius has been
the large aggregates the decay in intensity is very small OVer yotermined from:

the range of gradient strengths used to monitor the mono-
meric states. Thus the slow Gaussian decay of these large
. dref f
molecules can be successfully approximated by a constant RhPfOtz (R, (2)
offset. dprot
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whereRP™tis the protein hydrodynamic radius aRd®' is number of residues
the radius of the reference molecule. This approach, unlike 25 50 100 200 400
calculations using the Stokeginstein equation, has the , , , : :
advantages that it does not require knowledge of the viscosity
of the solution and does not rely on interpretation of absolute
values of diffusion coefficients; such values are subject to
errors both from inaccuracies in measuring the exact shape-<
and strength of the gradient pulse and from spin-echo &
instability (37).

In this work dioxan has been used as the reference
molecule. Studies with native and denatured§iM urea at
pH 2) hen lysozyme suggest that dioxan does not interact to
a significant extent with either folded or denatured polypep-
tide chains 27). To determine the appropriate radius for
dioxan to use in eq 2, we have calibrated the measurements=
using the radius of gyration measured for native hen
lysozyme by SAXS (15.3 A38). The radius of gyrationRy) 25
is the root-mean-squared distance of all the atoms in the
molecule from the protein center of mass, while the : : : : :
hydrodynamic radiusR;) can be defined as the radius of a 25 33 4.5 , 53 65
sphere that has the same diffusion coefficient as the protein In (number of residues)

molecule. The relationship between the hydrodynamic radius FIGURE 3: Plot of the log of the hydrodynamic radius versus the
and the radius of gyration is highly dependent on the loge of the number of residues in the polypeptide chain. The values
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determined in this work for native folded proteiri)(and highly

molecular shape and is related by a constant denatured polypeptide chain®) are shown with filled symbols.
The line fitted to these data for the native proteins has a slope of
R, = pR, 3) 0.294+ 0.02 and a-axis intercept of 1.5 0.1, while that fitted

to the denatured protein data has a slope of G5@.02 and a

; ; ; ; y-axis intercept of 0.79t 0.07. Values of hydrodynamic radii
with p being predicted for spherical molecules to be (375) reported in the literature from dynamic light scattering or PFG NMR

(39) By_USG of this relationship along with the SAXS radius studies are shown by open symbols (native folded protéihs,
of gyration and the value al./dyo: measured experimen-  highly denatured proteing)). The literature data used are for horse
tally for hen lysozyme (9.327), the effective hydrodynamic ~ apocytochromec (62), yeast phosphoglycerate kinasks{( 63,
radius of dioxan is calculated to be 2.12 A. This radius has prlrg)‘ vl\J/ha_Ie apomyog{pb;mg),_bqv;}ng_tpggcreztlg rlt_)onu::lease

. . , bovine pancreatic trypsin innioito an ovineo-lac-
been USEd.W'th eq_2 to con_vert all experimentally measu_redtalbumin @3). Selected data points are labeled with the protein
ret /dorot ratios in this study into values of the hydrodynamic ame.
radius. Thes®, values tend to be larger than those estimated
from crystal structures as they include a hydration laggr (

Analysis of the measured hydrodynamic radii (Table 1

of these, and their exact positions within the amino acid
) sequence, would be expected to perturb significantly the
for native folded proteins known from structural studies to molecular d'meUS'O”S- V.V.e hav_e a!so studied proteins under
be essentially spherical indicates that there is a Strongstrongly denaturing conditions (in high concentrations of urea

correlation between the molecular dimensions and the length®" 9uanidine hydrochloride or at extremes of pH), where it

of the polypeptide chain. As shown by the logarithmic plot is anticipated that there will be few persistent structural
in Figure 3, the experimental data can be fitted to the features. We refer to these states as highly denatured proteins.

empirical equation Such unfolded polypeptide chain_s must be described in terms
of an ensemble of interconverting conforme#$. (For all

_ 0.29+0.02 the highly denatured proteins that are discussed here,
Ry =(4.75+ 1.1IN ) interconversion between the various populated conformers
was fast on both the NMR and diffusion time scales.
Consequently an average effective hydrodynamic radius of
the unfolded ensemble (Table 1) was extracted from the rate
of decay of the protein NMR resonances with increasing
gradient strength2). For these unfolded proteins a cor-
relation is also observed between the number of residues in
the polypeptide chainN) and the hydrodynamic radiui(
in angstroms), the experimental data fitting to

whereN is the number of residues in the polypeptide chain
andR; is the hydrodynamic radius (in angstroms). Deviations
are to be expected from this relationship, however, for
systems that are highly anisotropic. The measured hydro-
dynamic radius for native streptokinase provides an example
of this. Here the experimental hydrodynamic radius is 36.0
A, significantly larger than the value of 27.3 A predicted
for a protein of 414 amino acid residues by eq 4. The
experimental result is, however, in excellent agreement with R,= (2.21+ 1.07N 0.52:0.02 (5)
previous measurements of the hydrodynamic radius of
streptokinase by dynamic light scatteririg, 35.8 A; 1). In This is similar to an equatiorR, = (2.8 &= 0.3)N 0-5:0.07
accord with this, NMR studies have shown that the protein reported by Damaschun et allg) from data for the
consists of three structurally independent domains with an hydrodynamic radii of a number of proteins denatured in 6
unstructured C-terminal tail(Q). M guanidine hydrochloride.

For characterizing the denatured state we have concen- It is interesting to compare the experimental results from
trated on proteins without disulfide bridges, as the presencethe PFG NMR studies with theoretical predictions of the
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dimensions of homopolymers. The scaling law defines the
dimensions of homopolymers by

Ry=Ro N’ (6)

where Ry is a constant and\ is the number of monomer
units @1). As shown by Flory, the exponentis predicted

to be®s and /3 for fully solvated and collapsed polymer
chains, respectivelyl@). For a homopolymer a fully solvated
chain is observed in a good solvent in which polymer-solvent
interactions are favored over polymer-polymer interactions,
while a collapsed chain is seen in a bad solvent where
polymer-polymer interactions are favored over polymer-
solvent interactions. Under conditions where polymer-

Wilkins et al.
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FiGURe 4: Comparison of the values of hydrodynamic radii for

polymer interactions are equal to polymer-solvent and folded proteins determined in this work by PFG NMR techniques

solvent-solvent interactions, in a so-called Flory@olvent,
the polymer behaves as a Gaussian chain and the expone
v is predicted to bé/, (41).

The empirical equation determined here relating the

(m) and values of radii of gyration for native proteiriS)(from
AXS or SANS studies reported in the literature. The radii of
yration have been converted into hydrodynamic radii by use of

the relationshipR; = (3/5)2R,. The plot shows the legof the

hydrodynamic radius versus the logf the number of residues in

number of residues in the polypeptide chain with a value of

shown, and selected data points are labeled with the protein name.
The literature data used are for bovine ribonuclease 1), (

029:‘: 002 fOI’ the eXpDnemthel‘efOI’e I’esemb|es the Value Staphy'ococcal nuc'easé4), horse ferricytochrome (24)’ yeast

of 0.33 predicted for a collapsed homopolymer. This reflects

phosphoglycerate kinasé9), horse myoglobinZ0), Streptomyces

the fact that, despite the significant differences between thesubtilisin inhibitor €5), bovine carbonic anhydrase Bg), bovine

interactions of a native protein with the solvent and the
interactions of a homopolymer with a bad solvent, in both
cases a compact globular fold is adopted. This result is in

agreement with previous conclusions from an analysis using

radii of gyration calculated from protein X-ray structures.

The study gave a value for the exponent in the scaling law

for native proteins of 0.3% 0.03 43).

For the highly denatured proteins, the empirically derived
value of 0.574+ 0.02 for the exponent is similar to that
expected for a polymer in a good solvent (0.6). Furthermore,
small-angle neutron scattering experiments combined with
polymer theory lead to a similar value (0.380.02) of the
exponent for strongly denatured phosphoglycerate kinase.

S-lactoglobulin £6), hen lysozyme38), bovinea-lactalbumin 22),

rabbit creatine kinases{), and bovine ubiquiting7).

calculated from values of diffusion coefficients, extrapolated

to conditions of infinite dilution, and vary from 15.2 to 56.6
A. A full listing of the data used in this analysis is given in

the Supporting Information. For the native proteins a close
similarity is evident between the hydrodynamic radii from
dynamic light scattering and the values from PFG NMR
studies. The RMSD between the data taken from the literature
and values predicted by the empirical relationship defined

in this work between hydrodynamic radius and number of
residues in the polypeptide chain (eq 4) is 1.12 A,

These measurements also provide independent evidence that I the case of the highly denatured polypeptide chains,
in this case the unfolded protein behaves as a homopolymerd00d agreement is also seen between the literature data and

in a good solvent with excluded volumé4, 45. Although

the PFG NMR results reported here for three of the four

the details of the mechanism of protein denaturation on the Proteins (apocytochrome, reduced ribonuclease A, and a
addition of chaotropes such as urea is not well understood,variant of BPTI without disulfide bridges; the RMSD

there is a similarity to the behavior of a good solvent in that
it is thought that they encourage solvation of all portions of
a polypeptide chain4p, 47. Recent molecular dynamics
simulations of barnasei8 M aqueous urea, for example,

between the literature data and the predictions from eq 5 is
1.92 A). However, it seems that the values determined from
dynamic light scattering experiments are slightly smaller than
those from the PFG NMR measurements. This is particularly

show an accumulation of urea molecules near the proteinthe case for phosphoglycerate kinase (PGK; 56.6 A experi-
surface. The urea molecules were found to form hydrogen mental, 68.7 A predicted)L6). This may reflect the fact that
bonds to exposed polar groups and, through the displacemenfneasurements of hydrodynamic radii from dynamic light

of water molecules from the first hydration shell, lead to a
greater exposure of nonpolar side chaif8) (

(b) Comparisons with Other Measurements of Hydrody-
namic Radius or Radius of GyrationThe PFG NMR
experiment gives a value for the mean effective hydrody-
namic radius of a protein. A comparison of the radii
measured in this work with other values for hydrodynamic
radii reported in the literature for native folded proteins and
proteins without disulfide bridges under strongly denaturing
conditions is shown in Figure 3. These data come from

scattering are not determined directly but depend on ad-
ditional experimental parameters such as the viscosity of the
solution. Although further work is needed to investigate this
issue, the general correlation between the two sets of data is
good.

Figure 4 shows a comparison of the hydrodynamic radius
measurements for native folded proteins determined by the
PFG NMR method in this work and radii of gyration data
for native proteins from small-angle scattering studies (details
of the data used in this comparison are given in the

dynamic light scattering measurements (references given inSupporting Information). The radii of gyration have been

the caption to Figure 3) and, in one case (BF9)),from a
PFG NMR study. The literature hydrodynamic radii were

converted into values of hydrodynamic radius by use of eq
3 with ap value of (3/5)2 (39). With this conversion a very
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the range of polypeptide chain lengths considered (ap-
proximately 56-400 residues), the observed offset gives a
p value p = Ry/R,) of 1.06+ 0.01. Itis interesting that this
~5~ value is significantly lower than that predicted for a random
4 coil (1.51) by Tanford %§1). This difference may reflect
streptokinase limitations in the theoretical model used in the Tanford
prediction or the nature of the assumptions used in the
calculation of the experimental values of the radius of
. myoglobin gyration and hydrodynamic radius. In light of the scatter in
- the radii of gyration used in the analysis, further work is
3.0 ' ' clearly needed to establish the relationship between these
4.0 50 6.0 two quantities.

F 5: Plot of the | ln(?::ber(jresm?%) tion det ined b DISCUSSION

IGURE 5: Plot of the log of the radius of gyration determined by g . . SR

SAXS or SANS versus the legf the number of residues in the The empirical relationships defined in this work between
polypeptide chain for proteins under strongly denaturing conditions. the hydrodynamic radius of a protein and the length of its
The solid line indicates the best fit to these data (slope &58  polypeptide chain enable values of hydrodynamic radii to
0.11,y-axis intercept 0.8@: 0.55) and the dashed line the fit for  pe predicted for proteins with compact spherical folds or

gydrc;dyngmlctradlu? datr; determ'F“.ed heg)a t?/hPZGtNME for h'gh'fy when highly denatured (in the absence of disulfide bridges).
enatured proteins (as shown in Figure 3). The data shown are for ; .
horse ferricytochrome (21, 63, staphylococcal nucleasé4), The behavior of these two extreme states acts as a baseline
horse myoglobin Z0), bovine carbonic anhydrase B6), Strep- that aids the interpretation of hydrodynamic radii measure-
tococcus equisimilisstreptokinase 1(6), yeast phosphoglycerate ments for a range of different systems. To utilize this we
kinase ¢5), and bovine ubiquitin@8). A number of the data points  define a compaction factoCj:

are labeled with the protein name.

45 phosphoglycerate kinase -» O

AY

carbonic anhydrase -7

35 F =S

In (radius of gyration in A)
o]

D
good correlation is seen between the two sets of radius CZM 7)
measurements. The RMSD between the radii derived from RS — R
the small-angle scattering data and the predictions from the
empirical equation (eq 4) derived from the PFG NMR data whereR.N andR.P are the predicted values of hydrodynamic
is 2.14 A. This result, for proteins ranging in radius of radii for the native and fully denatured states, respectively,
gyration between 13.2 and 29.0 A confirms the validity of andR, is the experimental hydrodynamic radius. Species with
using a constant scaling factos) (for converting radii of the same molecular radius as a native state will have a
gyration into hydrodynamic radii for native protein structures compaction factor of 1.0, and those with a radius the same
that are essentially spherical. as a fully denatured state, a value of 0.0. Such a framework

The radius of gyration data from small-angle scattering is of particular importance for the interpretation of hydro-
measurements for proteins under strongly denaturing condi-dynamic radii values for partially folded or unfolded protein
tions are shown in Figure 5 (details of the data used in the conformations where a single species (which in general will
plot are given in the Supporting Information; only polypep- be an ensemble of conformers) is populated. Some examples
tide chains without disulfide bridges are considered). There of calculated compaction factors are given are in Table 2.
is a large scatter in the values of these radii. This probably High compaction factors are seen for the low-pH molten
reflects the difficulties in small-angle scattering measure- globule states of myoglobin (0.74) and cytochroen(@.86)
ments in the presence of strong denaturants due to the pooand a mutant of humaa-lactalboumin where the cysteine
contrast between the solvent and the protein. It also resultsresidues are replaced by alanine at pH 2 (0.86). This reflects
from the different analytical approaches used in the various the biasing of the conformational ensembles populated in
studies to extract the radius of gyration values from the these states to collapsed conformers, which are only slightly
scattering data (the Guinier or Debye approximations). The expanded compared to the native fold. Concurrent with the
Debye approximation has been postulated to be morecompact nature of the molten globule states there is a high
accurate for fitting the scattering data of highly unfolded persistence of secondary structure. The packing of amino
states 49). It gives larger radii of gyration than the Guinier acid side chains is, however, disordered across the confor-
approximation 45, 50, which may reflect a biasing with  mational ensemble. The rearrangement of side chains in the
the Guinier approximation toward the conformers with molten globule to their native orientations within the compact
smaller radii present in a denatured ensemble, as this methoc&nsemble is recognized in some cases to be one of the slow
can fit more accurately data from compact staté3).( steps in protein folding1(1, 52, 53.

A logarithmic plot of the radius of gyration of the highly Low compaction factors (0.1) are seen for both prothy-
denatured proteins versus the number of residues in themosino and the D+D4 fragment of the fibronectin binding
polypeptide chain has a slope of 0%£8.11. Thus the value  protein in the absence of denaturant, two proteins that are
of the exponent is closely similar to that determined from  biologically active but essentially unfolded under physi-
the PFG NMR hydrodynamic radii data (0.970.02). The ological conditions %4—56). It is, however, interesting to
fit from the NMR hydrodynamic radius data is shown by a consider the reasons for the slightly smaller effective
dashed line in Figure 5. The offset between the two lines hydrodynamic radii of these proteins than those observed
gives insight into the relationship between the mean radius for the highly denatured states discussed earlier. NMR studies
of gyration and the hydrodynamic radius for an unfolded of the 130 residue D1D4 fibronectin binding domain show
polypeptide chain under strongly denaturing conditions. In that its local conformational properties generally resemble
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Table 2: Hydrodynamic Radii and Compaction Factd} for a Range of Nonnative Protein Conformations

protein R (A) C no. of residues
BPTI (all Cys residues replaced by Abu, pH3.5 20.6+ 0.3 0.35 58
horse cytochrome (NaCl-induced molten globule st&e 20.1 0.86 104
prothymosina (pH 7.4) 30.7£ 0.4 0.10 109
humana-lactaloumin (all Cys residues replaced by Ala, phi 2 21.3+0.1 0.86 123
hen lysozyme (reduced and methylated, §H 2 30.2+ 0.1 0.35 129
fibronectin binding protein D1-D4 (pH'y 33.8£0.1 0.10 130
sperm whale apomyoglobin (pH)4 25.3 0.74 153

2Data from ref9; cysteine residues replaced lbyaminon-butyric acid (Abu). Data from ref19. ¢ Data from ref54. ¢ Data from ref60.
e Hydrodynamic radius value from extrapolation to conditions of infinite dilutiddibronectin binding domain o$. aureusfibronectin binding
protein variant C. Data from re56.

those of many highly denatured proteins and agree well with can give insight into issues such as protein folding and
predictions for a random coibb, 56. In a number of specific ~ aggregation §, 29, 59. In this work PFG NMR methods
regions of the fibronectin binding protein polypeptide chain, have been used to measure the effective hydrodynamic radii
however, persistent nonlocal interactions have been identifiedof systems ranging from a 16 residue peptide fragment
that appear to result from the presence of clusters of through to a protein dimer of 494 residues. From these data,
hydrophobic side chains and interactions between chargedrelationships have been established between the effective
glutamate and lysine side chain group$)( The biasing of hydrodynamic radius under different conditions and the
the conformational ensemble for fibronectin binding protein number of amino acids in the polypeptide chain. The data
to more compact folds than would be expected for a highly from the PFG NMR method have been compared with
denatured protein is consistent with these persistent featuresmeasurements of molecular dimensions from small-angle
There may also, however, be additional effects resulting from scattering and dynamic light scattering techniques and with
differences in the solvation of proteins in aqueous solution predictions from theory. This analysis has shown first that
and in the presence of denaturant such as urea. the relationships between the hydrodynamic radius and the
Hen lysozyme (with the disulfide bridges reduced and protein chain length for both native and highly denatured
methylated) at pH 2.0 and BPTI (with cysteine residues proteins are similar to those defined theoretically for the
replaced byo-aminon-butyric acid) at pH 4.5 have higher dimensions of collapsed and fully solvated homopolymer
compaction factors (0.35) than BD4 and prothymosim chains, respectively. Second, we have found that ap-
but much smaller than those of the molten globule states proximately constant scaling factors ¢f 0.77 and 1.06 for
discussed above. Interestingly, there is evidence which native and highly denatured states) can be used to relate
suggests that for these states persistent nonlocal interactionsheasurements of hydrodynamic radii from PFG NMR
within the otherwise disordered polypeptide chain may also methods and radii of gyration from small-angle scattering
be responsible for the smaller effective hydrodynamic radii techniques over a wide range of polypeptide chain lengths.
seen for these proteins than those expected for a highlyMoreover, a close consistency has been observed between
denatured state. For BPTI and lysozyme the effective the results from the different techniques, including measure-
hydrodynamic radii are observed to increase from 20.6 to ments for nonnative states where an effective radius averaged
22.7 A and from 29.7 to 34.6 A on a decrease of the pH to over the populated conformational ensemble is extracted. The
2.0 or the addition ©8 M urea, respectively. Concurrent insight gained from the analysis reported here has been used
with the increase in hydrodynamic radius for BPTI there is to interpret the measured effective dimensions of a number
a loss of a significant number of NOEs in the NMR spectra of nonnative states, some of which are almost as compact
of the protein 9). For lysozyme the addition of urea gives as the native fold and others which are highly unfolded.
a decreased persistence of hydrophobic clusters present ifCombining these data with results from studies that probe
the denatured polypeptide chain as well as an increase inthe local structural and dynamical properties of the ensembles
the hydrodynamic radius. The reduced persistence of theof conformers populated has revealed relationships between
hydrophobic clusters is particularly apparent in the results the global and local features of the polypeptide chains. The
from 5N relaxation studies of the polypeptide backbone, approach and results reported here therefore define a gener-
which show an increased flexibility of the polypeptide chain ally applicable method that can be used to characterize the
on the addition of ureas{; S. B. Grimshaw, H. Schwalbe, conformational behavior of proteins under a wide range of
L. J. Smith, C. M. Dobson, unpublished results). Therefore, conditions.
for these nonnative states of BPTI and lysozyme there is ACKNOWLEDGMENT
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