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ABSTRACT:. The conformational stability dPlasmodium falciparuntriosephosphate isomerase (TIMWT)
enzyme has been investigated in urea and guanidinium chloride (GdmCI) solutions using circular dichroism,
fluorescence, and size-exclusion chromatography. The dimeric enzyme is remarkably stable in urea
solutions. It retains considerable secondary, tertiary, and quaternary structure 8\Wurea. In contrast,

the unfolding transition is complete by 2.4 M GdmCI. Although the secondary as well as the tertiary
interactions melt before the perturbation of the quaternary structure, these studies imply that the dissociation
of the dimer into monomers ultimately leads to the collapse of the structure, suggesting that the interfacial
interactions play a major role in determining multimeric protein stability. Th&urea)Cn(GdmClI) ratio
(whereCy, is the concentration of the denaturant required at the transition midpoint) is unusually high for
triosephosphate isomerase as compared to other monomeric and dimeric proteins. A disulfide cross-
linked mutant protein (Y74C) engineered to form two disulfide cross-links across the interface’(13-74
and (13-74) is dramatically destablized in urea. The unfolding transition is comple®& M urea and
involves a novel mechanism of dimer dissociation through intramolecular-ttiislifide exchange.

The folding of protein monomers and their assembly into separation of the effects of dissociation and chain unfolding.
functional oligomers is a fundamental step in the biosynthesis We present in this report a detailed analysis of the unfolding
of multimeric proteins. Important questions that need to be behavior of the dimeric enzymBlasmodium falciparum
addressed are the following: (1) Do completely active triosephosphate isomerase (TIMWT) in urea and guanidinium
monomers associate to yield multimers or does associationchloride (GdmCl), as well as the behaviour of a covalently
precede complete folding? (2) Can partially folded oligo- cross-linked mutant containing two symmetry-related di-
meric states be populated as intermediates in the foldingsulfide bridges across the subunit interface.

pathways? We have been examining the mechanistic TV js an attractive model system, since a large amount
features of the folding and unfolding of dimeric enzymes of structural and mechanistic information is available from
USing disulfide interface mutants that abolish diSSOCiaﬂ.@n ( studies of homo|ogous TIMs from a Variety of sources such
Previous studies from this Iaboratory have shown that the as Trypanosomayeagt, and Chickerﬂeg)_ In particu|ar’
covalent bridging of a fragile interface region in thymidylate = studies aimed at engineering monomeric TIM have provided
synthase results in dramatic stabilization with respect to yajuable information on the importance of specific interfacial
thermal and Chaotrope'indUCEd Unf0|di® 3) AnalySiS interactions 10—12) TIM is a prototype of an e|ght_
of the three-dimensional structures of a large number of strandecb//3-barrel topology, in which the protein interface
multimeric proteins suggests that the nature of interactions is primarily constituted of loops. These barrel enzymes have
at protein interfaces may be similar to interactions observedvarying quaternary states and catalyze different types of
between structural domains in multidomain proteiss). reactions using substrates of distinct size and character.
Protein interfaces appear to contain substantially more polar|nterestingly, folding studies have been carried out exten-
interactions than the interior of well-packed globular proteins sjvely with monomeric barrel structures. In contrast, there
(6). Itis therefore of particular interest to examine the effects are no detailed unfolding reports on mutimecis-barrel
of denaturants on intra- and intersubunit interactions. The proteins. Thea-subunit of tryptophan synthase has been
availability of covalently cross-linked mutants permits a reported to have long-lived folding intermediatds,(14).
On the basis of computer simulation studies, Skolnick and
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robust architecture, resilient to substantial sequence alter-MATERIALS AND METHODS

ations (7). In contrast, most of the work on TIM, the e . .
epitome of then/-barrel family, have been focused primarily _Purlflcatmn Of. TIMWT The Plasmadium _falmparum
triosephosphate isomerase gene was cloned into a pTrc 99A

on understanding the mechanistic aspects of the isomerization .
reaction (8, 19). Heteromeric TIMs have been generated vector, called pARC10086). The protein is overexpressed

from different sources by dissociation/reassociation experi- in the E. coli strain AA200, which has a null mutation in
ments 20). Recently the refolding mechanism of rabbit the host TIM gene29). This was provided to us by the

K ; . . Astra Research Centre, India. The purification of TIM
muscle triosephosphate isomerase has been investigated i}, o es a two-step protocol. In the first step the cell lysate

reverse micelles by fluorescence resonance energy transfefg subjected to ammonium sulfate precipitation, where
experimentsZ1). The studies demonstrated the appearance 1 \wT could be selectively precipitated at 95% saturated
of an intermediate with high quores_cence quantum yield, 5mmonium sulfate (63% wiv). Following this, the protein
which was suggested to be a partially folded monomer. a5 further purified by ion-exchange chromatography on a
Ligand binding to triosephosphate isomerase is found to pnarmacia FPLC system. The detailed purification procedure
enhance the stability against degradation by prote@®s ( has been described befoi27). Yields up to 125 mg/L of

A preliminary folding study suggested that the folding E. coli culture were routinely obtained.

pathway of the TIM dimer can be described by a consecutive  Tne site-directed mutant Y74C was constructed by the
first-order folding and second-order association reaction method of Kunkel 80). The mutant was purified in a similar
scheme, assuming inactive monome3)( In a more recent  way. Purified protein yields between 80 and 90 mg/LEof
report, unfolding studies of human TIM were carried out coli culture were obtained for the mutant. The oxidation of
and the stability of the wild-type enzyme was compared with the mutant to Y74Cox was carried out by air oxidation using
three interface mutant@4). The denaturation of wild-type  extensive dialysis in 20 mM Tris-HCI (pH 8.0) for 24 h. A
human TIM was shown to be two-state in nature. Ac- protein concentration of less than 1 mg/mL was used for
cumulation of equilibrium intermediates was not observed. dialysis. The purified enzyme was found to have a specific
The mutants were found to be less stable when comparedactivity of 7800-8000 units/mg of protein.

with the wild-type enzyme. Further investigation with the Reagents Urea was recrystallized from hot boiling
human TIM mutants revealed that partial stability can be ethanol. After filtration, urea crystals were dried in a vacuum
regained by mutations in thee-helical segments close to the oven at 3°C. Urea stocks were prepared fresh before each
dimer interface25). However, there are no detailed kinetic experiment. GdmCI (Sigma) was used directly for unfolding
or equilibrium unfolding studies available for triosephosphate studies. All other chemicals were of analytical grade.
isomerases from other species. Circular Dichroism Protein (8uM) was incubated for

Triosephosphate isomerase (TIMWT) from the malarial at Ieaﬂ h at therequired urea/GdmcCl concentration in 100
parasitePlasmodium falciparumis a homodimer with a MM Tris-HCI buffer, pH 8.0, before the spectrum was
monomer molecular mass27 kDa. The TIM gene from recorded. Preliminary studies confirmed that equilibrium

P. falciparumhas been cloned and expresseg&therichia was reached withi#/, h of incubation. Circluar dichroism
coli (26). The crystal structure of this protein has been measurements were carried out on a Jasco J500A spectropo-

determined at 2.2 A resolutior2]). Understanding the larimeter. Ellipticity changes at 220 nm were monitored to

. . follow the far-UV unfolding transition, with a path length
foldlng and_assembl_y of the parasite enzyme may be c_>f of 1 mm. The near-UV band was followed Wit 5 mm
importance in designing molecules that can impede associa-

. . . ; . . path length cuvette, at a protein concentration ofiu28.
tion of thz sbuliunlts. hSlntce %nzyme .?ctn./et s::[es a&? h|g:1_ly Spectra were averaged over2 scans at a scan speed of
conserved between host and parasite, Intertace diSruptiony g 1,y min. Unfolding transitions were followed by moni-

strategies may provide a viable route toward potentially toring ellipticity at 280 nm

u;eful |r}h||2!tors (;fcri]jultlmslr|c enzymeﬁf@l. .The r(:tq_UIllb- Fluorescence SpectroscapyEmission spectra were re-
rium untoiding studies oflasmodium lalCclparumriosé- ., qeq on a Hitachi 650-60 spectrofluorimeter. Intrinsic

phosp_hate isomerase (TIMWT) descri_bed _in_this report tryptophan fluorescence was monitored at varying concentra-
establish the absence of complete dissociation and theyons of urea in 100 mM Tris-HCI (pH 8.0). Equilibration

presence of considerable secondary and limited tertiary a5 achieved withiri/, h of incubation. Protein samples
structure, evenni 8 M urea. In contrast, TIMWT IS \yere excited at 280 nm and the emission was monitored at
completely unfolded in 2.4 M GdmCl solution. Interestingly, 331 nm. Excitation and emission band-pass were set at 5
an intermediate characterized as an aggregate appears at loym . Urea unfolding studies were carried out at a protein
concentrations (0:81.2 M) of GdmCI. A bisdisulfide  concentration of 4M, while GdmCI unfolding was carried
mutant (Y74C) protein (Y74Cox), constructed based on out over a range of protein concentration from 2 tal8.
modeling such that two disulfide bridges (13-&hd 74- Size-Exclusion Gel ChromatographyGel-filtration ex-

13) are formed by using the preexisting Cys13 residue at periments were carried out on a Superose 6B column with
the dimer interface, was found to be surprisingly unstable gn exclusion limit of 4x 10°f Da for proteins using a

in urea solutions. Gel filtration and SB®AGE of urea- Pharmacia FPLC system. The void volume of the column
treated protein samples established a novel way of dissociawas 10 mL. The elution of the protein was detected at 280
tion by intramolecular thietdisulfide exchange, resulting nm. The protein (2QuM) was incubated fol h at the

in the reduction of intersubunit disulfide bridges. The required urea/GdmCI concentration and in 100 mM Tris-
maintenance of quaternary structure of the protein appearsHCI (pH 8.0). A 50uL aliquot of this sample was injected
critical for the stability of the enzyme. on the column with 100 mM Tris-HCI (pH 8.0) at the
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required denaturant concentration. A uniform concentration the overwhelming contribution of the Trp residues to the
of 150 mM NaCl was used for column equilibration at all emission spectrum. The emission maximum of TIMWT at
denaturant concentrations to prevent nonspecific binding of pH 8.0 at 331 nm suggests that both these fluorophores are
protein to the column material. The flow rate was adjusted in relatively hydrophobic environments. This is consistent
to 0.4 mL/min. with the surface accessibility values for the two tryptophans
SDS-PAGE Analysis of TIM Unfolding The oxidized determined from the crystal structur@7f. In 8 M urea
form of the mutant Y74C was incubated with increasing urea solutions the emission maximum shifts to 340 nm. Nor-
concentrations in 100 mM Tris-HCI (pH 8.0)rfa h atroom mally, buried Trp residues in folded proteins show a
temperature. Following this, the protein was loaded on a fluorescence emission maximum of 33840 nm, while
nonreducing SDSpolyacrylamide (12%) gel and electro- €xposed Trp residues yield emission maxima between 348
phoresed. Staining with Coomassie blue R was carried outand 356 nm&4). The observed 340 nm emission maximum
to visualize the protein bands. in 8 M urea for TIMWT suggests that, even at these
Carboxamidomethylation of Y74Cox/74Cox (20 mg/ Qenaturant concentration_ws, one or both Trp residues are still
mL) was incubated with 0.6 M iodoacetamide in 100 mm N @ largely hydrophobic environment in TIMWT. The
Tris-HCI, pH 8.0, fo 2 h with intermittent agitation. ~ SPectrum of TIMWT recordedni 6 M GdmCl (discussed
Following this, the excess iodoacetamide was separated fror{&{€r) shows an emission maximum of 356 nm, indicative

the labeled protein on a 10 mL Sephadex G10 desalting ©f the complete exposure of the Trp residues.
column. The protein elutes in the void volume of the  Figure 1a shows the changes in the intrinsic tryptophan
column. The labeled protein on thiol estimation showed fluorescence of TIMWT monitored as a function of urea

thiol group/dimer. TIMWT yielded a thiol value of 4/mono- concentration along with the fraction unfolded, calculated
mer, which is in agreement with the sequence. Thiol from the raw data. Very small wavelength changes are

estimation was carried out with Ellman’s reageBit)( observed in the region of-€6 M urea with the emission
maximum shifting from 331 to 333 nm. Abev6 M urea,
RESULTS there is a sharp shift in the spectral maximum, with a limiting
value of 340 nm being obtained 8 M urea. Figure 1b
Expression, Purification, and Enzymatic Adly. Re-  shows that upd 6 M urea almost 40% of the original
combinantPlasmodium falciparunTIM cDNA was over-  emission intensity is still retained. However, there is a sharp

expressed il coliand the protein was purified by collecting  fall in the emission yields between 6du8 M urea. The

the 70-95% ammonium sulfate fraction, followed by FPLC  gradual changes in the spectroscopic properties over the range
on a Mono Q column. A batchfdl L of culture yielded  of 0—6 M urea are suggestive of incremental changes of the
125 mg of purified protein. The two-step protocol yielded structure and absence of a sharp transition between well-
highly purified protein from crude cell extracts. The protein characterized folded and unfolded states. Between 6 and 8
is seen as &27 kDa band on SDSPAGE (data not shown) M urea the environments of the Trp residues appear to
and the matrix-assisted laser desorption ionization time-of- undergo a significant change.

flight (MALDI-TOF) spectrum yielded a molecular weight (i) Circular Dichroism. The native protein has a promi-

of 27 840 Da. Analysis of TIMWT by electrospray mass nent negative band at 220 nm. With increasing urea
spectrometry (data not shown) further demonstrated that theconcentration there is a reduction in the ellipticity of the CD
protein has a mass of 27 832 Da. The calculated molecularpands without any significant change in the shape of the
mass of TIMWT from the published sequen@)(is found  spectrum. Interestingly, even&M urea there is significant

to be 27 935 Da. The disagreement between the observedar-Uv CD ellipticity, suggesting that appreciable secondary
and the calculated masses may be accounted for by assumingtructure is still maintained. Figure 2a shows the ellipticity
that Metl is lost from the protein expressed En coli. at 220 nm plotted as a function of urea concentration. It is
Further, the crystal structure shows absence of e|eCtr0nclear|y seen that there is no sharp unfolding transition
density for the first three residues and presence of valine atdetected by far-UV CD, suggestive of a complex multistep
position 163 (alanine in DNA sequence27f. It was  process. The near-UV CD spectra of TIMWT shows a
reasoned that incorporation of valine in place of alanine was negative CD band centered at 280 nm, which may be
due to a translational error during overexpression of TIMWT. assigned to the two Trp residues and seven Tyr residues in
Such translation errors have been reported in several casethe protein. Figure 2b shows near-UV CD ellipticities plotted
during overexpression of heterologous proteing.igoli (32, as a function of urea concentration. A sharp transition is
33). The calculated mass of TIMWT having Metl deleted observed between 4.8 and 8.0 M urea. Eve8iM urea

and bearing A163V mutation is 27 832 Da, in agreement some residual near-UV CD ellipticity is still observed,
with the mass spectral data. The purified enzyme was foundsuggesting that complete loss of tertiary structure is not
to have a specific activity of 78668000 units/mg of protein.  achieved under these conditions.

Unfolding of TIMWT: (A) Unfolding in Urea (i) Intrinsic Taken together, the far-UV and near-UV CD results
Tryptophan FluorescenceTIMWT has two tryptophans in ~ demonstrate the presence of significant secondary and tertiary
each monomer, at positions 11 and 168. The crystal structureinteractions in TIMWT evenri 8 M urea solution. This
of PfTIM reveals that Trp 11 is present at the interface, suggests that the TIMJS barrel is a particularly robust
whereas Trp 168 is present in the mobile active-site loop 6. structure that does not unfold completely even at high urea
In addition, there are seven Tyr residues per monomer inconcentrations. It is interesting to note that there is nonco-
TIMWT. Excitation at 280 nm results in an emission incidence of the far-UV and near-UV unfolding curves,
maximum at 331 nm. The emission maximum is unaffected suggesting the presence of folding intermediates. The
by a shift in excitation wavelength to 295 nm, suggesting presence of significant secondary and tertiary interactions
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FIGURE 2: (a, top) Dependence of CD ellipticity of TIMWT and
Y74Cox at 220 nm#,,q) as a function of urea concentration at 25
°C, pH 8.0. Protein concentrations wer@l8 (100 mM Tris-HCI,

pH 8.0) and the path length was 0.1 mm. The ellipticity value in
absence of denaturant was taken as 100%. (b, bottom) Plot of
unfolding transition of TIMWT as a function of urea concentration.
Unfolding was monitored by near-UV CD at 280 nm atZ5 pH

8.0. Protein concentrations were 28 mM and the path length was 5

Fraction Unfolded

0 SO .
0 2 4 6 8 mm. The ellipticity & 0 M urea is taken as 100%.
Urea Conc. (M) native dimeric species (peak A) can be observed even in 8
FIGURE 1: (a, top) Urea unfolding of TIMWT®) and Y74C () M urea, albeit at a decreased elution volume of 16 mL, as
monitored by following intrinsic tryptophan fluorescence ate5 compared to 16.2 mL in the absence of urea. A new peak

pH 8.0. Protein concentrations were 4 mM in 100 mM Tris-HCI, B begins to eluteri 5 M urea at 14.8 mL. Peak B becomes
pH 8.0. The main panel shows the fraction unfolded for TIMWT significant in 8 M urea and elutes at 14.5 mL. The area

and Y74C plotted as a function of urea concentration. Since the . . :
unfolding transition of TIMWT in urea is incomplete, the fraction under the two peaks is approximately equald M urea.

unfolded was calculated by using the unfolding baseline of Y74Cox. Peak B, which elutes ahead of the native dimeric species,
The mutant protein is completely unfoldey & M urea. The inset probably corresponds to a highly solvated unfolded mono-
shows the raw data used for calculation of fraction unfolded. mer, It is pertinent to note that a partially unfolded dimer
Dependence of fluorescence intensity (331 nm) at varying urea .5not he excluded at this stage. The observation that the

concentrations is plotted in the inset. The plot is normalized by .
taking the fluorescence intensity@M urea as 100%. (b, bottom) unfolded monomer of TIM elutes earlier than the solvated

Urea unfolding of TIMWT @) and Y74C (1) monitored by folded dimer is consistent with previous studies on the
following intrinsic tryptophan fluorescence at 25, pH 8.0. Protein multimeric enzyme actobacillus caseihymidylate synthase
concentrations were 4 mM in 100 mM Tris-HCI, pH 8.0. The main (2) and pyruvate decarboxylasg9. The presence of two
panel shows the fraction unfolded for TIMWT and Y74C plotted peaks at a urea concentratia’® M indicates that equilibra-

as a function of urea concentration. Since the unfolding transition ;. . .
of TIMWT in urea is incomplete, the fraction unfolded was [ON between folded dimer and unfolded monomer species

calculated by using the unfolding baseline of Y74Cox (356 nm). is slow compared to the time scale of chromatography.
The inset shows the dependence of fluorescence emission at varying (B) Unfolding in GdmCI (i) Intrinsic Tryptophan Fluo-
urea concentrations. The emisson maximum of the folded protein yegcence Equilibrium unfolding studies of TIMWT were
Is at 331 nm, which is used for subsequent calculations. performed in GAmCI solutions to compare its conformational
has been demonstrated ir-8 M urea solutions in the case stability in a relatively stronger denaturant. Figure 4a shows
of FK-506 binding protein 35 and bacteriophage 434 the unfolding profile obtained by using intrinsic fluorescence.
repressor 36). TIMWT is completely unfolded ¥ 2 M GdmCI. 1t is

(iii) Size-Exclusion ChromatographyPartially unfolded noteworthy that there is a slight increase in the fluorescence
states of proteins have been known to aggregate at intermeintensity between 0.8 and 1.2 M GdmCl, suggesting the
diate denaturant concentratior3y(38). To characterize the  presence of an intermediate. The increase in the fluorescence
quaternary state of TIMWT in urea solutions, size-exclusion intensity may be due to burial of the tryptophan residues in
chromatography experiments were performed. Figure 3aa hydrophobic environment. However there is no blue shift
summarizes the results of gel-filtration experiments carried in the spectrum observed. Figure 4b summarizes unfolding
out in urea solution on a Superose 6B FPLC column. The studies carried out at various protein concentrations. The
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denaturant. They-axis on the left of the panel indicates the

FiGURE 3 (a, top) Size-exclusion gel chromatography profile of fluorescence intensity (331 nm), while changes in molar ellipticity,
TIMWT carried out on a Superose 6B column following equilibra- 220 are indicated on the right. (b, bottom) Unfolding of TIMWT
tion of the column at the desired urea concentration (100 mM Tris- I GdMCI was monitored as a function of protein concentration
HCI, pH 8.0). Samples were incubated at the desired urea USiNg intrinsic tryptophan fluorescepce. The protein concentrations
concentration before injection onto the column. The elution of the Used were 2, 4, and @M. The protein samples were incubated in
protein was monitored by measuring absorbance at 280 nm. (b, 100 mM Tris-HCI, pH 8.0, at the appropiate GdmCI concentration
bottom) Size-exclusion gel chromatography profile of TIMWT for 1 h prior to measurement of fluorescence.

carried out on a Superose 6B column following equlibration of the

column at the desired GdmCI concentration (100 mM Tris-HCI,  (iii) Size-Exclusion ChromatographyGel filtration carried

pH 8.0). Samples were incubated at the desired GdmCI concentra-out on a Superose 6B FPLC is summarized in Figure 3b. At
fl'v‘;”s brﬁ‘;ogﬁo'tﬁelgcgonrﬁé‘;gﬂﬁ ngsr?)?b;nhc% e;;‘tg’googg‘efggtfl'gi 4arelatively low concentration of GdmCl (0:8.4 M), a peak
volume of the col>l/Jmn was n?easured with blue dextrah (mol wt is observed in the V_Oid volume of the. column that presumat?ly
200 000 Da). corresponds to a high molecular weight aggregate (exclusion
limit 4 x 10° Da). Folded TIMWT elutes at 16.2 mL. At
results show a strong protein concentration dependence ofhigher GdmCI concentrations-(.6 M) both TIMWT and
this intermediate population, suggesting aggregation at low the aggregates are no longer observed and a new peak at
GdmClI concentration. Appearance of aggregates at low 14.5 mL is seen. This may be assumed to be a completely
GdmCI concentrations has been observed in the case of othekNfolded monomeric species. _ _
multimeric proteins such as glyceraldehyde-3-phosphate Modeling of the Disulfide MutantTo define the order in
dehydrogenaset() and pyruvate dehydrogenaskd). which subunit dl_ssomatlon and cha_un unfolding occurs in
B . . _ denaturant solution, a mutant bearing covalent cross-links
(if) Circular Dichroism. Far-UV CD studies also show a  poiyeen the two subunits was designed. The introduction
pronounced loss of secondary structure DM GAmCl ¢ ahorgpriately positioned cysteine residues at the dimer
(Figure 4a). Interestingly, near-UV CD studies, which

! i ) ' : interface should, in principle, permit covalent cross-linking
require high protein concentration (28M), resulted in  ypon disulfide bond formation. PfTIM (TIMWT) contains

protein precipitation for GdmCI concentrations ranging from 3 cysteine residue at position 13 that forms part of the dimer
0.1to 0.6 M. This result suggests that the initial perturbation jnterface. By use of the disulfide modeling program MODIP
of the structure by GdmCI probably result in exposure of (44) developed earlier in our laboratory, Tyf7dn the
certain segments leading to the formation of aggregation- neighboring subunit was identified as a suitable candidate
competent intermediates, resulting in precipitation at higher for mutation to Cys. Since modeling was carried out prior
concentrations. Such effects have been observed earlier into the structure determination of PfTIM, coordinates of
the case of creatinasdZ, 43). trypanosomal TIM (5TIM) were used. This was justified

Elution volume (ml)
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since there is a high homology (40%) between the sequences,
suggesting that the proteins may have similar tertiary
structure. Disulfide modeling using the susequently deter-
mined PfTIM coordinates2/) have indeed validated the
choice of Tyr74 as a candidate for mutation.

Purification and Characterization of Y74CThe mutant
protein Y74C was purified by the same purification protocol
followed for TIMWT and was obtained in high yield. The
mutant protein was air-oxidized to a covalently bridged dimer
(Y74Cox) that had the expected values for free thiols (3/
monomer) and was observed as a 56 kDa protein on

1 2 3 & E-_E!I?_-gglll'l_l
N (R '
desbs.

 wene®

nonreducing SDSPAGE (data not shown). The specific
activity of the protein was found to be 8426 units/mg (94%
of the TIMWT). The UV, fluorescence, and CD spectra were
almost identical to those of TIMWT, suggesting that the
mutation had not resulted in any significant alteration of
protein structure.

Unfolding of Y74C in Urea: (i) Intrinsic Tryptophan
Fluorescence Figure 1a shows the changes in Trp fluores-

cence intensity at varying urea concentrations. The mutant

protein Y74Cox shows a sharp two-state unfolding profile,
in contrast to wild-type protein, which has a broad transition.

The unfolding transition midpoints are centered at 3.5 and

5.5 M urea for Y74Cox and TIMWT, respectively. The

f 2 34 56 TEIWN

T —

FiIGURE5: (a, top) Nonreducing SDSPAGE of TIMMox following

changes in the emission wavelength maximum are shownincubation at increasing urea concentrations at 50 mM Tris-HCI,

in the inset of Figure 1b. TIMWT has an emission maximum
of 340 nm evenn 8 M urea. Y74Cox, on the other hand,
has an emission wavelength of 354 nm 5 M urea,
indicative of the complete exposure of the tryptophan
residues.

Urea unfolding profiles of Y74Cox in urea solution

obtained by fluorescence and CD approximate a two-state

pH 8.0. Lane 1 is TIMWT (marker for monomeric TIM) and lane

2 is TIMMox (marker for dimeric TIM). Lanes-310 correspond

to TIMMox incubated at various urea concentrations: lane 3, 0
M; lane 4, 1 M; lane 5, 2 M; lane 6, 3 M; lane 7, 4 M; lane 8, 5
M; lane 9, 6 M; lane 10, 7 M; and lane 11, 8 M. (b, bottom)
Nonreducing SDSPAGE of carboxamidomethylated TIMMox
following incubation at increasing urea concentrations. All experi-
mental conditions were the same as in panel a except that the protein
TIMMox was alkylated with iodoacetamide prior to incubation in

transition and do not show the presence of stable intermedi-urea solution. Here, lanes-B correspond to the protein incubated
ates over a wide range of denaturant concentrations. Thisat various urea concentrations ranging from 0 to 8 M. Lanes 10

is contrast to the wild-type protein, where the unfolding
results in gradual change in spectroscopic properties.

(ii) Circular Dichroism. Figure 2a shows the unfolding
profiles of Y74Cox and TIMWT followed by monitoring
the changes in the far UV CD spectrum (molar ellipticity at

and 11 are controls for monitoring the mobility of dimeric
(TIMMox, 0 M) and monomeric (TIMWT) protein.

Inspection of the amino acid sequence of TIMWT shows
that there are four cysteine residues present in each monomer.

220 nm). The transition curves show that Y74Cox tends to Formation of two disulfide bridges between preexisting

unfold at a very low urea concentration with a distinct two-

Cys13 and the newly introduced Cys74 results in six free

state transition. The midpoint of transition is centered around thiols in the dimeric protein. The observation of monomeric

3.5 M urea, in contrast to TIMWT, which has a transition
midpoint at around 5.8 M (TIMWT does not completely
unfold by 8 M urea; thus it is difficult to find the exact
midpoint of transition). Instead of the broad unfolding
profile of TIMWT, the mutant protein shows a sharp
transition betwen 3 ah5 M urea. Most of the secondary
structure in Y74Cox is lostyp6 M urea. Figure 2b compares
the near UV CD unfolding profiles of Y74Cox with TIMWT
at 280 nm. Here again, the ellipticity falls much more
sharply for the mutant protein. The midpoint of transition
of Y74Cox and TIMWT are observed at 2.4ce4 M urea.
(iii) SDS—PAGE Analysis of Urea DenaturationFigure

bands at-3.0 M urea is probably the result of thietlisulfide
exchange. The possibility of thiedisulfide exchange
occurring by nucleophilic attack of thiols from the other
subunit is ruled out, as this would have again resulted in
cross-linked dimeric protein. To obtain monomers, exchange
should result by attack of a free Cys on the disulfide-bonded
Cys from the same subunit The occurrence of thiel
disulfide exchange was further supported by carboxamido-
methylation of the free cysteines by iodoacetamide. This
carboxamidomethylated Y74Cox showed only a single
dimeric band at urea concentrations oBtM (Figure 5b).
Lowering the pH to 6.0 reduced the observed monomeriza-

5a shows the electrophoretic pattern for Y74Cox at various tion at urea concentratiorrs3 M significantly, suggesting

urea concentrations undaonreducingconditions. In the

that alteration of nucleophilicity of the free thiol resulted in

absence of urea, Y74Cox migrates at an apparent moleculadiminished exchange.

mass of 56 kDa, clearly corresponding to the covalently

cross-linked dimer. Surprisingly, at urea concentratin3s
M, the dimer band diminishes in intensity, while a new band
corresponding to the monomer appearfsis is possible only

(iv) Size-Exclusion Chromatographylo further examine
the nature of the intermediates during the thidisulfide
exchange, gel filtration studies were carried out. Figure 6
shows the chromatographic profiles of Y74Cox at varying

when the disulfide bridges across the interface are reduced urea concentrations. The mutant protein shows as many as
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TIMWT (folded dimer) Y74Cox (folded dimer)
Urea Y74Cox
8 M 7J\/\/\C—g \Lurea(O-SSM)
urea (0 - 8 M) Disulfide exchange
7™M A\ /\ GdmCl. (0- 0.6 M)
urea (3.5-5M)
M AD AL
v
5M Partially unfolded dimer Unfolded monomer Misfolded Monomer
urea (5 - 6 M)
LB/\*/\—\/\; GAmCl. (0.8 - 1.2 M) L
GAmCL. (1.4 -2.0 M)
2M J\ Unfolded Monomer
1™ J\ Aggregate
oM ‘/\A FiGURE 7: Schematic unfolding pathway of TIMWT in urea and
GdmcCl and Y74C in urea.
0 5 o 15 20 dependence of unfolding and gel-filtration studies. This
aggregation is abolished at higher GdmCI concentrations due
VOLUME (ml)

to breakdown of the aggregate to unfolded monomer. The
FiIGURE 6: Size-exclusion gel chromatography of TIMMox carried  structure of the TIM barrel breaks down completely by 2.1
out on a Superose 6B gel-filtration column. The column was M GdmCl. with the midpoint of transition at 1-51.6 M

preequilibrated with the desired urea concentration (100 mM Tris- . . .
HCI, pH 8.0). The protein sample was incubated at the same ureadeCI' Although the detailed mode of interaction of the

concentration as that of the columm b h before injection. two denaturants is not clear, GdmCI always unfolds polypep-
) tide chains at a much lower concentration than urea.
four peaks at-4 M urea, viz., 16 mL (peak A), correspond-  Generally, proteins denature in the range ef64M urea

ing to the folded dimer; 14.1 mL (peak C), which is pro_bably and 2-3 M GdmCI. The midpoints of transitionC{,) of
similar to unfolded monomer; and 7.0 mL (peak B) in the gome well-studied proteins are compared in Table 1. For
void volume of the column, corresponding to an aggregated yost monomeric proteins, unfolding in urea occurs at a
species. Peak D eluting between peaks B and C may qncentration twice that required in case of GdmCl (with
correspond to partially unfolded monomer foIIowm_g dISU|fId.e the exception of maltose binding protein), suggestive of a
exchange. Clearly the unfolding of Y74Cox in urea is «fo|d rule”. Multimeric proteins on the other hand have a
characterized by seve_ral unusual featuresP.lfalciparum higher ratio Em(urea)Cm(GdmCI)] (with the exception of
TIM there are four thiols per monomer (Cys13, Cys126, poyine growth hormone). This suggests that multimeric
Cys196, and Cys217). The analysis of the crystal structure q1eins may be more susceptible to GdmCl-induced unfold-
shows that Cys126 is closest to the engineered disulfide. Thqng_ For proteins with non-two-state transitions Bgvalue

multiple peaks observed during the unfolding of Y74C in 5y not be an accurate measure of the stability to chaotrope;
urea may be due to unfolding intermediates resulting from p,\vever, C,, values provide some indications for the

thiol—disulfide exchange reactions with more than one Cys ifferences in the interactions of the denaturants with
residue. The occurrence of several intermediates with gitferent classes of proteins. The greater facility for GdmCl-
various elution volumes has been observed during thej,qyced denaturation in the case of oligomers is consistent
unfolding of several disulfide-containing proteins such as yth the view that the protein interfaces are appreciably more
ribonuclease T143), bovine pancreatic trypsin inhibitor o5y than the core of the proteif)( Interestingly, the test
(BPTI) (46), anda-lactalbumin 47). case (TIMWT) here shows dramatic differences in unfolding
characteristics in the two denaturants. TIMWT can therefore
be used as a model to clarify the effect of the two denaturants
The conformational stability of multimeric proteins can on the protein structure. GdmCl, being an ionic molecule,
be measured by equilibrium unfolding studies in urea and is expected to have a stronger destabilizing effect on polar
GdmCl solutions. The unfolding of TIMWT in urea and interactions in protein structures, as compared to urea.
GdmCl suggests dramatically different unfolding pathways Studies on smalt-helices have demonstrated that GdmCl
and mechanisms in the two denaturants. The two possibleis twice as effective as a denaturant compared to urea on a
unfolding pathways in urea and guanidium are representedmolar basis. Equimolar concentrations of urea and salts are
schematically in Figure 7. In urea the protein is quite robust found just as effective as GdmCI in unfoldinghelices 48).
and does not unfold even at a denaturant concentration of 8Urea unfolding of TIMWT was carried out in the presence
M. In sharp contrast the protein is completely unfolded by of several salts suchsal M KCl and 1 M (NH),SO,, but
2 M GdmCI. In principle, tertiary and quaternary structures salts in combination with urea failed to reproduce the effects
are stabilized by virtually similar interactions. Therefore, of GdmCI (data not shown). Calorimetric studies of ribo-
the dissociation of oligomeric protein by denaturants will nuclease, hen egg white lysozyme, and cytochrosu@ggest
cause at least partial unfolding of subunits. Even at very that “binding sites for urea and GdmCI are likely to be
low GdmCI (up to 0.6 M), there is partial unfolding with a formed by hydrogen bonding groups9).
decrease in far UV CD and a minor increase in fluorescence The unfolding studies presented here suggest that the
intensity. These changes result from the exposure of dimeric state of TIMWT is critical in maintaining the overall
aggregation-competent segments as seen from concentratiostability of the protein. In both these denaturants, the

DISCUSSION
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Table 1: Comparison of Urea and Guanidinium Chlor@lgValues for Proteirfs

protein oligomeric state Cnm (urea, M) Cm (GdmCI, M) Cm (urea)Cn, (GdmCI) ref
RNase A monomer 6.6 3.0 2.2 50
RNase T1 monomer 4.6 2.9 1.59 50
Arc repressor monomer 2.65 1.4 1.89 51
barnase monomer 4.57 1.97 2.31 52
barstar monomer 3.76 1.8 2.08 53
PMS-CT monomer 4.3 2.0 2.31 54
maltose binding protein monomer 35 1.05 3.33 55, 56
phosphoglycerate kinase monomer 2.0 0.9 2.22 57
cytochrome P450 monomer 2.8 1.5 1.86 58
ferric enterobactin monomer 5.98 1.95 3.06 59
myoglobin monomer 5 15 3.33 61
tryptophan synthase monomer 4.0 1.9 2.1 60
thioredoxin monomer 5.6 25 2.24 61
bovine growth hormone dimer 8.3 3.8 2.1 62, 63
invertase dimer 5.25 1.6 3.28 64
glutathione transferase dimer 55 15 3.66 65
dipeptidyl peptidase IV dimer >6 1.8 3.33 66
creatinase dimer 5.2 2.0 2.6 67
vitronectin tetramer 6.0 2.8 2.1 68
phosphofructokinase tetramer 2.8 0.6 4.6 69
thymidylate synthase dimer 5.8 1.8 3.22 1
triosephosphate isomerase dimer >6.0 1.4 >4.3 this work

aCn is the denaturant concentration at the midpoint of transition.

initiation of the dissociation spurs the major transitions in its overall stability. The only viable explanation for this
the secondary and tertiary interactions. It is therefore likely observation appears to be that a free thiol group on the
that GdmCI destabilizes some of the critical polar interaction protein exchanges with the intersubunit disulfide resulting
at the interface. The crystal structure of PfTIRF) suggests  in anintrasubunit nonnatie disulfide. Disulfide exchange
that there are a number of critical intersubunit polar contacts reactions during unfolding reactions are well-known in
within a 4 A distance that might contribute largely to this several cases, especiallyddactalbumin and BPTI42, 43).
susceptibility to GdmCI. Another interesting feature is the This interpretation is supported by the fact that monomer-
appearance of an aggregate at low GdmCI concentrationsization as monitored by the nonreducing SEFAGE is

The small but significant increase @, value determined  abolished by prior carboxamidomethylation of the free thiols
for GdmCI unfolding upon increasing protein concentration and by much lower yields of monomer at lower pH. This
may be interpreted as evidence for dissociation to precedeunusual thiot-disulfide exchange precludes a quantitative
chain unfolding. However, consideration of the results comparison of urea unfolding studies of the wild type and
presented in Figure 4B suggest that, even at low concentra-the mutant protein. These observations suggests that further
tions of GAmCI (0.8 M), significant aggregation is observed characterization of the nonnative disulfide-containing TIM

in gel-filtration experiments. Protein association leading to may throw light on the structural changes accompanying the
off-pathway aggregation mediated by partially unfolded urea-induced unfolding.

structures must also be considered. The small increment in

the fluorescence intensity observed at 0.8 M GdmCI may in ACKNOWLEDGMENT

fact argue for the presence of off-pathway aggregation in
this study. Previously, studies on thymidylate synthase
suggested that fragile regions of the dimer interface may be
involved in aggregationl( 2). Covalent bridging of the
dimer interface by disulfide bonds abolished aggrega@pn (
Fluorescence studies on TIMWT suggested the presence o
a tryptophan residues (Trpll or Trp168) in the aggregation-
competent structure.
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