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ABSTRACT: The equilibrium unfolding and the kinetic refolding of cytochromgCyt ) in the presence

of imidazole were studied with small-angle X-ray scattering (SAXS). The equilibrium unfolding experiments
showed the radius of gyratioiR, of native Cytc to swell ~1 A with the addition of imidazole. The
thermodynamic parameter also reflects an expansion of the protein as its lower value demonstrates an
increase in solvent-accessible surface area over that of nativei€ilte absence of imidazole. Refolding

was studied in the presence of imidazole as it prevents misligated intermediate states from forming during
the refolding process, simplifying the kinetics, and making them easier to resolve. Time-resolved decreases
in the forward scattering amplitudg(), demonstrated the transient formation of an aggregated intermediate.
Final protein and denaturant concentrations were varied in the refolding kinetics, and the singular value
decomposition (SVD) method was employed to characterize the associated state. This state was determined
to be a dimer, with properties consistent with a molten globule.

A strong propensity to associate is a general characteristictool in the study of protein aggregates. This approach allows
of non-native proteins and accounts for the fact that protein characterization of the overall size and shape of a soluble
refolding is often accompanied by aggregation. Normally this aggregate, as well as determination of the order (dimer,
has been viewed as a side-effect of working at high protein trimer, etc.). Time-resolved SAXS can be used for charac-
concentrations, which is the necessary prerequisite to obtainterization of transient aggregates, populated during refolding
data with good signal-to-noise ratio. Little emphasis has beenof proteins from the completely unfolded staf§.(In this
placed on the study of these associated states formed duringtudy, we focus on characterizing the transient dimers formed
protein refolding. However, this situation has changed during the refolding of cytochrome (Cyt c).
considerably lately, mainly due to the fact that protein  Cytcis a small protein (104 residues) with a heme group
aggregation is believed to be the cause of a number of covalently bound to residues Cys14 and Cys17 (Figure 1).
debilitating diseases including the prion diseases, Alzheimer'sThe heme iron has two axial ligands: His18 and Met80 (
and Parkinson’s diseases, cataracts, and many others. Ununder typical denaturing conditions, such as high guanidine
derstanding the stability and structure of protein aggregateshydrochloride (GdnHCI) or urea concentrations at neutral
therefore has become an important research goal. Small-angl@gH, Met80 dissociates from the hema8).( The lack of
X-ray scattering (SAXS)potentially represents a powerful  conformational freedom of His18, which has two neighboring

residues (Cysl4, Cysl7) covalently bound to the heme,
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during refolding are often part of a polydisperse system that
also includes monomers. The challenge is to characterize the
associated state (and determine whether it is unique) in a
His33 polydisperse system. Recent developments applying the
singular value decomposition (SVD) technique to SAXS
spectra have created the ability to characterize individual
monomeric conformational states in a polydisperse system
(20—23). We present here a further application of this
technique to characterize the overall size and shape informa-
tion of transiently formed aggregates. By using the informa-
tion provided byl(0) and an SVD analysis of the time-
resolved SAXS spectra, we identified and characterized a
transient dimer populated during Gytefolding. (Note that
the fluorescence experimentd4] were carried out at
micromolar concentrations and therefore would not be
expected to lead to transient dimer formation.)
FiGURe 1: Crystal structure of horse heart Cyt(2). Residues Itis important to note that the time resolution of stopped-
relevant to the discussion were drawn. The image was created withflow SAXS experiments is not great enough to resolve the
MidasPlus (USCF Computer Graphics Laboratory, San Francisco).C — N conversion. This paper focuses on the time scales
. . . . . . where this conversion is complete for the fraction of
binds to the heme iron, displacing Met80, even in native molecules that do not form dimers, and thus, only the much

Cyt ¢ (3, 12). This prevents the mlsllga_ted state_s from slower conversion from dimer to native state is observed.
forming and therefore suppresses these intermediate states

during refolding ¥, 12—14). Lowering the pH can also MATERIALS AND METHODS
diminish the population of the misligated intermediate, as
the histidine residues become protonatédl(l). However,

Materials. Horse heart cytochronewas purchased from
a small fraction of the protein molecules will still populate Sigma _Chemical .C?ompany. (.St' .LOUiS’ MO). The protein was
the intermediate state, leading to complex kinetics similar used_ W.'thOUt additional punﬁcat!on; 100 mM phospha_te, 200
10 those observed at ﬁeutral bR (1) mM imidazole stqck buffer solutions were prepared with (4.8
The refolding of Cytc at neutral pH in the presence of a_md 3.6 M) and without GdnHC_I atpH 7. S.’tOCk buff_ers were
imidazole can be described by the simple scheh 14) fll_tered wlth a 0.2um acetate f_||ter. Protein was dissolved
directly into the GdnHCI solutions; the sample was subse-
U—C—N (1) quently filtered with a 0.2«m filter to remove undissolved
protein from the sample. Cytochromme&oncentrations were
where U is the unfolded state, C is the collapsed state, andmeasured by UV absorptiorzg = 8.55 mL mg* cm™?).
N is the native state. Traditional time-resolved methods show For equilibrium unfolding measurements, protein concentra-
the collapsed state to form within the mixing dead-time of tions of 5-7 mg/mL were used. Protein concentrations for
the experiments7 15), followed by single exponential refolding measurements are listed in Table 2.
kinetics that reflect the conversion of the collapsed state to SAXS Measurements were made using the SAXS instru-
native protein. Recent efforts have sought to better under-ment on Beam Line 42 at Stanford Synchrotron Radiation
stand the cause of the formation of the collapsed state, whichLaboratory 24). X-ray energy was selected at 8980 eV (Cu
can be viewed as a fast, energetically barrier-free and edge) by a pair of Mo/BC multilayer monochromator
downhill event {3, 15). However, a recent result is not crystals £5). Scattering patterns were recorded by a linear
consistent with this interpretatiod4). An ultra-rapid mixer position-sensitive proportional counter, which was filled with
has been developed that can probe kinetic time scales as shodn 80% Xe/20% C@gas mixture. Scattering patterns were
as~45 us (16). With this time resolution, the data on Gyt normalized by incident X-ray flux, which was measured with
refolding could be represented by a double-exponential fit, a short-length ion chamber before the sample. The sample-
suggesting that the collapse involves overcoming an energyto-detector distance was calibrated to be 230 cm, using a
barrier (L4). The initial phase, believed to be due to the U cholesterol myristate sample.
— C transition, has a time constant of &6. To avoid radiation damage of the sample in equilibrium
Tryptophan (Trp) fluorescence has long been used as aand manual mixing measurements, we continuously passed
conformational probe for Cyt (7, 12—15, 17—19). For the the protein solution through a 1.3 mm path length observation
native protein Trp fluorescence is almost completely quenchedflow cell with 25 ym mica windows. For manual mix
due to the nonradiative energy transfer to the heme. Therefolding measurements, denatured protein was mixed with
measured degree of quenching can be used to calculate théilution buffer using a pipet and then transferred to the flow
average heme-Trp distanc&9. However, this method cell system. Data accumulation began 1.5 min after mixing.
effectively measures only one distance within the protein Kinetics on the order of seconds were studied using a
and is not necessarily indicative of the overall size of the stopped-flow mixerZ1, 26). For both stopped-flow conditions
protein. Therefore, we sought to study the Cytefolding (listed in Table 2), data from 300 mixing events were
kinetics with time-resolved SAXS, which directly measures integrated. Background measurements were performed before
the overall size of the protein. Further, inspection of the and after each protein measurement and then averaged before
forwarding scattering amplitudé(0), gives information on  being used for background subtraction. All SAXS measure-
the association state of the protein. Associated states formednents were performed at 28 1 °C.
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Guinier Analysis. Radii of gyration were calculated

according to the Guinier approximatio@7: %0 F

800 |

4’ g
Ln(I(8)) = Ln(1(0)) - 3R582 2 "
N; 600
where [(§) = scattering profile as a function &, S = ~;M 500 [

(2siM)/A, 260 = scattering angle}, = X-ray wavelength|(0)
= forward scattering amplitude, af§ = radius of gyration.
Guinier fits and errors were calculating using KaleidaGraph 300 |
(Synergy Software, Reading, PA). The fitting range used was
0.0045-0.0071 Atin S

Thermodynamic FitFor a two-state system, the measured 100 ' : ‘ '

400

200

. . . . . . 0 1 2 3 4 5
Ry is an average radius of gyration of all species in solution: [GARHCT (M)
Ré — fNRfZ\I + fURtZJ (3) FIGURe 2: The radius of gyrationRy) dependence upon GdnHCI

at pH 7. The open circle)) and closed circles®) represent the

_ . . _ . . measurements taken in the absence and presence (200 mM) of
wherefy = native fraction,fy = unfolded fraction Ry = imidazole, repectively. The dashed and solid curves are two-state
radius of gyration for the native state, aRd = radius of thermodynamic fits (see Methods) to the data. The thermodynamic
gyration for the unfolded state@). SinceRy? maintains a parameters resulting from the fits are listed in Table 1.
linear dependence upon the fractional populati®ysis the ) ]
relevant quantity to fit (NoR;). The fractional populations ~ Least-squares analysis was used to fit the data to generate
can be expressed as the calibration curve. Kinetic experiments were carried out

as follows. Cytc was dissolved in phosphate buffer, pH 7.5,

fo— 1 (4a) containing 4.8 M GdnHCl in the presence or absence of 100
N mM imidazole. For final protein concentrations of 6.5, 3.3,

and 1.6 mg/mL, the initial solutions contained 52, 26.4, and

13 mg/mL Cytc, respectively. Immediately prior to injection
(4b) ) oo

into the gel-filtration column, a small amount of the

concentrated Cyt solution was diluted 8-fold by phosphate
whereAGy is the change in free energy of state U relative buffer (pH 7.5), containing 0 or 100 mM imidazole. The
to the native state. In our model, the free energy was assumedlow rate was 1 mL/min.

to have a linear dependence on the denaturant concentration
(29): RESULTS

_ o _ Equilibrium Unfolding of Cyt ¢ Monitored by SAXBhe
AGy = AGj — mGdnHC] ) size of a protein can be determined from X-ray scattering in
the small angle region. The protein scattering in this region,
fknown as the Guinier region, is given by

- 1 + @ AGURT

—AGy/RT

fp=——-—=
U _
1 e AGy/RT

whereAG], is the change in free energy of state U relative
to the native state at neutral pH and in the absence o
denaturants anc is the linear dependence afGy upon
the denaturant concentration. I(S) = 1(0)e *"'F" (7)

Pair Distribution Function.The pair distribution functions, ) ) ) ]

P(R), were calculated using the indirect transformation WhereRy = radius of gyration)(S) = scattering profile as
method implemented by the program GNOR9). P(R) a function ofS, S= (2si9)/A, 20 = scattering angle} =
measures the density of intramolecular electron pair distanceX-ray wavelength, an{0) = forward scattering amplitude.
distributions within the scatterer, that is, the protein molecule. Radii of gyration can be obtained from the slope of the curve
The range use for thB(R) calculation was from 0.0045 to In(I(S)) vs & in the Guinier region (see Materials & Methods
0.0350 Atin S Section). o , _

Size Exclusion Liquid Chromatographyel-filtration Data on the.equlllbrlum GdnHCl-induced unfoldlng pf Cyt
measurements were carried out on a Superose-12 colum® @ pH 7.0 in the presence and absence of imidazole,
using a Pharmacia FPLC apparatus. To determine theMonitored by the change iR, are presented in Figure 2.
molecular mass of Cyt, we calibrated the gel-filtration ~ BOth cases show a cooperative unfolding transition on
column using standard procedur&,(31). Proteins from a addition of d_enaturant. Frpm a two-state the_rmodynamm fit
standard molecular massl) marker set were passed through ©f the experimental data in the presence of imidazolsto
the column, and the retention coefficierisf for each (see Methods), thBy values for native and unfolded protein

respectively. The value for unfolded Cegtis in excellent
Ky =NV =V)I(V, — V) (6) agreement with théy; value measured in the absence of

imidazole, 30.14+ 0.2 A (21). Further, the entire scattering
where V, is the column void volume determined as the spectra were nearly identical (data not shown). However,
elution volume of blue dextrany, is the total solvent-  the nativeR, value is noticeably larger{l A) than the value
accessible column volume determined as the elution volumemeasured in the absence of imidazole, 18.8.3 A (21).
of acetone; an¥ is the elution volume of the given protein.  The increase®,; demonstrates that displacement of Met80
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Table 1. Thermodynamic Parameters and Radii of Gyratiy for 12 ' ' ' '
the Native and Unfolded States Obtained from a Two-State
Thermodynamic Fit tdR? (See Methods) s A
AG m native  denatured
buffer (kcal/mol) (kcal moF*M-1) Ry (A) Ry (A) 5
no imidazole 10.7 0.9 4.1+ 0.3 13.8+ 0.3 30.1+0.2 EZ L1 1
200 mM 7.2+ 05 2.5+0.2 14.7+£ 0.3 29.9+0.2 s
imidazole
1.05 | ]
Table 2. Protein Refolding Kinetics as a Function of Final
Denaturant Concentration and Protein Concentration 1
condition 1(0,t=0)/In(0) time constant 0 2
MM: 4.8 M — 0.6 M GdnHClI, 1.8 >10 min
6.5 mg/mL 114
MM: 4.8 M — 0.6 M GdnHClI, 1.5 >10 min 112
3.3 mg/mL '
MM: 4.8 M — 0.6 M GdnHClI, 1.3 >10 min 11f
1.6 mg/mL
MM: 4.8 M — 1.2 M GdnHC|, 13 3.3+ 0.6 min s %t
6.5 mg/mL == 1.06
MM: 4.8 M — 1.2 M GdnHCI, 1.2 4.94 3.3 min 2
3.3 mg/mL = 104
SF: 3.6 M— 1.8 M GdnHCl, 1.3 13.8+1.3s Lol
~11 mg/mL
SF: 4.8 M— 2.4 M GdnHCI, 1.2 0.6+ 0.1s 1r
~11 mg/mL

0.98 s s . . s
21(0, t = 0) is the forward scattering amplitude at zero time. This 0 0 1l 2283
value was obtained by a single-exponential fit to the data. The time Time (sec)
constants were also obtained from these fits. For the 0.6 M GdnHCI Fcure 3 Time-resolved changes in the forward scattering

conditions, no significant _time d_ependencg (@) was obser\_/ed, and amplitude,l(0), during refolding. Panel A shows refolding in 1.2

therefore, the data was simply fit to a straight line to obtainl{Bet M GdnHCI (O, 3.3 mg/mL; ®, 6.5 mg/mL). Panel B shows

= 0) value. MM = manual mixing; SF= stopped-flow experiment.  refolding in 2.4 M GdnHCI. The data are normalized by the native
value,In(0). The curves are single-exponential fits to the data, from

. L which the scattering amplitude at zero timé), t = 0), and the
from the heme iron by imidazole causes measurable StrUCturaltime constant of dissociation can be determined. These parameters

changes in the protein. These changes are reinforced by 2Dyre listed in Table 2 for all of the refolding conditions.
NMR data, which shows a “swelling” of the protein on the
Met80 side of the heme with addition of imidazol&2y. the electron density difference between the scatterer and the
The thermodynamic parameters from the two-state fit of solvent, andV is the volume of the scattereR®). Thus,
the experimental data also indicate a structural difference changes in(0) indicate changes in the association state of a
between the native state in the absence and presence ofrotein. For example, if a protein undergoes transition from
imidazole (Table 1). In the presence of imidazole, our values, a fully monomeric to a fully dimeric state, the number of
AG{, =7.3 + 0.5 kcal/mol andm = 2.5 + 0.2 kcal mot*? scatterersn, would decrease by a factor of 2, and the volume
M™%, were similar to those measured with fluorescende:  of each scatterel/, would roughly increase by a factor of
G{, = 8.2 kcal/mol andn = 2.85 kcal mot* M~1 (13). The 2; the net effect would be a 2-fold increasel(f).
mvalue is roughly proportional to the difference in solvent-  The time-resolved(0) courses for two of the refolding
accessible surface area between the native state (N) and theonditions are shown in Figure 3. For all conditions studied
unfolded state (U)33, 34). Since the unfolded states in the (listed in Table 2), kinetic decreases li{D) are observed,
presence and absence of imidazole are indistinguishable (asuggesting dissociation of an associated state (demgted
judged byR, and nearly identical SAXS profiles), they are  However, not all protein molecules become involved in
presumed to have the same solvent-accessible surface areassociated states. The smallest-order aggregate possible is a
Hence, the smallem value (2.5+ 0.2 vs 4.1+ 0.3 kcal dimer, and as discussed above, full dimerization of the
mol~* M~ in the absence of imidazole) indicates that in the sample would lead to a 2-fold increasel{0). Sincel (0, t
presence of imidazole Cytnative state has more exposed = 0)/y(0) does not reach the value 2 (see Table 2), some of
solvent-accessible surface area than that in the absence ofhe protein molecules fold directly, without becoming
imidazole. Further, the loweAGy, value implies that the  involved in an associated state.
native state in the presence of imidazole is less stable than The magnitude of the association, as judged by the initial
in the absence of imidazole. 1(0) value, depends on the final denaturant concentration and
Kinetics of Cyt ¢ Refolding: Guinier AnalysisThe the protein concentration (Table 2). A 2-fold decreasklh
refolding kinetics of Cyt were studied at neutral pH in the has been reported for the refolding of myogloblp, (vhere
presence of (200 mM) imidazole under a variety of final the results have been interpreted as the dissociation of a
denaturant concentrations (Table 2). Most significant changestransiently populated dimer. However, recent publications
were observed in the forward scattering amplitud@) (see have pointed out that changeslii®), as large as 20%, can
Methods).1(0) is proportional tonp?V?, wheren is the be caused by conformational changes in monomeric protein
number of scatterers (protein molecules) in solutianis samplesZ2, 23). This effect is believed to be due to changes




15356 Biochemistry, Vol. 38, No. 46, 1999 Segel et al.

in the volume of the hydration shell. Protein conformations 12 T T
with increased solvent-accessible surface area presumably 1
will have a hydration shell with a larger volume. This larger
volume contributes to the scattering, leading to a lar¢@r

value. To ensure thd{0) changes were caused by kinetic 06
dissociation of transient aggregates rather than by confor- 04
mational changes in the monomeric protein, we used the
following approach. The characteristic time of the monomeric

I(S)

refolding of Cytc has been determined by fluorescents, ( oFf

14). In our analysis, time points shorter thanfér folding 02

(r = time constant) from the time of mixing were discarded _ 01l

(t = ~1, ~4, ~12, and~25 ms for final denaturant E 005t

concentrations of 0.6, 1.2, 1.8, and 2.4 M GdnHCI, respec- E 005

tively (13)). Therefore we believe that the observed kinetic O 0 003 004
changes presented here represent dissociation of an associated SAY

state and not conformational changes of monomeric protein.

Figure 3 and Table 2 document the effect of denaturant ' ' ' '
concentration on the refolding kinetics. Increasing the final 1f .
denaturant concentration accelerates the kinetics of dissocia- :
tion and reduces the magnitude of the association (as judged 08¢ 1
by thel(0; t = 0)). This indicates that denaturant destabilizes @ o6l ]
the associated state and impedes its formation. Interestingly, =
formation of the associated state does not prevent later 041 ]
formation of the native state (denoted N), as all conditions 0zl ]
(with the exception of 0.6 M GdnHCI) reached the native
baseline, as judged biy0) andRy. The kinetics at 0.6 M U 004
GdnHCl are very slow, as the signal does not reach the native 3
baseline, even after an hour. 2 of i

Singular Value Decompositioffhe minimum number of & 0,05 b B

U0 0.01 0.02 0.03 0.04

conformational states present during the observed kinetics o
can be determined using the singular value decomposition S@AH
(SVD) method 85). This analysis takes a column matrix of FIGURE 4 Two component SVD reconstruction of time-resolved

scattering profiles and represents them as a linear Superposi§cattering profiles. Panels A and B represent refolding in 1.2 M

. . . GdnHCI (5 min time point) and 2.4 M GdnHCI (500 ms time point).
tion of orthogonal basis curves: The solid dots are original data and the solid lines are the 2
component SVD reconstructions. Below each scattering profile, the

M residual of the fit is plotted.
1(S) = ij(t)uj(S) ©) corresponds to the associated state (A). (As discussed earlier,
= the kinetics studied in this paper do not include the early
time scales where the collapsed state is populated.) The
challenge is to characteriZzeand determine its order (dimer,
trimer, etc.).
Kinetic Model If the refolding kinetics are a two state

wherel(St) are the time-resolved scattering profilésjs
the momentum transfely(t) are the time-dependent basis
coefficients; ui(S) are the basis functions; and is the
num_be_r of _tlme-resolved scattering prof_|les. Each _SAXS system, then the scattering profile measured at any point in
profile is a linear superposition of the profiles of the distinct time is

states that can be populated by the protein. For the states to

be distinct, their scattering profiles must be linearly inde- 1(St) = OIS + DI 9)
pendent. The number of states therefore indicates the number heref ¢ he fractional lati

of linearly independent scattering curves required to construct WNere N(D), Ta(t) are the fractional populations arisj(S),

the scattering profile at any time point. The number of 'A(S) are the scattering profiles of N and A, respectively.
significant SVD componentsv{) determines the minimum The native scattering profile can be easily determined with
number of linearly independent scattering profiles needed ahn equilibrium rr|1eas|urement. ('?‘tlg":jM Gdnl;@J;LO%fo{d_

to construct the series of scattering patter(&t). Therefore, € Protéin molecules are unfolded. For these refolding

the number of significant SVD components reveals the conditions the 2.4 M anHCI equilibrium scattering profile
number of distinguishable conformational states can be used as the “native” profile.) Just as the time-resolved

An SVD analysis of the time-resolved scattering profiles scattering .profiles,l (SO, can be represented by a linear
for each refolding condition shows that at least two basis superppsmon .Of the_ basis scattering curves, so can the
functions are required to represent the data (Figure 4), andscatterlng profile of:
therefore, two conformational states of the protein exist for A9 = b/ful(s) + b’z'\uz(S) (10)
each refolding condition, although the basis functions for
each condition differ slightly (the basis functions for one of where b’f and b’; are the basis coefficients fok, which
these conditions is shown in Figure 5). One of the confor- must be determined in order to construct a scattering profile
mational states is the native state (N) and the other statefor A.
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T T T T T T T 2.0 T T T T T T

1.0

Intensity

0.05
05

0.62 0.|03 0.04
SAY

T T T T T T T 0 0.01 0.02 0.03
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Ficure 6: Denaturant dependence of constructed dimer scattering
profiles. The solid, broken, and dashed lines are dimer scattering
profiles at 2.4 M, 1.8 M, and low (see Table 3 caption) GdnHCI.

The results of a Guinier analysis of these profiles are presented in

00

0.1F
0.05 F

(S)

57005 Table 3.
0.1 F
015 Table 3. Parameters Obtained from Guinier Analysis of the Model
o2k Dimer Scattering Profiles Obtained Using S¥D
s b condition Ry (A) 14(0)/1n(0)
¢ oo e e 0o MM® 4.8M— 0.6 MGdnHCI ~ 23.4:02  2.08+0.10
s@&h MMP: 4.8 M— 1.2 M GdnHCI 23.4:0.2 2.08+ 0.10
Ficure 5: Basis functions from the 4.8 M~ 2.4 M GdnHCI SF: 3.6 M—1.8 M GdnHCI 25.1+£0.3 2.01+0.10
stopped-flow data: (Ax(S): (B) ux(S). SF: 4.8 M— 2.4 M GdnHCI 26.7+ 0.5 2.10+0.10

2 The forward scattering amplitudia(0), is normalized by the native
For each refolding condition, the associated state basisvalue,In(0). The 2-fold increase over the native value suggests that

i A A AL _ the associated state is a dimer: MdMmanual mixing experiment, SF
coefficients,b; andby, as well as time-dependent popula = stopped-flow experiment. The data from each manual mix condition

tions of N and A, fn(t) and fa(t), were determined by  ere too noisy to fit independently for a dimer scattering profile.

minimizing the following equation: Therefore, the data sets were combined prior to determination of the
dimer scattering profile. Hence, the same parameters are listed for each
) M Nl (Sit) — 15(S:t))? manual mix condition.
X = S0 (11)
1=1]= [0l ,G
% I B — Cpm=6.5 mg/ml, M
. 3 without imidazole
where le(St) are the measured time-resolved scattering <e+ Cpp=6.5mgml

100 mM imidazole

profiles, I1:(St) are the scattering profiles constructed using
eq 9, ands(St) are the standard deviations for the scattering
profiles. The scattering profile of thé state for each
refolding condition can be determined by inserting the fitted
b’f and b’; values into eq 10. These scattering profiles are
plotted in Figure 6, and the results of the Guinier analysis
of these profiles are presented in Table 3. Looking at Table
3, itis important to note that, for all conditions, the scattering
profile for A yields anl(0) value twice that ofN. As
mentioned earlier, a fully dimerized sample would result in 2
a 2-fold increase in(0). Therefore, theéA state appears to
be a dimer (denoted D) for all of the refolding conditions FiIGURe 7: FPLC gel-filtration studies of Cyt refolding kinetics.
studied. _ _ _ A small amount of GdnHCI-unfolded Cyt ¢ (4.8 M GdnHCI) was
Size Exclusion Chromotograph§ize exclusion chroma-  g-fold diluted by phosphate buffer (pH 7.5). Sample was injected
tography (SEC) was used for independent verification that into the gel-filtration column without delay. Plot represents
Awas in fact a dimer. This technique is usually applied for Sje%e“dfnclsl of the timed“zerot;’ elution profile on the presence of
the investgation o slow protein refoding kineticsa 41). _Caz0le_ M caresponds o e monemerc species. D represens
As the characteristic time of SEC in FPLC configuration was
about 20 min, we were unable to investigate €yfolding components in the reaction mixture. The component with
kinetics by this technique with final GdnHCI higher than elution volume of~18.4 mL (marked aM) corresponds to
0.6 M (see Table 2). Figure 7 represents typical elution native monomeric Cyt, as its apparent molecular mass
profiles of Cytc for 0.6 M GdnHCI measured at different determined by SEC~11.0 kDa) is very close to the real
final protein concentrations in the absence and presence ofmolecular mass of the protein (11.7 kDa). Another major
imidazole. The figure reflects the presence of two major component, with elution volume of 16.4 mL (marked as

Elution volume (ml)
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0.005 . w . . . globular. However, the increase in valuesRgfandDmax in
P(R) plots with increasing denaturant concentration reflects
the presence of some disordered segments in the dimer
molecule. Both observations are consistent with the concept
of partially folded intermediates in monomeric proteins in
which parts of the molecule have nativelike structural
organization, whereas other segments are considerably
distorted 42, 43). Denaturant-induced expansion of molten
globule-like intermediates has been observed previously; for
example, the GdnHCI-induced unfolding of the molecular
chaperone DnaK is accompanied by the formation of an
intermediate state that continuously expands with increasing
-0.001 ' ' . . . GdnHCI concentration4d).
0 20 40 60 80 100 . . . . .
Two important questions arise about the transient dimer
R(A) ; . . :
of Cyt c. (1) What interactions are responsible for its

Ficure 8: Pair distribution functionP(R), for the dimer state as a iy atinn? ; et
function of denaturant. The dashed, broken, and solid lines are theStablllzatlon' (2) Is the dimer a kinetic trap or on a parallel

P(R) curves for the dimer at 2.4 M, 1.8 M, and low (look at Table and productive pa_thway? A tra_nSient aSSOCia,ted .Staf[e has
3 caption) GdnHCI. Notice that with increasing [GdnHCI] the hump been observed during the refolding of myoglobin with time-
at~50 A disappears anbima (WhereP(R = Dpnay) = 0) increases.  resolved SAXS J). In that case, a 2-fold decreaselif)
ﬁlso, the first peak at-20 A for low GdnHCI moves out te-35  syggested that the associated state was a dimer. We have
at 2.4 M GdnHCI. These trends signal a decrease in globularity ogapished that a dimer is the only associated species formed
and structure within the dimer. - . . .
during refolding of Cytc. This suggests the existence of

D), is characterized by an apparent molecular massa specific interactions stabilizing the dimers; otherwise larger

kDa. This value is somewhat larger than that expected for oligc_)mers WOUId. be anti_cipated. Very stable dimers .Of
the dimer of native Cyt (2 x 11.7= 23.4 kDa), reflecting partially folded intermediates have been observed with

the fact that the transient associated state is comprised Of?taphlylt(_)colccail Brol(je_aséﬂ). ]:I'he tmﬁStf“:fje% g)iplanaél_o?
compact, but non-native molecules. or relatively stable dimers of partially folded intermediates

Figure 7 illustrates that imidazole decreases the amountIS some type of domain-swapping interactidib)(in which

of the Cyt ¢ dimer. Thus, the results of the SEC experiments part of one molecule is deeply embedded in the other, and
. : - vice versa.
confirm the SAXS observations that dimers are formed - N
. . N, , In the absence of imidazole, cross-ligation could be
during refolding, that there are no significant concentrations . A ) )
considered for the stabilization of the dimer. As mentioned

of higher oligomers, and t_hat the presence of imidazole in the introduction, Met80 detaches from the heme iron in
decreases the amount of dimer.

- . . . denaturing conditions3]. In cross-ligation, a histidine or

Characteristics of the Transient Dimérhe conformation methioninge residue frc?gm one protei% molecule would bind
of the dimer demonstrates a de'?atwaf_“ d_epender_lce, % the vacated position on the heme iron of another protein
observgd biR; (Table 3) apd the pair distribution fUﬂC%Oﬂ, molecule. However, in the experiments presented in this
Pt(IT) (FgléreHSC)iRg of thetd|rt1_1er e>t<pazn6d:§ f(r)o? ;3::5 g 2 M paper, cross-ligation can be ruled out, as experiments were
gd O:;IC' I\r/ll (ion(ien rla. |?ns Ot' b : " thad" carried out in the presence of imidazole, and as the bound
b nn .d bore N ruct_ura flrt1 orlr?na; |ont_a og R € dimer can iqazole would prevent cross-ligation from occurring. The

€ gained by Inspection o H%(_) unction. .( ) MEeasures = qacreased amount of dimer in the presence of imidazole may
the density of intramolecular pair distance distributions within reflect a small but significant change in the structure of the
the scatterer, that is, the protgm mplecuﬂeR) for the dimer partially folded (collapsed) intermediate depending on the
at low denaturant concentration displays a bimodal feature

. "heme ligand, which affects the intermolecular interaction
W';g 2 peak at~20 'I& and 6} hump a{V.SO A'h.Th?l peak qt leading to dimer formation. Alternately, it may reflect the
- represents electrerelectron pairs within the protein - ,psance of such an intermediate when the heme ligand is
monomers that are involved in the dimer. The hump-50

A indicates the electronelect irs bet the two midazole.

'? icates the eeghro%e. ectron pairs ]fat;/]\(eef]n N doth Because of the simplified kinetics of Cygtrefolding in
protein monomers. The disappearance ot this hump and th&,q presence of imidazole, only a few places along the folding
increasing maximum dimensiona, With increasing

denaturant concentration illustrate decreasing alobularizati npathway exist where dimerization can occur: in the unfolded,
enaturant concentration ffiustraté decreasing globu'arizatio collapsed, or native states. The unfolded and native states
of the dimer and increased size (as also determinelgghy

) . . are stable under equilibrium conditions (high and low
This pehawor of the Q|mer suggests that some parts of theGdnHCI concentrations, respectively), and their dimerization
protein molecule are distorted and became even more rando

nd expanded with increasing denaturant concentration Man be easily tested using small-angle X-ray scattering from
and expande creasing denaturant concentration. o dependence oRy; on concentration. With both the

DISCUSSION unfolded and native states, no aggregation was observed in
the protein concentration range where the refolding experi-
By using time-resolved SAXS and SVD, we have suc- ments took place. This means that the dimer must be formed
cessfully identified and characterized a transient dimer from the collapsed state.
formed during the refolding of Cyt at millimolar concentra- An interesting question is whether protein self-association
tions. The dimer has properties similar to a molten-globule can facilitate the folding of monomeric proteins. We have
state. Kratky plots andP(R) plots show the dimer to be shown that formation of the dimer does not prevent the

0.004

0.003

P(R)

0.002

0.001
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eventual formation of the native state. However, the slow 19.
20.

rate of dimer dissociation indicates that in this case the self-
associated state is effectively a kinetic trap, regardless of

the

actual folding pathway.

The presence of a relatively long-lived aggregated inter-

mediate during refolding emphasizes that caution is necessary

in interpreting kinetic transients during protein folding,
especially with higher protein concentrations. As has been
noted before47), transient aggregates in protein folding are
easily mistaken for folding intermediates. The marked
dependence of the stability and lifetime of the cytochrome
¢ dimer as a function of denaturant concentration is very
interesting. The fact that relatively low concentrations of
GdnHCI, such as are often found in refolding conditions,
led to very long-lived dimers is also cause for concern.
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