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ABSTRACT: Solution X-ray scattering was used to study the equilibrium unfolding of cytochmasea
function of guanidine hydrochloride concentration at neutral pH. The radius of gyr&iprsifows a
cooperative transition with increasing denaturant with a siniilato that observed with circular dichroism.
However, the lack of an isoscattering point in the X-ray scattering patterns suggests the equilibrium
unfolding is not simply a two-state process. Singular value decomposition (SVD) analysis was applied
to the scattering patterns to determine the number of distinct scattering species. SVD analysis reveals the
existence of three components, suggesting that at least three equilibrium states of the protein exist. A
model was employed to determine the thermodynamic parameters and the scattering profiles of the three
equilibrium states. These scattering profiles show that one state is native (N). The other two states (U
U,) are unfolded, with Y being fully unfolded and W having some residual structure. Using the
thermodynamic parameters to calculate fractional populationis tdaximally populated at intermediate
denaturant concentrations while I$ maximally populated at high denaturant concentrations. Itis likely

that there is a multiplicity of denatured states with &hd U representing an average of the denatured
states populated at intermediate and high denaturant concentrations, respectively.

Many small globular proteins in solution fold reversibly protein at given denaturant concentration may be represented
between equilibrium states when the solvent conditions areas a sum of two distinct populations of protein conforma-
changed from high to low denaturant concentratibn To tions: one subensemble is centered around the native state
understand the kinetics of protein folding, it is important to while the second is an ensemble of unfolded conformations.
find ways of characterizing and quantifying the kinds of In such two-state fits, each subensemble is allowed a linear
conformations which are populated during the folding “baseline” dependence of the probe signal as a function of
process. NMR studies provide good evidence that the proteindenaturant concentration. However, little or no information
conformations populated under renaturing conditions (i.e., is obtained about the actual structural nature of the unfolded
low or O denaturant concentration) are very close to those conformations sampled in the denatured ensemble, or about
measured by X-ray crystallograph®-4). However, there how the distribution of populations of the various conforma-
is relatively little information on the nature of the various tions in the denatured state depends on denaturant concentra-
conformations which are populated in the denatured statetion.

(5, 6). In this paper we report a small-angle X-ray scattering

Equilibrium studies of protein denaturation using local (SAXS) study of the equilibrium distribution of unfolded
structural probes such as UV circular dichroism and fluo- conformations of cytochrome (Cyt ¢). Cyt c is a small
rescence lead to titration curves of probe signal vs denaturantprotein (104 residues) with a heme group covalently bound
concentration which can often be fit by a two-state model. to residues Cys14 and Cys17. The heme iron has two axial
In this model it is assumed that the equilibrium state of the ligands: His18 and Met807]. Under typical denaturing
conditions, such as high guanidine hydrochloride (GdnHCI)
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indicates the amount of secondary structure, shows apH 7. Stock buffers were filtered with a Qu2n acetate filter.
cooperative transition with an absence of such structure aboveAppropriate mixing ratios were used to achieve solutions of
3.5 M GdnHCI @1, 19. A thermodynamic fit was per- intermediate GdnHCI concentration: 0.6, 1.2, 1.8, 2.2, 2.4,
formed on the data to yiel@,, the midpoint of the transition; 2.6, 2.8, 3.0, 3.2, 3.4, 3.6, 4.2, and 4.8 M. Protein was
AGy, the change in free energy of state U relative to the dissolved directly into these solutions; the sample was
native state in the absence of denaturant; emthe linear subsequently filtered with a 0:2m filter to remove undis-
dependence of the free energy upon the denaturant concensolved protein from the sample. Cytochromeoncentra-
tration. This fit givesC,, AGY, and m values of 2.7 M tions were measured by UV absorptiesgf= 8.55 mL mg*
GdnHClI, 8.2+ 0.8 kcal/mol, and 3.& 0.3 kcal moft M~ cm L,

respectively {2). Trp fluorescence has long been used asa SAXS.Measurements were made using the SAXS instru-
conformational probe for Cyt (13—18). Energy transfer ment on Beam Line 4-2 at Stanford Synchrotron Radiation
with the heme quenches Trp fluorescence. The measured_aboratory 20). X-ray energy was selected at 8980 eV (Cu
degree of quenching can be used to calculate the averageedge) by a pair of Mo/BC multilayer monochromator
heme-Trp distance 18). Equilibrium unfolding Trp fluo- crystals 21). Scattering patterns were recorded by a linear
rescence studies show a cooperative transition with the position-sensitive proportional counter, which was filled with
transition complete upon reaching GdnHCI concentrations an 80% Xe/20% C@gas mixture. Scattering patterns were
of 3.5 M (13—17). At higher GdnHCI concentrations, the normalized by incident X-ray flux, which was measured with
fluorescence increases linearly; Chan et ®) @ttribute this a short-length ion chamber before the sample. The sample-
to a continued expansion of the unfolded state. A thermo- to-detector distance was calibrated to be 230 cm, using a
dynamic fit to the Trp fluorescence data givés, AGY, and cholesterol myristate sample. To avoid radiation damage
m values of 2.77+ 0.02 M GdnHCI, 9.7+ 1.1 kcal/mol, of the sample, the protein solution was continuously passed
and 3.5+ 0.4 kcal mot* M~ (14). While theAGy andm through a 1.3 mm path length observation flow cell with 25
values measured by Trp fluorescence are higher than thoseim mica windows. The flow rate was1.8 mL/s. Protein
measured by CD, the values from the two methods do agreesolution (1.5 mL) was used for each measurement and
within experimental error. Therefore, comparison of CD and recirculated during the course of the measurement.

Trp fluorescence data can only distinguish two states: one Guinier Analysis. Radii of gyration were calculated

native and the other unfolded. according to the Guinier approximatio@2):
In the present SAXS study, a series of scattering intensity
profiles, 1(Sc), whereS = (2 sin 6)/4 is the momentum 4R}
transfer, @ is the scattering angle, aridis the wavelength In(1(8) = In(1(0)) = —3 g 1)

of the X-ray beam, were measured for a series of GdnHCI

concentrations (denoted lo). By means of singular value  where Ry, = radius of gyration,S = (2 sin 6)/4, 20 =
decomposition (SVD), we are able to discern the minimum scattering angle, and = X-ray wavelength. Guinier fits
number of linearly independent functions needed to representand errors were calculating using KaleidaGraph (Synergy
the entire series of scattering profilek9). This allows us Software, Reading, PA). The fitting range used was 0.6045
to gain information on the number of distinct unfolded 0.0071 AtinS Scattering profiles were taken on samples
components, and therefore the number of distinct equilibrium of protein concentrations of-6 mg/mL for Guinier ana|ysis_
states of the protein needed to represent the denaturation Kratky Data. To obtain good quality Kratky plots at high
equilibrium as a function of GdnHCI concentration. Within ang|es, h|gh protein concentrations must be used. At each
the limitations of the data quality accessible with the present GdnHCI concentration, a scattering profile was first recorded
experimental setup, we find that a minimum of three Iinearly at a h|gh protein concentration of 204 mg/mL (prof”e
independent functions is required to represent the dataa). However, at high protein concentrations, interparticle
acquired over the range of denaturants measured, and hencgyterference degrades the scattering profile at small angles
that the ensemble of denatured configurations is made up of(23). To reduce interparticle interference effects at small
at least two (and quite possibly more) thermodynamically angles, the high protein concentration solution was diluted
distinct states. Interestingly enough, we see very little change4-fold to 5-6 mg/mL. A scattering profile was then

in the radius of gyration (determined with the very low angle recorded on this low protein concentration solution (profile
data) of the unfolded state as the concentration of GdnHCI B) The Kratky data at each [GdnHC|] were Comp”ed in
is increased, although inspection of the scattering profiles the following manner: (i) whers < 0.013, profile B was

at high angles shows the degree of packing to decrease withysed; (ii) wherS > 0.018, profile A multiplied by 0.25 was
increasing denaturant concentration. Thus our measurementgsed:; and (jii) in the region 0.018 S < 0.018, the profiles

show that the conformations populating the denatured were merged as follows in order to smooth the joining region:
subensemble at intermediate [GdnHCI] are more compact

than would be expected under random coil conditions, which [(9 = 0.25,1,(9 + f515(9 (2)
are assumed to pertain in the limit of high denaturant
concentration. wheref, = (S— 0.013)/0.005fz = 1 — (S— 0.013)/0.005;

andl, andlg are profiles A and B, respectively. The 0.25
MATERIALS AND METHODS factor compensates for the fact that the protein sample for
Materials. Horse heart cytochronewas purchased from  profile A was four times that for profile B. Profile B was
Sigma Chemical Company, St. Louis, MO. The protein was used for Guinier analysis. Each merged scattering profile
not purified further. Phosphate stock buffer solutions (100 was normalized by th&0) value gained from the Guinier

mM) were prepared with (4.8 M) and without GdnHCI at analysis.
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FiGUre 1: The radius of gyrationRy) dependence upon GdnHCI

at pH 7 (100 mM phosphates? displays a linear dependence
upon the populations of different protein states (see eq 3). Therefore,
Rs? vs [GdnHCI] is plotted here. The closed circle®)(were
obtained from Guinier fits to the original SAXS data while the open
circles ©) were obtained from Guinier fits to the scattering profiles
reconstructed using singular value decomposition and a thermo-
dynamic model. The same fitting range, 0.06460070 A1in S,

was used in all Guinier fits.

3

RESULTS

Guinier Data. The size of a protein can be determined
from the X-ray scattering in the small-angle region. The
protein scattering in this region, called the Guinier Region,
is given asl(S = 1(0)e**R*S3, whereRy is the protein’s
radius of gyration. Radii of gyration are obtained from the
slope of the curve In(S) vs & in the Guinier Region (see
Materials and Methods Section).

The unfolding of Cytc monitored by the change iRy
shows a cooperative unfolding transition on addition of
GdnHCI at pH 7 (Figure 1). In its native form, Cgthas a
Ry of 13.8 + 0.3 A. Abowe 3 M GdnHCI, Ry does not
change, within error, and has a value of 3&®.1 A. The
native value agrees with a previously published study (13.
+ 0.1 A), while the value of the denature®) is slightly
lower than the value of 32.4 1.6 A found in the same
study @4).

A two-state thermodynamic fit was performed &g,
assuming a linear dependence of the free enex@/(AGy
= AGY — mGdnHCI] = m(C,, — [GdnHCI]) (25). For a
two-state system, the measurigglis an average radius of
gyration of all species in solution:

RS = fyRy + R, (3)

wherefy = native fraction,f, = unfolded fraction,Ry =
radius of gyration for the native stat®, = radius of gyration
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conditions: 0.6@), 1.2 ©), and 1.8 M ) GdnHCI; (B) denaturing
conditions: 3.0@), 3.6 ©), 4.2 (#), and 4.8 M () GdnHCI; (C)
5 cooperative unfolding region: 1.8}, 2.2 ©), 2.6 (®), and 3.0

M (<) GdnHCI.

agree within error, then value obtained from th&g? curve
is significantly larger than the CD value (38 0.3 kcal
mol~t M~1 (12). This suggests that the unfolding transition
perhaps cannot simply be described as a two-state transition.
Kratky Data. Additional structural information can be
obtained from the SAXS data by inspecting the entire
scattering pattern. The degree of unfolding is best gauged
by viewing a Kratky plotZ1(S vs S, which emphasizes the
Sregion between 0.02 and 0.04 A which we will refer to
as the high-angle part of the scattering profile. Globular
proteins scatter & (26) at highSvalues, yielding a Kratky
plot that is proportional t& 2. Such dependence is shown

for the unfolded state, and neglecting contrast changes whichin the Kratky plots of Cytcin 0.6, 1.2, and 1.8 M GdnHCI

are small in the present cask9). SinceRg? maintains a
linear dependence upon the fractional populati®ysis the
relevant quantity to fit (noRy;). TheC, andm values were
found to be 2.6+ 0.1 M GdnHCI and 4.5t 0.7 kcal mot*

M~1, respectively. While th€, value of CD andRy? data

at high angles (Figure 2A). The fact that identical Kratky
plots were determined under these three conditions, comple-
mented with the nearly identical radii of gyration, demon-
strates that, as expected, Cgtis fully native at these
denaturant concentrations.
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A random coil scatters aS™* at high angles22). A 210%
Kratky plot of a random coil then shows & dependence LA
at these angles. From the Guinier analysis, €gppears [ ]
to be fully unfolded abos 3 M GdnHCI asR; does not 1510° - ]

change {30 A) (Figure 1). However, Kratky plots reveal
changes in the protein structure at these denaturant concen -~
trations (Figure 2B). Fo3 M GdnHClI, the Kratky plotis %
flat at highS(i.e., at high angles) as seen from the curve of I ;
filled circles @) on this figure. With increasing denaturant s10° |- ]
concentration, an increasing tendency toward linearity is seen [ ]
at these angles. These changes indicate an increasing randol

coil content of the protein sample. Thus, despite the large LI 001 002 003 004

radius of gyration, the Kratky plots imply that residual S@A"

structure existste8 M GdnHCI. These results indicate that s10° L : : :

in 3 M GdnHCI the protein assumes conformations more .E B

tightly packed than a random coil, and that the obseRgd e E

is rather insensitive to these changes in packing density. 310° | E
Corroboration of residual structure still existing at GdnHCI 210° F E

concentrations wherBy has saturated comes from circular ~ _~ M ]

dichroism experiments. For example, under the conditions @ ' E

used in the SAXS experiments, at 2.8 M GdnHCI £D of E

measurements of Cytindicate significantly more structure 1108 B E

than the unfolded protein, namety40% of the signal of .

the native structurel@). Even at 3.0 M GdnHCI there is S 3 E

still significant structure remaining by CD, and in fact, the 310° 201 o0z Yo 004

CD transition is not complete until close to 3.5 M GdnHCI s @AY

(12).

The greatest conformational changes can be observed by
studying the Kratky plots in the transition region, 28.0
M GdnHCI (Figure 2C). Here the peak magnitude of the i ]
plot is seen to decrease as the [GdnHCI] is increased, 0.0001 I~ B
suggesting loss of globularity in the protein sampd)( - [ ]
Further, the Kratky plots move up in the high-angle region, s10° [ ]
suggesting loss of structure and thus an increase in randorr L ]
coil content.

For a purely two-state system, an isoscattering point would
be expected in the Kratky plot24). A scattering profile at
any denaturant concentratiamn)(can be expressed as a linear s10% L . : :

000015 - —

[ _

superposition of the native and denatured scattering profiles: ’ o 0":( 1) o o
_ ¢k k FiIGURe 3: Kratky plots of the singular value decomposition (SVD)
186 =frIn@® +fulu® (4) basis scattering curves (columns of matx (A) Suy; (B) Suy;
and (C)Sua.

The scattering patterns of the native and denatured states

intersect (M(S) = 1u(S), whereS is the isoscattering point).  he scattering profile at a specific [GdnHCI] denoted by the
Sincefy + fU =1, the Scatterlng prOf”e at any denaturant index k: A(S,k) — I(Sck) If there areM pOintS 6va|ues)

i'%ncgnérrat;gn ;’;'”2 2:‘(’)33': tlzl:':/(;nthseosizrt]tfr'r:/alug'r? does in each scattering profile arflGdnHCI concentrations, then
Wever, Figu Show > =g pol Ais anM x P matrix. SVD can be used to decompose
not exist for the entire [GAnHCI] series. This suggests that o T
matrix A into the product of three matrixes:

more than two equilibrium states of Cgtare populated at
pH 7.

Singular Value DecompositionSince inspection of the A(SK) = u(SK)sv" (5)
Kratky plots suggests that more than two equilibrium states
exist, the singular value decomposition (SVD) method was
employed to identify the number of states. Unlike the . . ) . )
Guinier [Ry) analysis, which uses only the small-angle region, pa3|s scatterlng.t_:urves (Figure 3): Scatterl_ng profiles are a
the SVD method was applied to the entire scattering profile. ln€ar superposition of these basis scattering curves. The
SVD deconvolutes the scattering patterns of the [GdnHCI] diagonal components & a P x P matrix, are called the
series into an orthogonal series of basis scattering curves. Asingular valuesw;). The productsy™ determines the [Gd-
scattering pattern at any [GdnHCI] can be constructed as anHCl]-dependent weight applied to the individual basis
linear superposition of these basis scattering curves. scattering curves when constructing the scattering profiles.

The scattering profiles at all [GdnHCI] can be compiled The scattering profile at GAnHCI concentratiog,can then
into a matrix,A(Sk), where a column of matriA represents  be approximated:

The columns ofu(Sk), anM x P matrix, are orthogonal
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T T

L L - : ‘ :
1(Sc) = J; Wiy Ui(S) = JZ' ijj!(Uj(S) (6) A A ~

whereL is the minimum number of components necessary

to adequately reconstruct the scattering profilesl#nd Vkj ) 7 1
is the basis coefficierjtat GAnHCI concentratiorry. Terms = 5¢ -
with j > L represent noise. Because of the linear relationship i ]
of the SVD fits, the variance of the fitting coefficient/sgb}‘, oL ]
is a linear relationship of the individual data poih{§k): [ ]

o=y oy9 ) TN R

[GdnHCI] (M)

whered%(K) is the variance irl(SK) and the summation is o ]

over all Svalues 27). Chen et al. 19) have applied the I ]
SVD method to SAXS spectra. 04 ]

Each SAXS profile is a linear superposition of the profiles « [ ]
of the distinct states that can be populated by the protein PO 3 7
(for a two-state system, see eq 4). For the states to be
distinct, their scattering profiles must be linearly independent. 04 - ]
The number of states therefore indicates the number of i B ]
linearly independent scattering curves needed to construct
the scattering profile at any [GdnHCI]. The number of
significant SVD componentd ] determines the minimum
number of linearly independent scattering profiles needed
to construct the series of scattering pattef(Sg,). There-

W

08 .
1] 1 2 3 4 5
[GdnHCI] (M)

fore, the number of significant SVD components reveals the 0L p
number of distinguishable subensembles of conformations I
or, in other words, the number of thermodynamic states. Four 00s [ ]

factors were considered in determining the number of
significant SVD components: (1) singular values; (2) auto- ';n
correlations ofl; (3) shape of basis functions; and (4) reduced
chi-squared of SVD reconstruction of the scattering profiles

(19, 28). An analysis using these factors shows at least three 005 | ]
components to be significant and a fourth component [

possibly being significant as well (Figures 3 and 4; data of 01 0 - : : - !
fourth component not shown). [GAnHCT (V)

Due .to the mathematical properties Of. SVD, the basis IGURE 4: Basis function coefficients (columns of mathix= »")
scattering curves do not represent scattering patterns of reags a function of denaturant concentration. The curves are coefficients
conformations28). This is evidenced by, dipping below for basis functions: (A (B) uy; (C) andus. The solid lines
0. (Kratky plots of the basis scattering curves are presentedrepresent the fits resulting from the thermodynamic model.
in Figure 3.) However, they can illustrate the structural
changes seen in the protein. The Kratky plot of the first
basis function,u;, is characteristic of a globular protein
(Figure 3A). This basis function is most heavily weighted

Thermodynamic ModelJust as the scattering profiles at
any [GdnHCI], I(Scy), can be represented by a linear
superposition of the basis scattering curves, so can the

at low [GANHCI], where the protein is native (Figure 4A). slc%tt?rgw?\l proﬂleséI of t'he individual thermodynamic states
The second component is negative at intermediate angles(a eled N, U, and U):

and positive and increasing at high angles (Figure 3B). _ N N N

Positive weighting of this component would have the IN(S) = Wby Uy (S) + Wob, " uy(S) + wibs ug(S)  (8a)
followjng eﬁgct; on a Kratky plot: (i)'decrease the'peak 1S = Wlb1UlU1(S) 4 W2b2U1u2(S) 4 W3b3U1u3(S) (8b)
magnitude, signifying reduced globularity of the protein and

(i) cause an increase at high angle, indicative of increasing I ,,(S) = w;b,"2u,(S) + wyb,"2u,(S) + wsb,"?uy(S) (8c)
random coil content. The third component increases linearly

at high angles (Figure 3C). Positive weighting of this whereln(9), 1u1(S), andlyx(S) are the scattering profiles for
component would lead to an upward sloping Kratky plot at N, U;, and U, respectivelyw; are the singular valueg;N,

high angle, thus signifying an increase in the random coil b1, andb? are the basis coefficients for N,;Jand U,
content of the protein sample. This component’s negligible respectively; andui(S), ux(S), and u(S are the basis
contribution at small and intermediate angles means that it scattering curves. Using a minimal thermodynamic model,
would have no effect on the peak magnitude of the overall we determined the proper linear combinations of the basis
Kratky plot. curves required to represent the scattering profiles of the
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distinct thermodynamic states. In other words, the thermo- L P W_Z(b_k b bk DZ
dynamic model determinea], bV?, andbY2, wherei = 1, 2= P e (14)
2, 3. Each scattering profile in the [GdnHCI] series can be J; & o“-z(k)

i

thought of as the superposition of the scattering profiles for

these three thermodynamic states: whereL is the number of relevant SVD componenisijs

the number of scattering profiles recorded (i.e., the number
(86 = XIS +f{alua(® + il (9) of [GdnHCI]); b',,, are the basis coefficients output from
Kook K . ) the SVD analysis,‘o}fcaI are the values calculated for the
wherefy, Ty, andfy, are.the fractional populations .Of basis functions using eq 13; anﬁ(k) are the variances in
states N, J, and U, respectively, at GdnHCI concentration the SVD weighting coefficients. (Equivalently, the thermo-

gk k k _ 1.
Ci iyt fus + Ty =1 andin(), lu(S), andluz(S) are the 4y namic model could be used to refine the data directly
scattering patterns for N, {Jand U, respectively. The against the SVD-defined {and W profiles.)

fractional populations of each state can be expressed Both two-state (N< U) and three-state (N, 4J Uy)
thermodynamic models were employed to fit the SVD

fﬁ = Ye /RlT G RT (10a) Weigh_ting coefficients. The therm(_)dynamic parameters
l+e ™ +e 772 resulting from the fits are presented in Table 1. The three-
—AGU/RT state fits to the basis function coefficienks, are plotted as
fi,= _Ag AT AR (10b) solid lines in Figure 4.
1+ e "R 4 g o2 The populations of the three states as a function of
@ AGUIRT denaturant concentration (calculated using eq 10) are pre-
sz = (10c) sented in Figure 5. Ureaches a maximum population of

—AGu1/RT —AGU/RT
1+e ™ +e 7202 ~60% at 2.9 M GdnHCI. Due to its large energy barrier

(AG‘L),Z), U, does not become well populated until high
[GdnHCI] is reached.

As mentioned earlier, Trp fluorescence has long been used
s a conformation probe for Cyt (13—18). Since Trp
fluorescence indicates conformational changes, it would
0 provide a good comparison to a SAXS study. The equilib-
AGy; = AG'y; — my[GdnHCI] (1128)  tium unfolding of Cytc at pH 7 has been followed by Trp

A0 fluorescence 15). The thermodynamic parameters from a
AGy, = AGy, — mGAnHCI] (11b) two-state (N< U) fit were found to beAG), = 9.7 + 1.1
kcal/mol andm = 3.5 + 0.4 kcal mot* M~ AGJ, from

our two-state fit (10.8 kcal/mol) is slightly higher than that
found in the Trp fluorescence studyAG_, from the three-
state fit (9.1 kcal/mol) is in better agreement amgd (3.4
kcal mol* M~ is nearly identical to the fluorescence
value, suggesting the cooperative transition seen by Trp

whereAGy is the change in free energy of state U relative
to the native state. In our model, the free energy was
assumed to have a linear dependence on the denaturané
concentration Z5)

whereAGf’J is the change in free energy of state U relative
to the native state at neutral pH and in the absence of
denaturants, anth is the linear dependence &Gy upon
the denaturant concentration.

Using eq 8 to substitute fdk(S), 1u1(S), andlyx(S) in eq

9, we find fluorescence is the N~ U, transition.
ek N N N Constructed Stateswith the results of the thermodynamic
1(S6d = T Wby "Uy(S) + Waby Uy(S) + Wsbs ug(S) + fit to the basis function coefficients, scattering profiles for
f5W,0, "y (S) + wob,"tux(S) + wib,Ptuy(9) + the three distinct thermodynamic states (N, &hd W) can

k u2 u2 u2 _ be constructed using eq 8. Guinier analysis of these profiles
Fua(Waby Uy (S Wy, Ux(S) + W5y Us(S) = yields radii of gyration of 13.4- 0.2, 29.9+ 0.5, and 29.6
(f K,blN +f blblUl +f IL‘szluz)wlul(S) +(f Esz + + 0.3 A for N, Uy, and W, respectively. Kratky plots of
k 1 UL k 1y U2 ki, N k 1y UL the constructed scattering profiles are presented in Figure 6.
R O NES :rzf ubs ™+ From the plot, N is clearly globular and nearly identical to
fuabs IWsus(S) (12) the original Kratky plots at 0.6, 1.2, and 1.8 M GdnHCI.
The differences betweendnd U, are evident at high angles.

For a three-state model, comparison of eq 6 (Witk 3) U, is flat at large angles while Jcontinues to increase
and eq 12 gives the following relations: linearly. The Kratky plot of | strongly resembles that of
a random coil, indicating a complete lack of structure. The
b'; =f hblN +f 'leblL’l +f bzbluz (13a) plateau in the Kratky plot of Usuggests evidence of some
. ) ) ) ) residual structure within the protein. The absence of a peak
b = f Kb, + b, + £ ,0," (13b)  at small angles demonstrates the lack of globularity in U
b = f by + f15yba”t + F b 13 e, i i i i
3= TnDs u1bs u2bs (13c) The m value is roughly proportional to the difference in

solvent-accessible surface area between the native state (N)
The thermodynamic parameterA(;GcL’,l, my, AGE,Z, ) and the unfolded state (JU29, 30). As structure develops
and the basis coefficients for the thermodynamic statéls ( within the protein, some residues will become protected from
bV, bY? wherei = 1, 2, 3) can then be identified by the solvent, presumably resulting in a reduction of the
minimizing: solvent-accessible surface area as compared to the completely
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Table 1: Thermodynamic Parameters Resulting from Fits to the
SVD Components

AG), my (kcal AG, m, (kcal

model (kcal/mol) mol*M™1)  (kcal/mol) mol~*M~1)
two-state 10.8 4.2 N/A N/A
three-state 9.4 3.6 12.7 4.6

Fractional Population

[ e —— ':/ 4
0 1 2 3 4 5
[GdnHCI] M)

Ficure 5: Populations of three states from the thermodynamic
model as a function of denaturant concentration: N (solid line),
U; (dashed line), and 4)broken line).
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FIGURE 6: Scattering profiles of three states generated from the
thermodynamic model: N (solid line), Udashed line), and 4
(broken line).

unfolded state. With this view, the lowen value of U, as
compared to Ywould be consistent with the presence of
residual structure in U

Lack of Interparticle Scattering EffectsAt the protein

concentrations used for SAXS measurements, protein ag-

gregation can be a concern. To ensure thaidnot an

Biochemistry, Vol. 37, No. 36, 19982449
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FIGURE 7: Reconstructed scattering profiles at 2.4 and 3.6 M
GdnHCI. Solid lines are scattering profiles from the 3 component
SVD reconstruction. Dashed lines are scattering profiles recreated
using the parameters of the thermodynamic model. The upper curve
is 2.4 M GdnHCI, and the lower curve is 3.6 M GdnHCI.

an increase irR; as more of the sample is aggregating.
However, a decrease iRy was observed with increasing
concentration{1 A from 4 to 20 mg/mL), which is expected
for a monomeric protein. The decreaseRpis a result of
interparticle interference2().

Additional evidence for lack of aggregation is seen in the
SVD components. SVD analysis of two proteins (lysozyme
and Cytc) has shown a third basis function which only varies
in the small-angle regior§(= 0.01 A1) where interparticle
scattering is important (unpublished data). This is not the
case for the present data. The third component does not
contribute to the scattering profile in the small-angle region
(Figure 3C).

Reconstructed ProfilesThe Cytc scattering profiles at
varying [GdnHCI] can be reconstructed using the scattering
profiles of our three model states: Ngland U (eq 9). A
good test of our three-state model is to compare these
reconstructed profiles with the three SVD component
reconstructed profiles. The reconstructions of the 2.4 and
3.6 M GdnHCI profiles are presented in Figure 7.

The reconstructed scattering profiles were fitted in the
Guinier region forRy;. These values are in good agreement
with the radii of gyration calculated from the original SAXS
profiles (Figure 1). As mentioned earlier, initial inspection
of the Ry? curve suggests a two-state transition with increas-
ing [GdnHCI]. However, our three-state model shows U
and U to have nearly identical radii of gyration (30 A), and
thus, the two states would not be distinguishable Ryavs
[GdnHCI] curve.

DISCUSSION

Our SAXS studies provide evidence for more than one
denatured subensemble of @yt neutral pH. SVD analysis

aggregated state, we took SAXS spectra at different proteincombined with a thermodynamic model has identified at least

concentrations in 3.0 M GdnHCI, a [GdnHCI] close to the
peak U population. If association were occurring, one

two denatured states. These states have similar radii of
gyration but differ in their degree of compactness; Has

would expect an increase in protein concentration to lead toa Kratky plot characteristic of a random coil. Meanwhile,
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the plateau of the Kratky plot of LAt high angles indicates  local minima being populated as the denaturant concentration
the existence of some residual structure in U is lowered.

If U has structure, what type of structure is it? The best The fourth SVD component suggests the possibility that
way to address this question is to compare our results with more than two denatured states may exist (data hot shown);
studies which have identified partially folded states of Cyt the poor resolution of the basis function coefficients made
c in equilibrium. Cytc unfolds at pH 2, with the addition it too difficult to include a fourth state into our thermody-
of salt leading to a partially folded state (labeled the “A- namic model. Shortle38) has proposed that the unfolded
state”), which has a significant amount of secondary structure state is “an ensemble of many poorly structured conforma-

but a disordered tertiary structurd?( 31—34). Two- tions or microstates that behaves as a single, more-or-less
dimensional NMR hydrogen exchange reveals that the threecontinuous distribution of microstates.” Breaking of the non-
major helices of Cyt remain intact in the A-state3p). This native hydrophobic contacts is presumably not cooperative,

state has been studied by SAXS, withRsmeasured to be  but instead gradual. This gradual breaking of these contacts
17.4 A (12, 24). The A-state therefore is fairly compact as would lead to a multiplicity of unfolded states. Taking into
compared with an unfolde&®, of 30 A. This is further consideration the effects of Coulombic interactions may
demonstrated by the globular nature of the A-state’s Kratky modulate this continuum to some extent.

plot (24). Conversely, Uhas an expande®, with a Kratky A recent study of Cytc Trp fluorescence suggested a
plot displaying no evidence of globularity. By comparison gyelling of the unfolded state with increasing denaturant
with the A-state, it is clear that {tannot possess significant  ~gncentration. At high GdnHCI concentrations (above the
secondary structure. cooperative transition), the fluorescence increases linearly.
Very small populations of partially folded states have been Normally, this has been believed to be solely a solvent effect
identified by hydrogen exchange under native conditions on the fluorescence of the solvent-exposed Trp, rather than
(36). Bai et al. exposed the sequential unfolding of structural an indication of conformational change. Chan et &#)(
subunits with this method. In the least stable and least examined the fluorescence of a Qytffragment spanning
structured partially folded statelyg), the amino- and residues 5563, which contains the fluorescent residue
carboxyl-terminal helices exist as the only secondary struc- Trp59, as a function of [GdnHCI]. Presumably the protein
tural units. These two helices cooperatively unfold together fragment and the holoprotein should display the same linear
in the transition to the completely unfolded state. In the dependence. The fluorescence of this protein fragment
native state, these two helices are docked against each othedisplays a linear dependence on [GdnHCI]. However, the
with their axes perpendicular);, This interaction is believed  linear dependencies of the protein fragment and the holo-
to be preserved in the A-stat85) as well as inlyc (36). protein are not the same: the holoprotein displays a stronger
Despite its probable lack of tertiary structure, the overall linear dependence than the protein fragment. Chan et al.
expansion oflyc is limited by having both ends of the believe this suggests “expansion of the unfolded state
backbone bound together. Therefore, one would expect a(increase in the average hemteyptophan distance) as the
smallerRy than the completely unfolded state.;, lowever, quality of the solvent improves.” A nonsigmoidal increase
has a similaRy as the completely unfolded state Jjland in a physical quantity, in this case the Trp fluorescence, is
thereforelyc cannot serve as a model for.UAs Iy is the consistent with a multiplicity of accessible denatured states.

partially folded state with the least amount of secondary \ye pelieve that our SAXS results are consistent with the

structure, | appears to lack any stable secondary structure. existence of a multiplicity of denatured states. As mentioned
Dill and Shortle 87) have proposed that “weakly dena- before, SVD analysis of the scattering profiles does suggest

tured proteins, either by temperature or by low denaturant the existence of at least one other denatured state. Presum-

concentrations, have considerable number of contacts amongbly, with an increasing number of scattering profiles used

hydrophobic residues.” These contacts can be non-nativefor SVD, an increasing number of unfolded states would be

(38). Therefore, we propose that the structure evident in identified. Therefore, we do not believe, dnd U to be

the U, state is nonspecific hydrophobic interactions. While the only unfolded states. In fact, these states probably

the specific process in which GdnHCI acts as a denaturantrepresent averages of many unfolded statesis &in average

is not known, it is known that GdnHCI weakens hydrophobic of the denatured states populated at mild denaturing condi-

interactions 80, 39). Therefore, as the GdnHCI concentra- tions. U, is an average of the denatured states populated at

tion increases, the number of hydrophobic interactions strong denaturing conditions.

decreases, allowing the protein to achieve more of arandom oy findings for Cytc are also consistent with the

coil structure. This would explain the lack of evidence of gpservation of a partially folded intermediate for lysozyme
any structure in & which is maximally populated at high gt pH 2.9 by Chen et al19). In that case the intermediate
GdnHCI concentrations. was partially collapsed relative to the denatured state. Ibarra
The relatively large free energy difference between the et al. @0) have recently pointed out that the data of Chen et
U; and U, states points to a further consideration: proteins al. could also be fit by a two-state model, provided the
are charged heteropolymers, therefore they may be expectedbaseline” for theRy? fits could be allowed to depend on
locally to experience inter-residue attractive forces in some denaturant concentration (Sanchez-Ruiz, personal com-
conformations, even in “good solvent”, that is, moderate munication). This way of representing the data is in fact
denaturing conditions. Therefore the free energy landscapeequivalent to allowing for a multiplicity of denatured states,
may be expected to have a multiplicity of local minima since the only wayR, could depend on denaturant concentra-
accessible under mildly denaturing conditions. Our observa-tion is for there to be a multiplicity of denatured states whose
tion of the U, state may thus be an indication of one of these populations vary as the denaturant concentration is changed.
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Kinetic studies of the initial stages of refolding of Gyt

show the existence of a “burst phase”, or rapid collapse

within the dead time of the mixer used to initiate the refolding
process 14, 15,17, 41). Chan et al. 14) and Sosnick et al.
(41) suggest that the contraction is a downhill (barrier-free)

process which can occur within 1 ms. Since our data does

not show an appreciable changeRyffor the U, state, there
are clearly further denatured states which become populated 21.
at still lower denaturant concentrations in these kinetic

experiments. Itis possible that more accurate SAXS studies

at lower [GdnHCI] could detect the population of such more
compact denatured states, which are also inferred from the o3
fluorescence data of Sosnick et al.
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