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ABSTRACT: We have studied the folding/binding process between the N- and C-fragmeni8,(Z4-

108) of oxidizedEscherichia colithioredoxin (Trx) to compare the energetics between the cleaved and
uncleaved Trx. Sedimentation equilibrium analysis in 0.1 M potassium phosphate, pH 5.7, shows (i) the
strong and weak self-association of the N- and C-fragments, respectively, (ii) a heterodimer with a small
dissociation constankg) ca. 100 nM, and (iii) monomeric Trx. To avoid self-association, measurements
were carried out in 10 mM potassium phosphate, pH 5.7. Far-UV CD spectra of the fragments at variable
temperature show an isodichroic point at 208 nm and a non-cooperative cold induced disordering transition
without concentration dependence. Deconvolution of these spectra indicates the presence of residual
structure. Titration of the N-fragment with an excess of C-fragment indicates a 1:1 stoichiometric complex
with an appareniy ca. 49 nM. Analysis of this complex by CD and hydrogen exchange/2D-NMR (Tasayco
and Chao (1995proteins: Struct., Funct., Genet. 221—44) spectroscopy indicates the reassembly of

the o/8 motif of Trx. GNHCI induced unfolding measurements giv&° values of 9.5+ 0.2 and 10.0t

0.4 kcal/mol at 20°C for the uncleaved and cleaved Trx, respectively. The far-UV CD melting curve of
uncleaved Trx indicates an intriguing non-cooperative upward baseline trend. CCA analysis of these spectra
indicates the presence of a native-like folded intermediate. A three-state thermodynamic analysis of the
thermal transition curves gives a totaH° of unfolding of 1214 4 kcal/mol at theT,, (88 °C), while the
two-state analysis for cleaved Trx gives 125 kcal/mol at 88°C. Analysis of the chemical and thermal
unfolding of both proteins indicates a value of ca. 1 M for the apparent effective concenti@sidprof

cleaved Trx.

Protein—protein interactions are central to the regulation events 8). However, to understand the determinants for the
of biological phenomena. Analysis of the structural database stability of a hydrophobic folding unit, it is imperative to
of proteins indicates that (i) the same hydrophobic folding evaluate in the best way possible the unfolded state. For a
units are found in monomers and around the pretgimtein long time, studies have focused on how interactions stabilize
interface of oligomeric proteind) and (ii) that Nature finds  a native proteing). And it is only recently that studies on
ways of assembling the same unit using pieces of variousthe unfolded state of proteins have begun to indicate that
shapes and sizes. At first glance, the major difference this state is more complex than originally suspect&@).(
between folding and folding/binding seems to be the loss of Heterodimers are particularly suitable to investigating the
rotational and translational entropy that occurs during bind- unfolded state since one can study the folded dimer and the
ing. Indeed, many groups have attempted to estimate thisunfolded monomers under the same conditions. This analysis
difference, but there is as yet no consensus about thedoes not rely on extrapolations from chemically and/or
contributing factorsZ—7). thermally induced unfolding processes. However, most

The evaluation of those contributions is relevant for techniques do not distinguish among the conformations that
understanding binding and folding. Careful studies of the constitute the ensemble of the unfolded state and thus provide
reassembly of a hydrophobic folding unit by fragment only an average value. We have chosen oxidEscherichia
complementation should help to dissect those contributions.coli thioredoxin (Trx)* a small singleo/3-domain mono-
In the last decade, enormous progress has been made in thmeric protein with cis P76, as a model system to study the
prediction, based on calorimetric and structural information, effect of the site of cleavage on the reassembly of comple-
of the number of residues that participate in folding/binding mentary fragments. We have shown at atomic detail the
reassembly after cleavage of a loop-(43, 74-108) (11)

T This work was supported by the RCMI grant from NIH to CCNY,
NSF grant (MCB-9507255) to M.L.T., who is an NSF CAREER 1 Abbreviations: ANS (8-anilino-1-naphthalenesulfonic acid); CCA,
Awardee, and NSF grant (BIR 9318373) to the National Analytical convex constraint algorithm; CD, circular dichroism; GnHCI, guani-

Ultracentrifugation Facility. dinium hydrochloride; ISS, the ideal single species model; Trx, oxidized
* To whom correspondence should be addressed. E. colithioredoxin; cleaved Trx, the noncovalent complex between N-
* City College of the City University of New York. and C-fragments of Trx (273 and 74-108, respectively); TMSP,
§ University of Connecticut. (2,2,3,3-tetradeuterio-3-(trimethylsilyl)propionic acid sodium salt).

10.1021/bi990498] CCC: $18.00 © 1999 American Chemical Society
Published on Web 09/11/1999



13356 Biochemistry, Vol. 38, No. 40, 1999 Georgescu et al.

and ano-helix (1-37, 38-108) (12). Both sets of fragments  neously used to detect the N-fragment and its complex with
are typically disordered under physiological conditions and the C-fragment. Sapphire cells were used to measure at 250
produce the same hydrophobic folding unit but with a and 280 nm. Longer solution column heights (ca. 6 mm)

dramatically different interface geometry. were used to improve the detection of the free fragments
In this article, we have compared the energetics betweendue to the dissociation/unfolding of the complex. The
uncleaved Trx and its cleaved version<(@3/74-108). Far- concentrations used were ca. 0.05, 0.1, and 0.2 mg/mL of

and near-UV CD, fluorescence, and 1D-NMR spectroscopy equimolar mixtures. The solutions were centrifuged to
were used to perform thermally and chemically induced equilibrium at 38 krpm at 20C.

unfolding measurements. Three types of experiments, includ- Circular Dichroism and Fluorescencdll spectroscopic

ing titration measurements, were used to estimate themeasurements were performed in 10 mM potassium phos-
energetics between cleaved Trx and its isolated fragments.phate, pH 5.7 (KB, at 20°C, unless otherwise mentioned.
A discussion on the implications of having a range of The protein concentrations are given in terms of monomers
effective concentration values for cleaved small single unless indicated otherwise. (i) Far-UV CD spectra of isolated

domain proteins is presented. fragments and uncleaved and cleaved Trx at different
concentrations were obtained with an AVIV-60DS instrument
MATERIALS AND METHODS equipped with a thermostatic cell holder and cells of 1 or 2

T . mm pathlength. The spectra represent the average of five
Purification of Trx and Its Fragmenté&xpression of Trx scans at 20 nm/min after subtracting the buffer baselines.

?Qg&iﬁ?&iﬁeﬁ‘% F:grz)gmgsea;ﬁéigggtg(yf rsl\j'r(iius'y Additionally, near-UV CD spectra of cleaved and uncleaved
Y. Trx were acquired, averaged, and corrected. (ii) Intrinsic

Amino aC|d_ and mass spectroscopy analyses confl_rmed theﬂuorescence emission spectra of Trp28 and Trp31 and ANS
homogeneity of the purified fragments and were in good

agreement with the molecular weight calculated from the emission spectra were recorded on a PTI spectrofluorimeter
primary sequence. The molar extinction coefficients of the at 20°C, using the appropriate slit width settings-{3 nm

band-pass).

0

T‘ and C-fragmielnts ‘fEd to prepare cleaved Tr_xl weﬁé} Stoichiometry The stoichiometry of cleaved Trx in KP
=141x 10'M~emtandec”=3.97x 10°M™em™, a5 determined by 1D-NMR titration measurements. In-
respectively. creasing amounts of C-fragment were added to: B0

Sedimentation EquilibriumSolutions of proteins in 7.6 N-fragment in KPR with 90% H0/10% DO and TMSP.
M urea, 10 mM potassium phosphate, pH 7.4, were ex- Afterward, 800 scans were acquired on a 500 MHz Varian
changed into 0.1 M potassium phosphate, pH 5.7, using aynity plus spectrometer following a S2pul sequence with
G-25 column. presaturation at 20C. The stoichiometry was determined

(a) Uncleared Trx and N-Fragmen#pproximately 100  ysing the plot of the area under the up-field peaks versus
uL of each sample concentration (0.083, 0.167, and 0.33 mg/the ratio between C- and N-fragments.
mL for the N-fragment and 0.1 and 0.3 mg/mL for uncleaved  Apparent Dissociation/Unfolding Constantncreasing
Trx) was loaded into three of the six channels of a cell with amounts of C-fragment were added to @M N-fragment
quartz windows (12 mm path length), producing a solution to reach 0.+6 uM of C-fragment. The fluorescence of the
column height of ca. 2.5 mm. Fluorocarbon oil (M&M FC- mixtures was measured aft® h incubation at 20°C.
43) (15-25 ul) was added to the samples. The solvent Controls of C-fragment were recorded under the same
channel of each cell was filled with ca. 12030 uL of experimental conditions. All the measurements were carried
buffer. The gradients were measured at 250 and 280 nM. out in low binding tubes. The dissociation/unfolding constant
The cells were centrifuged to equilibrium at 25 and 45 krpm (K,) of cleaved Trx was calculated by fitting the normalized
for the N-fragment and 38 and 50 krpm for uncleaved Trx plot of the measured fluorescence change of N-fragment to
in the Beckman XL-A analytical ultracentrifuge at 2Q. the following equation:
Absorption data were taken radially at 0.001 cm intervals.
Scans were made every 3 h. The PC program “MATCH” _1 _ _
(developed by D. A. Yphantis) was used to determine the AFmeas™ T2AFin (INlo 1 [Clo Ky
equilibrium point. V(NI + [Clo + Ko = 4NIi[Cly) (1)

(b) C-FragmentLonger column height and higher speeds
were used to detect self-association. To detect the concentrawhere [N} is the total concentration of N-fragment (con-
tion gradient, Beckman XLI analytical ultracentrifuge with  stant), [C} is the concentration of C-fragment, andFi, is
interference optics was used. Sapphire windows were usedhe difference of intrinsic fluorescence between isolated
to reduce the effect of strain. N-fragment and cleaved Trx.

The cells were “aged”14) until steady conditions were Chemically Induced UnfoldingsnHCI induced unfolding
obtained. Aliquots (17@L) of the fragment solution (0.1  of cleaved and uncleaved Trx in KWas monitored by
or 0.33 mg/mL) were loaded into three separate cells with fluorescence and CD (2.33, 5, 15, and 2M). Three
ca. 30uL FC-43, producing a solution column of ca. 4.2 fluorescence scans were acquired between 320 and 400 nm
mm. The solutions were centrifuged to equilibrium using 48 at 120 nm/min, averaged, and corrected by subtracting the
and 60 krpm at 20C. Water-water blanks were taken at  spectrum of the buffer. Analogous measurements of the
the same experimental conditions and were subtracted fromchange in ellipticity at 222 nm were carried out with an Aviv
the data. 60DS at 20°C. Control for the GnHCI-induced conforma-

(c) Cleaved Trx.Both absorption (as with N-fragment) tional change of N-fragment was also monitored under the
and interference optics (as with C-fragment) were simulta- same experimental settings.
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Thermally Induced Unfolding-ar- and near-UV CD as  and uncleaved Trx (0.743, 0.771, and 0.751 mL/g, respec-
well as 1D-NMR spectroscopy were used to monitor changestively).
of the fragments and cleaved and uncleaved Trx upon (b) Chemically Induced UnfoldingData from GnHCI

heating. induced dissociation/unfolding were fitted according to
(a) 1D-NMR spectra were acquired for a 1:1 stoichiometric €quations for simultaneous dissociation/unfolding processes,
mixture containing 0.45 mM of each fragment in KO which assume a 1:1 stoichiometry for the noncovalent

with TMSP and uncorrected pH. Then, 128 scans were complex (8)

acquired on a 600 MHz Varian Unity plus spectrometer using Ko

a S2pul sequence, a spectral width of 9600 Hz, 45 pulse NC=N+C

angle, and 4%s of pw. The total acquisition time was 3 s . o . .
(giving a total of 57 600 number of points). The relaxation WhereKo = Kq(D), the dissociation/unfolding equilibrium
time used wa 2 s topermit quantitative integration of the ~constant at a concentration of denaturant [D], is

area under the peak. The sample was equilibrated at each pf2

temperature for 2625 min prior to acquisition. The tem- K. = [N][C] — tu )
perature range was 358 °C with a step of 2. Reversibility P INC] 2(1-f)

of thermal denaturation was verified by cooling down to 60

°C and lower temperatures and then comparing the spectra@ndf is the fraction of unfolded/dissociated complex
acquired before and after thermal unfolding. The temperature IN] + [C]

was determined by building a standard calibration curve with f="——"7 (3)
ethylene glycol, where the temperature is estimated from the P

difference between the chemical shifts of the protons fos CH
and OH (5). The proton chemical shifts were calibrated on
the TMSP signal. Integration of the relevant peaks from the
aromatic and up-field region was performed using as
reference the TMSP peak. The relative values of integration
were plotted as function of temperature.

Py = 2[NC] + [N] + [C] is the total protein concentration
(Py) expressed in terms of monomer. Algebraic manipulation
of the above expressions results in a second-order equation,
where the root gives the value of the unfolded fraction as a
function of theKp and Py

(b) The temperature dependence of the CD spectrum for K K 2
cleaved and uncleaved Trx at different concentrations (5 f,=-— L (—D - 1) -1 4)
200uM) was followed in two ways. First, the ellipticity was Py P,

monitored at 222 nm while the temperature of the cuvette .. _ _ A0 .
was either lowered or increased at a rate 8€1min to cover (alven that KOD B Kng) = exp( hAGD/R? _ang assuming

a temperature range (20 1690 °C). The selected rate was that 19) AG, = AG® + m[D], w 1ere AG" is the exirapo-
sufficient to assure the necessary equilibration time. Second,lated standard free energy of dissociation/unfolding in the
the entire spectrum (near- or far-UV region) was monitored absence of denatura_nt, the dependencefuoqQon the

at various temperatures with a-%0 °C increment and 10 dt_anaturant c'oncentratlon can be obtalneq by fltt_lng the data
min equilibration time. The temperature dependence of the With the nonlinear squares fitter from the Fig.P (Biosoft, UK)

fragments was performed within a-t@004M concentration ~ ©F Microcal Origin software packages, according to the

range and between3 to 80°C. The acquired scans were equation
corrected with the spectra for the buffer. Yobs = fulyy = my[D]) + (1 = f)(y; + m{D])  (5)
DATA ANALYSIS where yqps is the observed molar signay, and y: are,

respectively, the molar signals for the unfolded and folded

formed using a nonlinear least squares program Non4éh ( states, andn, and my are the §Iopes of the corresponding

Global fits were achieved by combining the data sets taken bhasehrl\)es. From the extrap}olr?é!on to ie)ro d:enaturant, one can
- ; : : thus obtain an estimate of th& = Ky(0) value.

at different loading concentration and speeds and using the (c) Thermally Induced UnfoldingAssuming that the heat

appropriate normalization factors. The data fitting was capacity AC.) is approximatelv constant over the temper-
performed using various models, i.e., the ideal single species pacity C,) PP y P

model (ISS) and self-association models. If the ISS fit is ature range (2080 °C) of the experimental dat2(), the

good (low rms and systematic error), the result is the reducedunfOIding traces were .fitted to theoretical curves L.’Sing the
molecular weight I} of the single speciesM = M(1 — same two-state transition approach and the following equa-
vp)), whereM is the molecular weighty is the specific tion

volume, andp is the density of the buffer. If the fit is poor, T P,

a z-averageM’' (M) of all species is produced. The AG;=AH;— _I_—(AHT - RT, In(z)) +
self-association models provide the value Mf for the m

associating molecule and other constants (i.e., equilibrium T
constants, second virial coefficient, etc.) as well as the rms ACP(T T T In(ﬂ)) 6)
error. The equilibrium constant of association is expressed

as InK,, whereK, is in units of (L/g)~! andnis the degree  AH; and AGt are the standard enthalpy and standard free
of association. The values @fandp are used to conveN!' energy of unfolding; the\C, value of uncleaved Trx (1.66
(or M) into M (or M,). The value ofv was estimated from  kcal molt K™ (21) was used for data fitting of both
amino acid composition data7) for the N- and C-fragment  uncleaved and cleaved Trx. The melting profiles of uncleaved

(a) Sedimentation EquilibriumData analysis was per-
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Trx were additionally analyzed according to a three-state 0.04 ——— T T
transition mechanism, involving a monomeric intermediate: 008 I o I
! r 6 |
Ky K, I o
F=|=U 0.02 - 2% .o 9o ]
[e] Q' &D [¢] °
—_ ; 4 P ® Ce
The molar fraction of each specié, (fu, and ;) can be <D:' 0.01 |- ¥ Z 3 : . % y
expressed in terms of the equilibrium constants for the 3 000 et UK ’ f’:{',‘f,‘.;,t 7
unfolding reaction K; andK5) as follows: § ' Tty
£ 001 4
> Qw
f= KK @) a i o e T, ¢
Y1+ K+ KK, 002 S © .
L OOO v
K, 003 .
=T K, T KK ®) ' . . " '
1 1Mo -0.04 . L . . . L - :
20 21 22 23 24 25 26
1 2 2
f=—— = 9 R/2 (cm’)
14+ K +KK, ©

Ficure 1: Analysis of the sedimentation equilibrium measurements

S . for a 1:1 stoichiometric mixture of N- and C-fragments using
The observed spectroscopic signal at a given temperaturépsorbance at 280 nm gives this residual plot of deviation from
was expressed as a linear combination of the molar signalthe ISS model as a function of position in the cell. The loading

from each speciesy yi, andys) according to the following concentrations were: 0.05 mg/mL (filled circles), 0.1 mg/mL
equation: (empty circles) and 0.2 mg/mL (filled triangles) in 0.1 M potassium
' phosphate, pH 5.7.

Yobs = fulys + MeT) + iy + (0 + mT)  (10) and imply heterogeneity in eithé¢, or M. It is plausible
that some species are honcompetent to either self-associate
or dissociate. Less good fits (i.e., monomer-dimer-24mer)
produced a bettaévl value for the monomer (8 & 0.8 kDa).
(b) C-FragmentSix sets of data (ca. 3617 points) covering
a concentration range from ca. 0.05 mg/mL to ca. 4.22 mg/
mL were fitted (0.089 fringes rms error), producingva
value of 4.57+ 0.19 kDa (ca. 25% larger than the monomer,
) o o i.e., 3630 Da). The best fit was obtained for a monomer-
capacity for each transition)im: and Trz (Midpoint tem- o2 mer (0.018 fringes) with no visible systematic error.
pera“ﬂres)ml andmz (slopes for the %re- and pgst-tranSItlon This fit gave aM value for the monomer of 3.6% 0.02
obasellnes, respectively), and and Y, (molar signals at 0 pa and a value for a6 Of —3.4 + 1.2. This study
). clearly shows that the self-association of C-fragment is weak.
RESULTS (c) Uncleaed Trx. Six sets of data (ca. 1022 points)
covering a concentration range from ca. 0.05 mg/mL to ca.
Sedimentation EquilibriunTo study the non-self-associa- 3 mg/mL yielded a good fit (rms error 0.008 au). This fit
tion of the N- and C-fragments it is first necessary to produced aM, value of 11.1+ 0.3 kDa, indicating a
understand the self-association of each of the isolatedhomogeneou#/ and little or no self-association.
fragments. Therefore, sedimentation equilibrium studies were (d) Cleaved Trx.Fitting three sets of absorbance data (1037
conducted on the isolated fragments, their approximate data points) globally yielded a value of 1G490.3 kDa for
equimolar mixture, and uncleaved Trx. Potassium phosphateM, (rms error of 0.009 au), while the interference data (2403
(0.1 M) at pH 5.7 was chosen for two reasons: (i) to avoid points) yielded 11.7 0.3 kDa (rms error of 0.024 fringes)
charge nonideality problems and (ii) to mimic the conditions (see Figure 1). These results indicate a 1:1 stoichiometry.
of the NMR experiments and molecular sieve chromatog- Absorption measures the sum of the concentrations of bound
raphy (data not shown) which indicate the presence of and free N-fragment, while interference measures the sum
monomeric and dimeric species. of the concentrations of all fragments. Therefore the linearity
(a) N-FragmentSix sets of data (ca. 695 points) covering of plots of In C vs r%2 for both optical systems over the
a concentration range from 0.60.02 mg/mL to ca. 0.5 mg/  observable concentratiol) range and within the range of
mL were fitted globally using the Non-Lin program. The radial position of a molecule in the cel)(indicates thaM
ISS fit produced a value d¥l, greater than 12 times that of is constant and that the reaction is almost complete. By
the fragment (8068 Da). The best fit to all the data was that subtracting, at each radial position, the concentration obtained
of monomer-trimer-24mem,, = 193 kDa) with no visible by absorption from that obtained by interference optics, one
systematic error. Th# value for this monomer was 94 can obtain the sum of the concentrations of the bound and
0.2 kDa (95% confidence limits). The values forKp 13 free C-fragment at that position. Because the valué/lof
and InK, —>4 were 7+ 6 and 82+ 39, respectively. These changes from ca. 3.6 to 11.6 kDa with complex formation
large errors reflect a wide range of Ky values (one for  for the C-fragment as opposed to the smaller change for the
each loading concentration and speed) which is common forN-fragment (ca. 8.1 to 11.6 kDa), a plot of @ displays
complex aggregations. This, together with the poor value of some curvature, for the lowest loading concentration experi-
M indicate the nonspecificity of the association constants ment, indicating slight association. The estimaltedvalue

The contribution of the folded and unfolded were assumed
to be linearly dependent on temperature within the experi-
mental range, whilg; was considered temperature independ-
ent. Nonlinear least squares fitting of the above equations
to the experimental or normalized data using Microcal Origin
script provided the following parametersAH; and AH,
(standard enthalpy for each transitioN)C,: andACy, (heat
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FiGure 2: The protein concentration was 2M in KP; unless otherwise indicated. All the spectra represent average of five scans corrected
by subtracting the spectrum of KRA) Far-UV CD spectra of the isolated N- and C-fragments (N, filled circle; C, empty circle), cleaved
(filled triangle) and uncleaved Trx (line). (B) Near-UV CD spectra of cleaved (filled triangle) and uncleaved Trx (line). (C) Fluorescence
emission spectra of 16M N-fragment and cleaved and uncleaved Trx. (D) Extrinsic fluorescence emission spectra of a mixture with 12
uM ANS and 2uM cleaved (filled triangle) or uncleaved Trx (empty circle) in KPhe control spectrum of 12M ANS in KP; (line) is

given.

is ca. 100 nM. The concentration of free C-fragment is so recovery of secondary structure. Molecular sieve chroma-
low that self-association is negligible. Self-association of tography (data not shown) and titration NMR experiments
N-fragment is eliminated by the subtraction. using the up-field resonances of the 1D-NMR spectrum for
Clearly the buffer used for sedimentation equilibrium the equimolar mixture confirmed the 1:1 stoichiometry of
studies produced oligomers of each isolated fragment, but itthe complex (Figure 3A). The intrinsic fluorescence of the
led us to find lower ionic strength conditions (i.e., iKthat N-fragment (Trp28 and Trp31) is quenched by the addition
favor the monomers. Unfortunately, these new conditions of C-fragment (no Trp), and iténax is blue-shifted (Figure
are unsuitable to carry out sedimentation equilibrium meas- 2C). Additionally, the ANS emission spectrum is not affected
urements due to charge non-ideality problems. by adding an equimolar mixture of fragments or uncleaved
Structural Characterization of Unfolded and Folded States Trx (Figure 2D), suggesting a native-like burial of hydro-
for Cleawed and Uncleaed Trx. These proteins were phobic side chains in the folded state. Previous hydrogen
characterized by far-UV CD at 2TC in the presence and exchange/2D-NMR studied 1) of cleaved Trx and recent
absence of chemical denaturant (see Figure 2A and Figuremultidimensional NMR studies (Yu et al., unpublished
1, Supporting Information). The spectra of the isolated N- results) demonstrate the presence of the native super-
and C-fragments indicate the typical features of a disorderedsecondary structure with defined packing of side chains and
fragment at 20C and lower temperatures. Indeed, the 1D- subtle local differences around the cleavage site.
NMR spectra of isolated fragments (Yu et al., unpublished  The minimum at 197 nm of the far-UV CD spectra for
results) indicate a narrow dispersion of the amide region andboth fragments is indicative of disordered structure. However,
sharp resonances, which are typical of disordered stateschanges in the ellipticity of the shoulder at 215 nm (Figure
However, the large difference between the “sum spectrum” 1, Supporting Information) duet4 M GnHCI suggest the
of the N- and C-fragments and that of their equimolar mixture presence of residual structure. Analysis of these spectra using
indicates a folding/binding event. The similarity between the various deconvolution methods (Table-K2D (22), Contin
latter one and that of uncleaved Trx suggests complete(23), or MLR (24)—indicates that the N-fragment is globally
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Ficure 4: Chemical denaturation of cleaved Trx. Concentration
0s F dependence of GnHCl-induced unfolding of cleaved Trx at 2.33
[ B L [ ] uM (empty triangle), 5uM (filled circle), 15 uM (empty circle)
© 4 and 25M (empty square) in KRat 20°C. The fraction of unfolded
2 sl cleaved Trx (Fapp) was calculated according to a two-state transition
2 - process using the intrinsic fluorescence at 350 nm and ellipticity
° at 222 nm. The data represent the average of three to five
2 i experiments. The inset shows the linear dependence of the estimated
g o Cm with the logarithm of protein concentration.
a I
I._‘_g_‘ 04 | Table 1: Secondary Structure Analysis of Fragments and Cleaved
T and Uncleaved Trx
protein method %-helix %f-sheet %turns  others
0 1 1 1 1 1 1 n 1 L
N K2D 6.0 29 a 65.0
° ! 2 s ¢ ® Contin 4.0 140 100 720
[74-108] ,,uM MiIr (Brahmsp 2.5 28.7 10.3 585
Ficure 3: (A) Stoichiometry of cleaved TRX monitored by 1D- c écz)r?tin 23% lﬁ% io 8?3}?0
NMR. The inset shows the up-field region and the apparition of MIr (Brahms} 0.0 15.7 00 843
characteristic resonances for the complex, obtained by the titration Nc  kop 30'0 20'0 a' 50(')
of 50 uM N-fragment in KRin 90% D,0/10% HO, with different Contin 20.0 40.0 70  34.0
amounts of C-fragment. The integration of the peaks was performed MIr (Fasman) — 22.8 237 92 218 2X5
using as reference the TMSP. (B) Apparent dissociation constant Selcon 24.66 21.53 16.86 295
for cleaved Trx. Equilibrium association of N- and C-fagments 1x k2D 27.0 25.0 a 480
(filled circle) was monitored by quenching the fluorescence emission Contin 18.0 37.0 80 37.0
at 350 nm. The reactions were carried out using®/GN-fragment MIr (Fasman)  31.8 229 7.2 16.9;21¢2
in KP; at 20 °C. The data points represent the average of four Selcon 28.35 24.8 24.37 21.44
independent experiments. The solid curves represent the best fits X-ray datd 40.0 28.25 14.0 17.75

according to eq 1. - - -
9 q aUndetermined® Selected DatabaseEstimate of aromatic and

. disulfide bond contributions! Based on molecule A of the PDB file
more structured than the C-fragment at’@0with an average  2rx.pdb 5).

content richer irB-type structures, turns, and/or strands (25
+ 5%) thana-helical ones (4t 2%). Moreover, the spectra
of the isolated fragments seem to depend on the type of
denaturing agent, i.e., GnHCI or temperature. Both fragments
appear to follow a non-cooperative cold induced disordering
transition (Figure 5) and their far-UV CD spectra-a8 °C g
(Figure 5, inset) do not overlap with that 4 M GnHCI of our dec.onvolutlon (Table 1).
(data not shown). Analysis of their spectra at°8)(Figure Energetics of Clezed and Uncleaed Trx.To compare
5, inset) using various deconvolution programs (Contin, K2D, the energeths 01_‘ cleaved and uncleaved Trx,. three methods
MLR) gave 31+ 5%, 30+ 4% of B-type structures and 9 Were used: titration measurements and chemical and thermal
+ 3%, 7+ 2% of a-helix for the N- and C-fragments, induced unfolding.
respectively. Thus, the degree of residual structure in the (@) Apparent Unfolding/Dissociation Constaiite titra-
isolated fragments increases upon heating. tion of the N-fragment with increasing amounts of C-
On the other hand, deconvolution of the spectra of the fragment was monitored by quenching its fluorescence
cleaved Trx shows approximately 24 5% of a-helix, 26 (Figure 3B). Data analysis according to eq 1 gave us a value
+ 4% of f-strands, and 1% 7% of 8-turns (Table 1). These  for the Kq of cleaved Trx in KPat 20°C (49 nM).
results, however, differ from the calculations @fhelical (b) Chemically Induced Unfolding-he chemical stability
content in uncleaved Trx based on X-ray crystallogra@®y (  of uncleaved and cleaved Trx was determined using far-Uv
and NMR spectroscopy26, 27). The near-UV CD spectra CD and/or Trp fluorescence as a function of GnHCI
of cleaved and uncleaved Trx show a similar maximum in concentration. Uncleaved Trx follows a two-state unfolding
ellipticity at 280 nm (see Figure 2B). Moreover, the ellipticity process in GnHCI, and our experimental results (Table 2)
due to the aromatic side chains of Trx appears to be strongeragree with previous report21, 32). The GnHCI induced

than for other proteins (Trp repress@8|, apo-Myoglobin
(29), protein HPr 80), apolipoprotein A-2 1)) and might
be responsible for differences between the expected content
of secondary structure according to X-ray data and the results
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Ficure 5: Thermal behavior of the isolated fragments. Temperature
dependence of the ellipticity at 222 nm for &AM (empty square),

50 uM (filled circle), and 100uM (empty triangle) of C- and
N-fragments (A and B, respectively) in KBt 20°C. The insets
display the scans of both fragments—&& °C (empty triangle), 20

°C (empty circle), and 8CC (filled circle). Spectra represent
averages of four scans of M fragment in KPR.

unfolding/dissociation of cleaved Trx showed the expected

Biochemistry, Vol. 38, No. 40, 19993361

Table 2: Chemical Unfolding of Cleaved and Uncleaved Trx

protein Cm (M) AG? (kcal/mol) m (kcal/mol M)
Trx 2.61+0.12 9.5+ 0.2 3.7+ 0.4
NC 10.0+ 0.4 3.9+ 0.3
NC 9.8+ 0.2

2These values were calculated accordingGe = (RT In P, +
AGY/m for 2.33, 5, 15, and 2&M of cleaved Trx.? AG? estimated
from titration measurements.

Interestingly, the far-UV CD spectra of both fragments show
a clear isodichroic point at 208 nm (Figure 5, inset).

Uncleaved Trx was thermally unfolded at different con-
centrations (26160 M) using far- and near-UV CD at a
selected wavelength or in the scan mode. The reversibility
of the thermal transition was higher than 95%, and The
was essentially independent of the heating rates (0.5 and 1
°C/min). Interestingly, the folded baselines of the two
normalized melting profiles do not overlap but tAg,
remains the same (Figure 6B). Analysis of the normalized
melting curves at different concentrations using a two-state
transition gives thermodynamic parameters (Table 3) with
no obvious concentration dependence. The values daflithe
at theTy, (AHm,) are in agreement with each other despite
the unsatisfactory fitting of the folded baseline for the near-
UV CD melting curve, which produces the highest value
(126 £ 4 kcal/mol). This two-state transition analysis is in
agreement with the CCA (convex constraint algorithm)
analysis 83) of the far-UV CD spectra for the cooperative
part of the thermal transition (85 °C), which shows an
isodichroic point (Figure 6C, inset). The CCA analysis of
the entire family of near-UV CD spectra at various temper-
atures (Figure 6A) only requires the participation of two pure
components, which indicates that the pressumed native-like
folded intermediate at 80C has essentially the same native
tertiary packing. Analysis of the same thermal transition
curves (far- and near-UV CD) according to a three-state
transition and using a fixedCy, at 1.6 kcal mof! K~ gives

concentration dependence (Figure 4) within the concentrationthe following thermodynamic parameter$;; (33.4+ 6.5

range 2.33-25 uM. The overlapping of normalized fluores-
cence and far-UV CD for cleaved Trx indicates a global two-

°C), AH; (13.9+ 3.4 kcal/mol),ACy; (100 cal mot? K1),
Tm2 (87.7+ 1.5°C), andAH, (107.2+ 1.2 kcal/mol). Thus,

state dissociation/unfolding process (Table 2). To comparethe value of the standard enthalpy of the cooperative
cleaved versus uncleaved Trx, we calculated the effective transition at thél,, remains within error essentially the same

concentration Cer) as the concentration of dimer at which
both proteins share the same denaturantion midp@igy. (

regardless of the type of analysis.
The thermal dissociation/unfolding of cleaved Trx is

Analysis of the concentration dependence of GnHCI induced yeyersible. Modification of the scan rate from 0.25/min

chemical unfolding/dissociation of cleaved Trx provided a
value of 1.0+ 0.2 M for C¢ using values from Table 2 and
the following equation:

l mNCAGO,TrX
Cent = eXF{R— B

(c) Thermally Induced Dissociation/Unfoldinghe tem-

- AGO'NC)] (11)

to 4 °C/min (data not shown) indicated that a rate dfCl

min is sufficient to achieve equilibrium since it does not
affect significantly theT,,,. Analysis of the 1D-NMR spectra

of cleaved Trx taken at different temperatures (Figure 7A)
shows a subtle variation in the chemical shift of the up-field
and aromatic resonances and a distinctive decrease of the
area under the resonances with increasing temperature. All
the melting curves share the samg(data not shown), which

perature effect on the isolated fragments, Trx, and cleavedsuggest a global event. Moreover, the absence of temperature

Trx was monitored by the change in ellipticity in the far-
UV CD (222 nm) and the near-UV CD (280 nm).

dependence of both chemical shifts and width peaks suggests
an exchange between the folded and unfolded states that is

The isolated fragments show a gradual non-cooperative Slow compared to the NMR time scale107Y/s).

thermal transition with enhancement of the content of

The family of melting curves for cleaved Trx shows the

secondary structure upon temperature increase (Figure 5A,B)expected concentration dependence (Figure 7B,D), and the
This is a concentration independent and completely reversiblenormalized melting profiles (far- and near-UV CD) overlap

transition within the concentration range -1000 uM.

within experimental error (Figure 7C). Moreover, the CCA
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Ficure 6: Thermal unfolding of uncleaved Trx. (A) Near-UV CD spectra ofi®0 Trx in KP; at different temperatures (increments of 10

°C) from 20°C (filled circle) to 90°C (filled square). (B) Overlay of normalized melting profiles of different protein concentrations;in KP

(40 uM, filled circle; 80 uM, empty triangle; and 16@M, empty circle) at 222 nm, 8aM (empty diamond) at 205 nm, and &M (filled

triangle) at 280 nm. Inset: temperature dependence of the molar ellipticity at 222 nm. (C) Far-UV CD spectra of 0.9 mg/mL Trx in KP
at various temperatures between 20 and®5The Inset shows a single isodichroic point for the spectra taken within the global unfolding
region. (D) The temperature dependent fraction of folded (empty triangle), native-like folded (empty circle), and unfolded (empty squares)
states based on the CCA analysis of the family of spectra from panel C.

Table 3: Thermal Unfolding of Cleaved and Uncleaved Trx

protein conc. M) Tm (°C) AH+r, (kcal/mol) ASrm (cal molrt K™3) Cett (M)
Trx 1% 88.1+ 0.1 121.2+-4.8 335.6+5.1
47 88.7+ 0.5 116.7+ 4.2 3225+ 75
8» 88.3+ 0.5 104.5+ 3.2 289.1+ 6.8
16 87.0+ 0.4 110.2+ 3.1 305.9+ 7.0
8 879+ 0.2 125.9+-4.4 320.4+ 6.4
88.0+ 0.6 113.2+ 6.3 313.3+ 16.8
NC 12.3 62.1+ 0.2 82.9+ 2.9 223+ 4 0.5
207 63.5+ 0.2 82.1+1.5 223+ 3 0.7
47 65.2+ 0.1 87.9+£ 0.5 240+ 1 0.8
8» 66.4+ 0.1 78.5+ 0.9 214+ 3 0.7
16 67.3+ 0.2 84.1+ 25 230+ 7 0.8
4502 69.2+ 0.5 83.5+ 6.1 229+ 17 0.9
80 66.5+ 0.1 86.8+ 1.1 235+ 3
0.7£0.Z
0.8+ 0.4

a Analysis of far-UV CD measurements according to a two-state transition and a fixed unfolded b&s®&fialysis of near-UV CD measurements
according to a two-state transition and a fixed unfolded baselifeerage value of individual measurements at a given concentrétiestimated
value of Cer according to the concentration dependence ®f,1/

analysis of the far- and near-UV CD spectra at different according to a two-state transition of the thermal dissociation/
temperatures shows that only two components are requiredunfolding curves for cleaved Trx (20M and 0.45 mM) gives
to explain the thermal behavior of cleaved Trx. Analysis AHtm andASm, (Table 3). The extrapolated values &H+
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Ficure 7: Thermal unfolding of cleaved Trx. (A) Stack plot of 1D-NMR spectra for 0.45 mM cleaved Trx jraK¥arious temperatures

and a 2°C interval. Chemical shifts (in ppm) of up-field peaks protons in the folded state &€ 4fe as follows: Vall6 FH(—0.618),

Vall6 H, (—0.082), lle72 H (0.016), Leu103 i (0.125), and Val25 K(0.219). (B) Temperature dependence of the unfolded fraction for
cleaved Trx according to the ellipticity at 222 nm (20 to 16@); the filled circles show the area under the peak of V16(6145 mM).

(C) Overlay of normalized melting curves of 2 mg/mL cleaved Trx at 222 and 280 nm. Inset: temperature dependence of the molar
ellipticity at 222 nm (80uM). (D) Concentration dependence ©f, for cleaved (far-UV CD: filled circle; 1D-NMR: empty circle) and
uncleaved Trx (far-UV CD: filled square; near-UV CD: empty square).

for the cleaved Trx, at théy, of the uncleaved, are 122 6 fragments indicates that ca. 50% of the N-fragment is slowly
(far-UV CD) and 122t 1 kcal/mol (near-UV CD). Likewise,  exchanging with the competent ork3). (iv) Other protein
those ones at 65C are 82+ 5 kcal/mol (far-UV CD) and fragments that share the first 37 residues of the N-fragment
83 £+ 1 kcal/mol (near-UV CD). The value d@¢¢ derived or the 35 residues of the C-fragment show a far-Uv CD
from the plot of the reciprocal o, versus the log of protein ~ spectra 84), which is sequence but not length dependent.
concentration (0.8 0.4 M; see Figure 7D), is similar to  Together these observations indicate conformational differ-
the averaged value obtained from the individual melting ences between the isolated disordered fragments. Further
curves (0.7 0.2 M, see Table 3). studies should reveal which residues other than Pro dictate
these differences.
DISCUSSION Analysis of the far-UV CD spectra of cleaved and
Conformations of Folded and Unfolded Stat@sspite the uncleaved Trx, and their isolated fragments under the same
obvious lack of structure in the isolated fragments based onstrong unfolding conditions (chemical and thermal denatur-
far-UV CD and NMR spectroscopyl®), many lines of ation) (Figures 1 and 2, Supporting Information) further
evidence suggest conformational differences between themsupport that each isolated disordered fragment has a distinct
(i) deconvolution of the far-UV CD spectra indicates an conformational preference and that the unfolded states of
overall greater content of repetitive conformations in the N- cleaved and uncleaved Trx show subtle differences between
than the C-fragment (Table 1). (i) The N-fragment has three them.
apparently unconstrained Pro and one Pro34 constrained in  The temperature dependence of the ellipticity at 222 nm
the trans position by a short range disulfide bond (Cys32 for the fragments shows a reversible non-cooperative cold
Cys35) while the C-fragment has predominantly a trans induced disordering transition within this temperature range.
Pro76 isomer (Yu et al., unpublished results). (i) The kinetic This behavior is not due to self-association, since no
model for the association/folding of the complementary concentration dependence is observed between 10 and 100
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uM in KP;. However, the N- and C-fragments self-associate = Despite the fact that the temperature dependence of the
strongly and weakly, respectively, in 0.1 M potassium ellipticity for uncleaved Trx at 222 or 280 nm can be
phosphate at pH 5.7, as shown by the sedimentationapproximated by a two-state process, the folded baseline
equilibrium studies. The increase of negative ellipticity at obtained from far-UV CD measurements shows a non-
higher temperatures without concentration dependence sug€ooperative upward transition which accounts4@0% of
gests the presence of certain backbone conformation(s) witha rather small total ellipticity change (1800 deg?aimol?)
marginal stability, which cannot be precisely assessed. Thisat 222 nm (Figure 6B inset and 6C). The small magnitude
behavior is not unexpected in fragments that have hydro- of the total change is due to the counteracting effect of the
phobic stretches in their sequence, which are difficult to aromatics 85). A CCA analysis of the family of far-Uv CD
stabilize through native long range interactions. It is plausible spectra taken within a temperature range from 20 t6®@5
that the entire polypeptide chain, under certain unfolding indicates that the spectra can be expressed as a combination
conditions, might also show this behavior. In fact, the of three pure components (Figure 6C,D), corresponding to
temperature dependent stability of the burst phase during thethe folded state at 2€C, the unfolded state at 9%, and a
refolding of GuHCI-denatured Trx shows an analogous cold native-like folded state at ca. 8@. On the other hand, a
induced transition associated to the hydrophobic effés ( similar analysis of the family of near-UV CD spectra requires
Interestingly, the family of far-UV CD spectra of both the participation of two species. The presence of a folded
fragments at various temperatures (Figure 5A,B, inset) showbaseline with an unexpected upward trend might be explained
the appearance of a single isodichroic point at 208 nm, which by a local non-cooperative conformational change within the
provides further support for a temperature dependent con-protrusion of uncleaved Trx. This protrusion contains cis P76,
formational transition in the disordered state. The features half of the total number of aromatic residues, and an
of this thermal transition are complex. On one hand, the interconnecting distorted helix (6(59). At first glance, one
single isodichroic point reflects apparently two interconvert- might consider that the trend of the folded baseline reflects
ing populations but the non-cooperativity suggests a stepwisethe cis/trans isomerization of the partially exposed cis Pro76.
transition. Perhaps each of these populations involve two However, kinetic refolding studies of the cleavei8) and
kinds of species with different number of repetitive units uncleaved Trx and their P76A varian9( and Georgescu
but with the same CD spectrum per unit. A similar behavior et al., unpublished results) strongly suggest that this isomer-
has been reported for the so-called PIl conformation, a left- ization enhances the negative ellipticity at 222 nm and thus
handed helix with three residues per turn in peptides, proteinsis in disagreement with the experimental results. Another
(36), and protein/peptide interface37). possibility might be the “melting” of the distorted helix which
The similarity between the folded states of both cleaved shows weak interactions with aromatic side chains in the
and uncleaved Trx was observed by NMR)( fluorescence,  native 3D-structure. The above mentioned upward baseline
far- or near-UV CD spectroscopy (Figure 2), and molecular trend is significantly lower than the one expected for a regular
sieve chromatographyd®). The elution volume of cleaved helical peptide (125 unit¥) (40). However, it might still
Trx is smaller than the one for uncleaved Trx, indicating a be consistent with a distorted helix. It is plausible that this
less compact state for the first one. The ANS fluorescence melting does not produce a discrete native-like folded
(Figure 2D), near-UV CD (Figure 2B), and up-field NMR intermediate but an ensemble of structures with different
resonances (Figure 3) of the folded state indicate definedunfolded portions of this helix. This ensemble might be in
packing of the aliphatic side chains against the eight aromaticfast exchange within itself and with the native structure, and
side chains that are distributed throughout the entire se-thus awaits further NMR characterization of uncleaved Trx
guence. Despite the similar spectra, subtle changes in theat increasing temperatures.
chemical shifts of the upfield NMR resonances between the  The overlapping of thermally unfolding curves of cleaved
cleaved and uncleaved Tri1) and the negligible activity  Trx based on far- and near-UV CD measurements (Figure
of the latter one12) suggest conformational changes in the 7B,C) suggests that its unfolding/dissociation occurs in a
active site protrusion and packing of aromatic side chains. single cooperative transition. These folded baselines have a
Our results show that the unfolded states of the cleavedweaker upward trend than the one of Trx. This behavior is
and uncleaved Trx, as well as their folded states, show subtleconsistent with an increase in the flexibility of the protrusion
differences between them. Thus, it will be important to due to the cleavage at R73. Analysis of all thermally
establish to which degree are these differences affecting theunfolding curves for uncleaved and cleaved Trx according
energetics of these proteins. to a two-state transition gives a value of 1136 kcal/mol
Energetics.Both proteins undergo a global transition and an extrapolated value of 1226 kcal/mol, respectively,
regardless of cleavage (Table 2). These proteins have similarfor the AH+ at ca. 88°C. If we compare the two proteins at
extrapolated AG® and C,, values at cal M protein a temperature within the range of the experimentzs (i.e.,
concentration. The extrapolatéds® value for cleaved Trx 65 °C), the value of the\H for uncleaved Trx (ca. 78 kcal/
from chemical unfolding experiments agrees with the results mol) is still lower than the one for cleaved Trx (83 kcal/
from titration measurements (Table 2). However, the equi- mol). This tendency is unexpected, considering that the
librium measurements reflect the mixture of cis and trans folded states are similar and that cleaved Trx might have
Pro76 isomers in the folded and unfolded states. Khe  weaker interactions. One way to explain it is the fact that
values for the cis and trans isomers derived from kinetic the AHr depends on the value @C, that was used to fit
measurementslf) are 13.6 nM and 2.xM, respectively. the melting curves. For instance, the calculated, value
Thus, indicating that th&g value derived from equilibrium  for Trx, based on empirical equations and calorimetric
measurements (49 nM) is an apparent value that reflects ameasurements2(, 41), ranges between 1.3 and 1.9 kcal
mixture of 98% cis and 2% trans isomers. mol~t K1, while the reported experimental values are: 1.66
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kcal mol* K1 (21) and 1.88-2.89 kcal mot! K~1 (42). (artificial heterodimer or cleaved Trx) with the same features
Analysis of the melting curves was then performed with the as the uncleaved Trx. The isolated fragments appear to have
sameAC, of 1.66 kcal mot! K~1. However, the validity of residual structure and to behave as two exchangeable
these assumptions need to be tested by calorimetric measurepopulations. These fragments undergo a non-cooperative cold
ments. Another explanation might be the presence of induced disordering transition. Interestingly, the thermal
oligomers and their effect on th®C, and on the estimated unfolding of uncleaved Trx shows an unexpected non-
AH+. This possibility can be eliminated for concentrations cooperative event in the folded state besides the global
up to 50uM of cleaved Trx based on sedimentation analysis. unfolding and thus it can be fitted to a three-state transition
The third possibility might be that the enthalpy change model. Cleaved Trx, on the other hand, undergoes a two-
associated with the upward folded baseline trend accountsstate thermal transition. Uncleaved Trx seems to have a lower
for the difference between the enthalpies of global unfolding AH° of global unfolding than cleaved Trx. An explanation
for uncleaved and cleaved Trx. Indeed, the treatment of the might be that the cleavage releases some strain that forces a
melting curves for the uncleaved Trx according to a three- local non-cooperative unfolding in uncleaved Trx. Finally,
state transition increases the tofetr to ca. 121 kcal/mol, our results, together with other reports on the native-like
which is close to the averaged value for the cleaved protein reassembly of complementary fragments from small single
(122 kcal/mol) at 88°C. This behavior might reflect the  domain proteins without prosthetic groups, indicate that the
presence of a strain in uncleaved Trx that drives a local non-loss of translational entropy at th@, (or Ty) does not
cooperative unfolding, but is relieved by cleavage at R73. account for the wide range of apparéhy values.
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dependence of the thermodynamic parameters. Assuming th6sUPPORTING INFORMATION AVAILABLE

total AHt or AH is similar for uncleaved and cleaved Trx,

the extrapolatecC.r value lies between 0.7 and 1.0 M. Results from far-UV CD and fluorescence measurements,

regarding the residual structure of the individual fragments

Areview of small single domain monomers or dimers with (rigyre 1) and comparison between the thermal and chemical
unfolded and folded states that are not substantially alteredyenaturation state of cleaved versus uncleaved Trx (Figure

after cleavage or linkage reveals a rather wide rang@pf ) Thjs information is available free of charge via the
values: cleaved immunoglobulin G-binding domain B1 of | ternet at http://pubs.acs.org.
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