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ABSTRACT: Urea and guanidinium chloride induced unfolding of thymidylate synthase, a dimeric enzyme,
and engineered interface mutants have been monitored by circular dichroism, fluorescence, and size-
exclusion chromatography. Equilibrium unfolding studies show biphasic transitions, with a plateau between
3.5 and 5 M urea, when monitored by far-UV CD and fluorescence energy transfer employing an
(aminoethylamino)naphthalenesulfonyl (AEDANS) label at the active site residue, Cys198. AEDANS
was also specifically incorporated at position Cys155 in the mutant protein T155C. Direct excitation of
this extrinsic fluorophore in the wild type protein (labeled at Cys198) and mutant T155C (labeled at
Cys155) showed remarkable differences in the unfolding profiles. C155 AEDANS has a transition centered
at 3.5 M urea, which is in contrast to Cys 198 AEDANS (5.5 M urea). Unfolding studies monitored by
following intrinsic fluorescence of Trp residues which are located in a small structural domain suggest
that this region of the protein is intrinsically fragile. The stable equilibrium intermediate is identified to
be an ensemble of partially unfolded aggregated species by gel filtration studies. The chaotrope-induced
denaturation of TS appears to proceed through a partially unfolded intermediate that is stabilized by
aggregation. Dissociation and loss of structure occur concomitantly at high denaturant concentrations.
Introduction of two symmetrically positioned disulfide bridges across the dimer interface in the triple
mutant T155C/E188C/C244T (TSMox) stabilized the protein against denaturant-induced unfolding.
Aggregate formation was completely abolished in the mutant TSMox, which also enhanced the overall
structural stability of the protein. Structural reinforcement of the fragile interface in thymidylate synthase
results in dramatic stabilization toward chaotrope-induced unfolding.

Multimeric enzymes provide an attractive system for
investigating spontaneous self-assembly of protein structures
and for examining regulatory interactions between subunits.
Quaternary structure constitutes one of the most complex
levels of structural organization in biological macromol-
ecules. Analysis of the unfolding transitions of multimeric
proteins may be useful in establishing the hierarchy of events
that occur during denaturation (Garel, 1992; Jaenicke, 1987).
Equilibrium unfolding studies have so far provided consider-
able information on stable intermediate states in small,
monomeric proteins. To delineate the transition states and
folding pathways in these proteins, equilibrium and kinetic
parameters of refolding of the wild type proteins are
compared with engineered mutants (Fersht, 1994; Zitwewitz
& Matthews, 1993; Shortle, 1992). Experimental studies
have unequivocally established that the native state of protein
is reached via formation of folding intermediates (Ptitsyn,
1995; Kuwajima, 1989; Kim & Baldwin, 1990). In an
important study Peng and Kim (1994) showed that the native-
like tertiary fold is preserved in a molten globule state.
Under certain conditions one can enrich equilibrium inter-

mediates to characterize these states. Engineering protein
mutants which abolish such states should assist in structural
characterization. Multimeric proteins on the other hand have
been less extensively studied (Neet & Timm, 1994), although
they provide an opportunity to assess the relative stabilities
of intra- and inter-subunit interactions. Reversible unfolding
studies of large, oligomeric proteins are hampered by the
difficulty of achieving quantitative refolding.

Lactobacillus caseithymidylate synthase (TS), a ho-
modimer (monomerMr ∼35 kDa) provides an attractive
system for investigating the unfolding characteristics of a
dimeric enzyme (Carreras & Santi, 1995). A high-resolution
(2.3 Å) three-dimensional crystal structure is reported for
this protein (Hardy et al., 1987; Finer-Moore et al., 1993).
The enzyme has been cloned and overexpressed in the
Escherichia coliauxotroph (∆thy-) (Pinter et al., 1988).
Further, the construction of a synthetic gene with 31 unique
restriction sites (Climie & Santi, 1990) makes TS an
attractive candidate for extensive mutagenesis studies. Pre-
liminary studies of TS denaturation in guanidinium chloride
(GdmCl) solutions, using intrinsic fluorescence and a non-
specific extrinsic label, suggested that unfolding and subunit
separation appeared to occur concomitantly (May et al.,
1976). A detailed analysis of TS in urea and GdmCl1
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solutions using fluorescence, gel filtration, and ultracentrifu-
gation established aggregation in denaturant solutions, a
process which was dependent on phosphate concentration
and temperature (Reinsch et al., 1979). A more recent report
employing absorption spectroscopy has shown that wild type
thymidylate synthase (TSWT) undergoes a cooperative
transition between 3.5 and 5.5 M urea. Refolding and
subunit association from the urea-denatured state are achieved
by rapid dilution with buffer containing 0.5 M potassium
chloride (Perry et al., 1992). Since the earlier reports of
denaturation of TS appeared fragmentary, a detailed inves-
tigation of the unfolding of TSWT was undertaken. In order
to dissect the processes of dimer dissociation and chain
unfolding during denaturation, the unfolding behavior of a
bisdisulfide cross-linked mutant, T155C/E188C/C244T
(TSMox), was compared with TSWT. The bisdisulfide
mutant differs significantly from the wild type enzyme in
that it does not precipitate at high temperature, in contrast
to TSWT which has a precipitation temperature of 52°C.
Furthermore, the covalently cross-linked mutant showed a
remarkable thermal stability as monitored by the assay of
enzymatic activity and circular dichroism (Gokhale et al.,
1994).
In the present study we report unfolding of TS in urea

and GdmCl solutions using the following probes: (i) Far-
and near-UV circular dichroism (CD) as monitors of
polypeptide secondary and tertiary structures, respectively.
(ii) Intrinsic tryptophan fluorescence as a reporter of the
environment of seven Trp residues in TS that cluster in one
domain of the structure. (iii) Fluorescence energy transfer
from Trp residues to the active site Cys198S-(aminoeth-
ylamino)naphthalenesulfonyl (AEDANS) label, which serves
as a probe of the integrity of the tertiary structure of the
protein. (iv) Size exclusion chromatography to establish the
presence of aggregation at intermediate denaturant concen-
trations. The bisdisulfide mutant (TSMox) assists in separat-
ing the effects due to dissociation from the unfolding process.
These results identify the fragile region in the structure of
TSWT, which upon partial unfolding at intermediate urea
and GdmCl concentrations forms aggregates involving
interface segments. This associated species retains ap-
preciable secondary structure although the tertiary interac-
tions appear to have been diminished, suggestive of an
“aggregated molten globule” state. Two inter-subunit dis-
ulfide cross-links impart appreciable stability to the protein
by covalently locking weakly interacting regions of the dimer
interface.

EXPERIMENTAL PROCEDURES

Procedures for protein isolation, purification, mutagenesis,
and characterization of the mutant protein have been
described earlier (Gokhale et al., 1994). All the reagents
used were of analytical grade. Urea was recrystallized from
boiling ethanol and dried in a vacuum oven.
Unfolding Studies.All denaturation experiments were

carried out in 25 mM potassium phosphate buffer, pH
6.9, 0.5 mM EDTA (buffer A). Protein samples were
incubated for 1 h at the desired denaturant concentration
before the measurements were made in order to ensure
equilibrium. Preliminary experiments with varying incuba-
tion times indicated that equilibrium was achieved within a
few minutes.

Fluorescence. Emission spectra were recorded on a
Hitachi 650-60 spectrofluorimeter. Intrinsic tryptophan
fluorescence intensity was monitored at varying concentra-
tions of urea. Protein samples (1µM) were excited at 280
nm, and the emission intensity at 340 nm was followed.
Excitation and emission band passes of 5 nm were used.
Labeling of the ActiVe Site Cysteine 198 by 5-(2-((Io-

doacetyl)amino)ethyl)aminonaphthalene-1-sulfonic Acid
(1,5-IAEDANS). 150 µM protein was dissolved in 100
µL of 100 mM Tris-HCl, pH 8.0, 1 mM EDTA buffer.
1,5-IAEDANS was added to it to a final concentration of
1.5 mM and incubated for 30 min in the dark. Cysteine was
added to a final concentration of 6 mM and incubated for
30 min to quench the reaction. Free label was removed by
passing through a Sephadex G-15 gel filtration column
equilibrated with buffer A. The extent of labeling was
estimated using an extinction coefficient of 6100 M-1 cm-1

at 337 nm for 1,5-IAEDANS (Hudson & Weber, 1973). TS
contains two thiol groups at Cys 198 and Cys 244. In the
labeling experiments, only Cys 198 was found to be reactive
and no label was obtained at Cys 244. About 1.6 mol of
label per mole of enzyme dimer was obtained, a value which
is in accordance with the previous reports of thiol labeling
in TS (Bradshaw & Dunlap, 1993). In the presence of the
substrate deoxyuridine monophosphate, proteins could not
be labeled, indicating that the only reactive thiol is the active
site Cys 198 residue. A similar extent of labeling was
obtained for the C244T mutant of TS, further confirming
that the label is present only at Cys 198.
AEDANS Labeling at Position Cys155.The fluorophore

was specifically incorporated at position 155 by specifically
blocking the active site Cys198 with FdUMP, a well-known
mechanism-based inhibitor of TS (Santi & McHenry, 1972).
200µM TSWT was incubated with 450µM FdUMP (reac-
tion volume 100µL) at 25°C for 1 h. FdUMP modification
of the active site nucleophile C198 was monitored by meas-
uring its specific activity. A 10-fold molar excess of
IAEDANS was added to this mixture, and the reaction was
incubated at room temperature for 2 h. The excess label
was quenched and then separated through a gel filtration
column.
Fluorescence spectra of AEDANS-labeled protein were

recorded at a protein concentration of 0.45µM. Spectra were
recorded by excitation at 280 nm (energy transfer through
Trp residues) and 340 nm (direct dansyl absorption).
Fluorescence emission intensity of AEDANS-labeled protein
was monitored at 480 nm.
Circular Dichroism. CD spectra were recorded on a

JASCO J500A spectropolarimeter equipped with a DPN 501
data processor. Far-UV CD spectra were recorded using a
0.1 mm path length cuvette and a protein concentration of
7 µM for the urea denaturation experiments. Near UV-CD
spectra were recorded in the region of 250-300 nm using a
protein concentration of 8.1µM and 5 mm path length. CD
band intensities are expressed as molar ellipticities.
Size Exclusion Chromatography. Gel filtration experi-

ments were carried out on a Pharmacia Superose-6 column
(manufacturer’s exclusion limit, 4× 107 Da for proteins)
using a FPLC system. 3µM protein was incubated for 1 h
at the required urea or Gu-HCl concentration in buffer A.
100 µL of this sample was injected on the column equili-
brated with 25 mM potassium phosphate buffer pH 6.9,
150 mM sodium chloride, and the required denaturant
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concentration (flow rate, 0.2 mL/min, detection, 280 nm).
Three distinct peaks were obtained during the experiment.
Native dimeric TS eluted at 16.5 mL, and aggregated TS at
intermediate denaturant concentrations eluted in the void
volume at 7.4 mL (in GdmCl solutions) or at 10 mL (in urea
solutions). Unfolded monomeric TS eluted at 14.2 mL (4
M GdmCl) and 14.9 mL (6 M urea). Fractions of the
individual species were calculated using the relative areas
of the chromatogram peaks.

RESULTS AND DISCUSSION

Urea-Induced TSWT Unfolding. L. caseithymidylate
synthase contains seven tryptophans, as shown in Figure 1,
in which the spatial location of Trp residues are mapped on
the structure. Trp63 is located on helix B, Trp82 in the loop
between helix C and helix D, residues 85 and 90 on helix
D, Trp150 on the helix G, Trp153 in the loop between helix
G and helix H, and Trp185 on the loop between strand V
and helix I [the notation for the helix and strand segments
follows the original description of the crystal structure (Hardy
et al., 1987)]. The changes in intrinsic tryptophan fluores-
cence intensity as a function of urea concentration are shown
in Figure 2. An approximate two-state transition is observed
between 3 and 5 M urea with the transition midpoint at the
denaturant concentration of 4.2 M. The profile is qualita-
tively similar to that reported earlier by following the
absorption band of Trp at 294 nm (Perry et al., 1992). It
may be noted that the transition observed in the present study
occurs at slightly lower urea concentration. The tryptophan
fluorescence data provides an incomplete picture of the
unfolding, since only the changes in the local environment
of these residues are probed. Interestingly, in TS the Trp
residues are clustered in one region of the protein (Figure

1). Four of these Trp residues are located on helices, and
the other three are on the loops connecting secondary
structural elements. This unfolding profile thus primarily
reflects the stability of helices in this region.
Circular dichroism studies, on the other hand, provide more

global information about the structure. The near-UV CD
spectra of TSWT with the increasing denaturant concentra-
tions are shown in Figure 3. The changes in the near- and
far-UV CD molar ellipticity at 290 and 220 nm, respectively,
are plotted as a function of urea concentration (Figure 4).
When the aromatic side chain CD bands, resulting primarily
from the Trp residues (290 nm) are monitored, a sharp
transition is observed at 3.5 M urea, with complete abolition
by 4 M urea. In contrast, the unfolding transition monitored
by the peptide backbone CD bands is distinctly “non-two-

FIGURE 1: CR tracing of the crystal structure ofL. caseithymidylate synthase dimer drawn using the program MOLSCRIPT (Kraulis,
1989). Two modeled inter-subunit disulfide bridges across the 2-fold symmetry of the molecule are displayed in ball-and-stick (155-188′
and 188-155′), as are the side chains of Trp residues and Cys198.

FIGURE 2: Plot of tryptophan fluorescence intensity (%) at
340 nm as a function of urea concentration. Protein concentration,
0.85 µM, excitation wavelength, 280 nm. Fluorescence intensity
in the absence of urea was taken as 100%.
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state”, with a partially structured intermediate observed in
the region of 4-5 M urea. The plateau in the unfolding
profile is indicative of a stable intermediate species that is

predominantly populated over the urea concentration range
of 4-5 M urea. The two transitions are centered at 3.6 and
5.8 M urea. These results are considered in greater detail
subsequently when a comparison is made with engineered
mutants.
To delineate the unfolding of a relatively large protein such

as thymidylate synthase, it is necessary to place spectroscopic
markers at different locations in the structure. Appropriately
positioned probes should yield information on relative
stabilities of the different regions of the protein structure.
Fluorescence energy transfer experiments between two
distinct domains are ideally suited for this purpose. We have
used the Trp and AEDANS groups as a donor/acceptor pair
to provide an energy transfer probe. The AEDANS group
is located at the active site residue Cys198 (see Figure 1).
TSWT also has a free thiol at position Cys244, which
however, remains inert during the chemical labeling experi-
ments (see Experimental Procedures). Figure 5 shows the
changes in AEDANS fluorescence intensity as a function of
urea concentration by direct excitation (λex ) 340 nm) and
indirect excitation by energy transfer from Trp residues (λex
) 280 nm). The unfolding transition of TSWT, when moni-
tored by direct excitation of the extrinsic fluorophore shows
a cooperative transition centered around 5.5 M urea. In sharp
contrast, when energy transfer from Trp residues is moni-
tored, two distinct transitions centered at around 3.3 and 5.2
M urea are observed. There is very little change in the
fluorescence energy transfer efficiency between 3.5 and 5
M urea, suggesting a stable equilibrium intermediate at these
denaturant concentrations. These observations parallel those
made using the backbone CD bands as a probe. It is note-
worthy that in the case of direct excitation there is substantial
fluorescence intensity even at high urea concentration (>7
M), whereas the energy transfer from Trp residues is totally
lost. This may be a consequence of local structure persistent
even at 7 M urea. It is pertinent to note that NMR studies
of proteins at high urea concentrations have provided
evidence for appreciable residual structure (Wu¨thrich, 1994).
ComparatiVe Studies of TSWT Unfolding in GdmCl

Solutions. Analysis of TSWT unfolding was also carried
out in guanidinium chloride (GdmCl) solutions in order to
compare the effects of two denaturants, which may differ in

FIGURE 3: Near-UV CD spectra of wild type thymidylate synthase
(TSWT) at different urea concentrations. Protein concentration,
8.1µM. Spectra were recorded using a path length of 5 mm at 25
°C.

FIGURE 4: CD ellipticities of TSWT at 220 and 290 nm monitored
as a function of urea concentrations. Ellipticity value in the absence
of urea is taken as 100%. Far-UV CD spectra (0) were recorded at
a protein concentration of 7µM using a path length of 0.1 mm.
For near-UV CD (9) a protein concentration of 8.1µM and a
5 mm path length were used.

FIGURE 5: Unfolding of TSWT followed by employing the
fluorescence of AEDANS-labeled protein. Emission intensity at 480
nm was monitored by exciting the extrinsic fluorophore through
energy transfer from Trp residues at 280 nm and by directly exciting
the probe at 340 nm at 25°C. Protein concentrations were 0.9µM.
(2) λex ) 280 nm, (4) λex ) 340 nm.

Thymidylate Synthase Unfolding Biochemistry, Vol. 35, No. 22, 19967153

+ +

+ +



their detailed mode of interactions with the protein (Ma-
khatadze & Privalov, 1992). Unfolding profiles of TSWT
in GdmCl solutions obtained using fluorescence and CD
approximate to a two-state transition and do not show any
indication of stable intermediates over wide range of
denaturant concentration. A detailed analysis of the unfold-
ing curves shows transitions at distinct denaturant concentra-
tions when determined using different optical probes. This
is suggestive of the presence of a stable equilibrium
intermediate(s) during unfolding (Cantor & Schimmel, 1980).
Figure 6 depicts the fraction of the unfolded form of TSWT
as a function of GdmCl concentration, monitored using three
different spectroscopic probes, namely, Trp-AEDANS energy
transfer, direct AEDANS excitation, and far-UV CD. The
errors estimated in the determination of the unfolding curves
are less than 5%. The denaturation curves obtained by
following Trp-AEDANS energy transfer show a gradual
unfolding with the transition centered around 1.8 M GdmCl.
The AEDANS emission intensity followed upon direct
excitation does not detect any structural change up to 1.6 M
GdmCl, above which a sharp transition takes place. The
unfolding curve obtained by monitoring ellipticity at 220 nm
displays a transition after 1.4 M GdmCl, suggesting that the
secondary structure is perturbed prior to alterations in the
environment of the AEDANS moiety. It is clear that the
unfolding transition in GdmCl occurs at significantly lower
concentrations than in urea solutions. This is not surprising
since the former is known to be a more powerful denaturant
(Pace, 1986). The absence of a plateau in the GdmCl-
induced unfolding process may be due to the fact that the
intermediate species is not stable over a substantial window
of denaturant concentration. This may be contrasted with
the case of urea in which a distinctive stable intermediate
species is observed (see Figures 4 and 5). The non-
coincidence of unfolding profiles obtained using different
unfolding spectroscopic probes has generally been interpreted
as evidence for equilibrium intermediates.
Subunit Dissociation of TSWT.Size exclusion chroma-

tography studies were performed with TSWT to identify the
quaternary state of the protein at various denaturant con-
centrations. Figure 7a shows the chromatographic profiles
of TSWT at 0, 4, and 6 M urea concentrations. It can be

observed that the protein elutes at three different retention
volumes (marked A, B, and C in Figure 7a). Analysis of
gel chromatography studies carried out at high denaturant
concentration can sometimes be difficult to interpret due to
the effect of the denaturant on the column matrix. To
confirm the nature of the protein species, comparative studies
were carried out with the mutant protein TSMox. Engineer-
ing of two disulfide bridges (155-188′ and 188-155′) across
the dimer interface links the two subunits covalently prevent-
ing dissociation (Agarwalla et al., 1996). Chromatographic
profiles of TSMox at varying denaturant concentration do
not show any dramatic changes in the retention volumes
(Figure 7b), as observed for TSWT. There is a steady
decrease in retention volume due to the solvation and un-
folding of the dimer. Addition of 10 mM 2-mercaptoethanol
to the mutant protein, reduces the disulfide bonds (TSMred);
the protein then behaves as wild type enzyme (Figure 7b).
On the basis of these observations, the peak B, that elutes
in the void volume of the column, can be assigned to
aggregated protein speciesand the peak C can be assigned
to thesolVated unfoldedmonomer. Interestingly the unfolded
monomer elutes before the folded dimer. The relative
populations of species of TSWT observed on gel filtration
employing varying concentrations of urea and GdmCl are
shown in Figure 8. Protein aggregates are observed in both
the denaturants, although the aggregated species in GdmCl
is present over a very narrow range of denaturant concentra-
tion. It is clear from the gel filtration that the formation of
aggregated species precedes the formation of unfolded
monomers. Indeed, protein aggregates has been observed
in several systems (Havel et al., 1986; Horowitz & Butler,
1993) and may be a general feature due to the tendency of
partially unfolded states to interact with one another in order
to cover up the exposed hydrophobic surfaces.

Studies of TSWT, TSMred, and TSMox in Urea Solutions.
The changes in secondary and tertiary interactions in the three
proteins were monitored by circular dichroism studies. The
far-UV CD spectra of the mutant protein TSMred are
identical to that observed for TSWT, indicating that the thiol
interface mutations do not perturb the overall structure of
the protein. There is a small 4% decrease in the molar
ellipticity observed for the covalently bridged dimer TSMox,
as compared to the TSWT. The changes in the molar
ellipticity of these proteins at 220 nm are plotted as a function
of urea concentration in Figure 9. TSWT and TSMred show
a biphasic transition with a plateau between 3.5 and 5 M
urea. The TSMred unfolding curve shows a shift in the
midpoint of the transition by 0.4 M toward higher urea
concentration, suggesting a marginal stabilization of the
protein, in comparison to TSWT. In contrast, for the
disulfide-bridged dimer TSMox, there is no discernible
plateau in the unfolding profile. A broad transition is
observed at about 5.5 M urea which may be compared to
the second transition of TSWT and TSMred. Interestingly,
the changes inΘ220, which are a reflection of secondary
structure content, are much smaller for TSMox compared
to TSWT and TSMred. This is strongly suggestive of
stabilization of secondary structure by disulfide bridging. It
is noteworthy that the dimeric interface of TS is composed
of two interacting five-strandedâ-sheets. Covalent bridging
across the interface prevents the inter-subunit dissociation,
which in turn, may contribute to the stabilization of sheet.

FIGURE6: Fraction of unfolded species of TSWT protein monitored
at varying concentrations of GdmCl, monitored using three different
spectroscopic parameters: (O) CD ellipticity at 220 nm, emission
intensity at 470 nm (3) of AEDANS by exciting at 280 nm using
energy transfer from Trp residues, and (0) by directly exciting the
AEDANS at 340 nm.
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The loss of ellipticity in the near-UV CD spectra with
increasing urea concentration for the three proteins is plotted
in Figure 10. The near-UV CD band at 290 nm shows a

remarkable shift in the unfolding transition for the TSMox
protein. Whereas TSWT and TSMred have lost the 290 nm
band by 4 M urea, TSMox shows a marginal 30% decrease.

FIGURE 7: Changes in quaternary state of wild type thymidylate synthase and mutants observed at different concentrations of urea in a gel
filtration experiment. Column was equilibrated with 25 mM potassium phosphate buffer, pH 6.9, 150 mM NaCl, and the required concentration
of urea. 100µL of 3 µM protein solution was loaded on the column after preincubating the protein at appropiate urea concentration for
1 h. Flow rate was 0.2 mL/min, and detection was at 280 nm. Three typical states of TSWT protein are shown in panel (a) marked A, B,
and C for folded dimer, partially unfolded aggregate, and unfolded monomer, respectively. Panel b shows the profiles for the inter-subunit
cross-linked mutant protein TSMox. Panel c shows the effect of reducing disulfide bridges in the mutant protein, TSMred, on its quaternary
state.

FIGURE 8: Relative populations of all the species observed by gel filtration chromatography at varying concentrations of denaturants urea
and GdmCl. The relative populations are calculated by determining the area under the curve for each species. The number of data points
used for generating this graph are labeled on theX-axis.
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The transition in the case of TSMox is complete by 7 M
urea. The results in Figure 10 strongly suggest that even
tertiary interactions have been stabilized by intermolecular
disulfide bridging. Inhibition of dissociation also appears
to strengthen the folded states of individual subunits.
Analysis of TS Unfolding Using a Fluorescent Label at

Position Cys155.A dramatic stabilization of the mutant
protein TSMox toward denaturation suggested that a dimer
interface may be critically involved in the early stages of
the unfolding process. The TS mutant T155C was chosen
to position a thiol at the interface, which could then be
labeled with an AEDANS reporter group. The catalytic
residue Cys198 lies on aâ-strand that forms a part of the
interface. However, this residue does not make any contacts
with the neighboring subunit. Figure 11 shows that there is
a dramatic difference in the unfolding profiles obtained using
reporter groups at positions 155 and 198. In the latter case
a clear transition centered at 5.5 M urea is observed. In
contrast, when the label is positioned at residue 155, the
perturbations are observed immediately. This suggests that
the environment around the residue is affected even at very
low denaturant concentrations. In both cases there is a
5 nm blue shift in the emission maximum at intermediate
urea concentrations (3.5-5 M), suggestive of the burial of

the fluorophore in protein aggregates. The relative sensitivity
of the Cys 155 AEDANS label to low urea concentrations
suggests that interface perturbations involving this segment
probably occur in the very early stages of urea-induced
unfolding. Inspection of the structure shown in Figure 1
reveals relatively few inter-subunit contacts in the “top”
region of the interface which contains the residue 155. The
“lower” segment of the interface has a very substantial
number of inter-subunit contacts and is presumably signifi-
cantly robust. The stabilization of TS to denaturants
imparted by disulfide bridging across the weaker region of
the interface is clearly understandable, if this segment is
indeed prone to unfold upon perturbation.

CONCLUSIONS

In considering strategies to stabilize proteins, in general,
it is necessary to identify structural regions which are in fact
most susceptible to environmental influences. Inspection of
protein three-dimensional structures does not provide a
conclusive method for identifying “weak spots” in protein
folds. Experimental investigations of the structural events
that occur upon unfolding provide an opportunity to identify
segments that are most labile even at low denaturant
concentrations. Protein unfolding/refolding studies in urea
and GdmCl solutions have focused on the identification of
equilibrium and kinetic intermediates. In the case of kinetic
studies, considerable effort has been directed toward estab-
lishing the time scales on which secondary and tertiary
structure formation occurs. Equilibrium studies have largely
centered around characterization of intermediates for which
the all-encompassing term “molten globule” has been coined
(Okazaki et al., 1994; Hayer-Hartl et al., 1994; Peng & Kim,
1994). For rational approaches toward understanding the
protein folding problem, structural information on the species
populated at different stages in the unfolding studies may
be particularly relevant (Redfield et al., 1994). The present
study provides an example in which disulfide engineering
has resulted in imparting appreciable stabilization toward
chaotrope-induced denaturation. The sites for reinforcement
do indeed appear to correspond to protein segments that are

FIGURE 9: Changes in molar ellipticity at 220 nm are monitored
as a function of urea concentration. The protein concentrations used
(7 µM) for recording the spectra were identical for all the three
proteins. Ellipticity in the absence of denaturant was taken to be
100%. (b) TSWT, (1) TSMox, (0) TSMred.

FIGURE10: Urea unfolding monitored for TSWT (b), TSMox (1),
and TSMred (0) by following the near-UV CD ellipticity at 290
nm. Protein concentration, 12µM. The ellipticity at 0 M urea was
taken to be 100%.

FIGURE 11: Unfolding of thymidylate synthase monitored by
following the fluorescence intensity of AEDANS labeled at
positions 155 and 198. Label was specifically incorporated at
positions Cys155, in the mutant protein T155C, after covalently
blocking the active site cysteine (Cys198) with FdUMP, and
labeling at Cys198 was achieved in TSWT. The probe was excited
at 340 nm, and intensity changes were monitored at 470 nm.
AEDANS at Cys155 (3), AEDANS at Cys198 (1).
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most susceptible to perturbation by denaturants. The pos-
sibility of engineered disulfides having global effect on
protein stability must also be considered.
The studies described in this report attempt to separate

the processes of chain unfolding and subunit dissociation in
urea and GdmCl solutions for wild typeL. caseithymidylate
synthase (TSWT). Figure 12 summarizes the key results of
the unfolding study. Unfolding profiles using two distinct
spectroscopic probes, namely, CD ellipticity at 220 nm and
fluorescence energy transfer from the clustered Trp residues
to an active site dansyl label, reveal the presence of an
equilibrium intermediate that is stable over a urea concentra-
tion range of 3.5-5 M. Gel filtration experiments establish
that this intermediate is composed of associated protein
species. Monomeric species are exclusively observed only
at concentrations greater than 6 M urea. The studies clearly
demonstrate that aggregation precedes subunit dissociation.
The unfolding studies on covalently cross-linked engineered
mutant, containing two inter-subunit disulfide bridges,
TSMox, abolish aggregation at intermediate denaturant
concentrations. The unfolding profiles show classical two-
state behavior. The reduced mutant behaves in a manner
similar to wild type enzyme. These results provide strong
circumstantial evidence for the involvement of the dimer
interface segments in the aggregation process. The fragile
region of the interface is presumably disrupted, permitting
protein-protein association via aggregation competent seg-
ments. The crystal structure does provide, in principle, a
clue to potentially weak segments. Interestingly, the covalent
cross-links have been introduced into a region of the interface
which harbors the fewest inter-subunit contacts. The intrinsic
Trp fluorescence and the behavior of AEDANS label at
position 155 provide further evidence for early structural
perturbations of this segment, since the seven Trp residues
are located in a small domain of structure which contains
Cys 155.
These studies suggest the pathway for the unfolding ofL.

caseithymidylate synthase as shown (Scheme 1). DN and

D* are the native folded dimer and partially unfolded dimer,
respectively, while A corresponds to an aggregated state and
MU is the unfolded monomer. The equilibria indicated by
solid arrows would correspond to a situation in which
aggregates form via an intermediate dimeric state. Mono-
merization probably occurs via a D* to MU pathway such
that the aggregate corresponds to an off-pathway process.
The possibility of the collapse of the aggregated state directly
to the unfolded monomers (broken equilibrium) can also be
considered. However, our concentration dependent unfolding
studies show no aggregate formation at very low concentra-
tions. Interestingly, refolding from the aggregated state is
achieved at lower efficiency than that from the completely
unfolded, monomeric state (unpublished results), suggesting
that the aggregate is not an obligatory intermediate in the
refolding pathway. A similar model has indeed been
proposed for bovine growth hormone (bGH) where studies
have shown that the formation of this bGH folding inter-
mediate and its aggregation are separate processes; however,
in this case, formation of a monomeric intermediate precedes
aggregation (Brems et al., 1988). The soluble aggregates
of TSWT are in contrast to insoluble aggregates of apomy-
globin, which are formed in the denatured state and do not
require the involvement of an intermediate (De Young et
al., 1993).
The loss of the near-UV CD and quenching of tryptophan

fluorescence of the aggregated intermediate are indicative
of diminished tertiary structure, while appreciable secondary
structure is still retained (ellipticity at 220 nm). These
observations are consistent with the “molten globule-like”
state for the intermediate. ANS binding experiments did not
show any enhanced dye binding at intermediate denaturant
concentrations. It may, however, be noted that molten
globule states of proteins do not necessarily demonstrate
enhanced ANS binding as exemplified by barnase mutants
(Sanj & Fersht, 1993). Multimeric proteins like creatinase
(Schumann & Jaenicke, 1993), tumor necrosis factor (Hlodan
& Pain, 1994), and triosephosphate isomerase (unpublished
results) have been shown to retain their quaternary state in
the molten globule form. For large proteins, generalized
terms like “molten globule” may indeed be structurally
uninformative. It is easy to envisage situations in which
well-organized local domains of structure are retained in the
equilibrium intermediate which are characterized by the
presence of secondary and tertiary structure. It is almost
certain that the use of spectroscopic techniques with much
higher degrees of resolution, like NMR, will result in
identification of such situations. The term molten globule
may indeed be a better descriptor of the methodology used
to identify the equilibrium intermediate rather than a satisfac-
tory structural description of the state itself. Even with the
limited resolution of fluorescence, there is a possibility of
varying the position of the probe within the protein structure
by introducing single cysteine residues with site-directed
mutagenesis. CD, on the other hand, is intrinsically limited
to providing low-resolution global information. At the
present time, structural interpretations of unfolding profiles

FIGURE 12: Summary of urea unfolding transitions and quaternary
states of thymidylate synthase as a function of urea concentration.
The CD ellipticity at 220 nm (3) and the fluorescence intensity of
AEDANS at 470 nm (1) excited through an indirect transfer from
Trp residues show biphasic transitions. The gel filtration data are
mapped on these unfolding transitions to show that the plateau
observed at intermediate urea concentration corresponds to an
aggregated state. The two transitions observed during the unfolding
pathway correspond to the transition from folded dimer to partially
folded aggregate and from this aggregated state to an unfolded
monomeric state.

Scheme 1. Unfolding Pathway of TSWT
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need to be validated by studies on appropriately designed
mutants. Identification of Achilles’ heels in protein structures
provides a means of engineering stability, as exemplified in
these studies.

ACKNOWLEDGMENT

We are grateful to M. K. Mathew, National Centre for
Biological Science (TIFR) Bangalore, for the use of
FPLC system and to Gautham Nadig for help in generating
Figure 1.

REFERENCES

Agarwalla, S., Gokhale, R. S., Santi, D. V., & Balaram, P. (1996)
Protein Sci. 5, 270-277.

Bradshaw, T. P., & Dunlap, R. B. (1993)Biochem. Biophys. Acta
1163, 165-175.

Brems, D. N., Plaisted, S. M., Havel, H. A., & Tomich, C. C. (1988)
Proc. Natl. Acad. Sci.U.S.A. 85, 3367-3371.

Cantor, C. R., & Schimmel, P. R. (1980)Biophysical Chemistry,
Vol. 3, pp 1075-1104, W. H. Freeman & Co., New York.

Carreras, C. W.& Santi, D. V. (1995)Annu. ReV. Biochem. 64,
721-762.

Climie, S. C., & Santi, D. V. (1990)Proc. Natl. Acad. Sci. U.S.A.
87, 633-637.

DeYoung, L. R., Dill, K. A., & Fink, A. L.Biochemistry 32, 3877-
3886.

Fersht, A. R. (1994)Curr. Opin. Struct. Biol. 5, 79-84.
Finer-Moore, J. S., Fauman, E. B., Foster, P. C., Perry, K. M., Santi,
D. V., & Stroud, R. M. (1987)J. Mol. Biol. 232, 1101-1116.

Garel, J. R. (1992) inProtein Folding(Creighton, T. E., Ed.) pp
405-454, W. H. Freeman & Co., New York.

Gokhale, R. S., Agarwalla, S., Francis, V. S., Santi, V. S., &
Balaram, P. (1994)J. Mol. Biol. 235, 89-94.

Hardy, L. W., Finer-Moore, J. S. Montford, W. R., James, M. O.,
Santi, D. V., Stroud, R. M. (1987)Science 235, 448-455.

Havel, H. A., Kauffman, E. W., Plaisted, S. M., & Brems, D. N.
(1986)Biochemistry 25, 6533-6538.

Hayer-Hartl, M. K., Ewbank, J. J., Creighton, T. E., & Hartl, U.
(1994)EMBO J. 13, 3192-3202.

Hlodan, R., & Pain, R. H. (1994)FEBS Lett. 343, 256-260.
Horowitz, P. M., & Butler, M. (1993)J. Biol. Chem. 268, 2500-
2504.

Hudson, F. M., & Weber, G. (1973)Biochemistry 12, 4154-4161.
Jaenicke, R. (1987)Prog. Biophys. Mol. Biol. 49, 117-237.
Kim, P. S., & Baldwin, R. L. (1990)Annu. ReV. Biochem. 59, 631-
660.

Kraulis, P.(1991)J. Appl. Crystallogr. 24946-950.
Kuwajima, K. (1989)Proteins: Struct., Funct., Genet. 6, 87-103.
Makhatadze, G. I., & Privalov, P. L. (1992)J. Mol. Biol. 226, 491-
505.

May, A. L., Cheung, H. C., Aull, J. L., & Glickson, D. L. (1976)
Biochem. Biophys. Res., 73, 653-658.

Neet, K. E., & Timm, D. E. (1994)Protein Sci. 3, 2167-2174.
Okazaki, A., Ikura, T., Nikaido, K., & Kuwajima, K. (1994)Nat.
Struct. Biol. 1, 439-445.

Pace, C. N., (1986)Methods Enzymol. 131, 266-279.
Peng, Z., & Kim, P. S. (1994)Biochemistry 33, 2131-2141.
Perry, K. M., Pookanjanatavip, M., Zhao, J., Santi, D. V., & Stroud,
R. M. (1992)Protein Sci. 1, 796-800

Pinter, K., Davisson, V. J., & Santi, D. V. (1988)DNA 7, 235-
241.

Ptitsyn, O. B. (1995)Curr. Opin. Struct. Biol. 5, 74-78.
Redfield C., Smith, R. A. G.,& Dobson, C. M. (1994)Nat. Struct.
Biol. 1, 23-29.

Reinsch, J. W., Smith, L. L., & Dunlap, R. B. (1979)Cancer
Biochem. Biophys. 3, 57-64.

Sanj, J. M., & Fersht, A. R. (1993)Biochemistry 32, 13584-13592.
Santi, D. V., & McHenry, C. (1972)Proc. Natl. Acad. Sci. U.S.A.
69, 1855-1857.

Schumann, J., & Jaenicke, R. (1993)Eur. J. Biochem 213, 1225-
1233.

Shortle, D. (1992)Q. ReV. Biophys. 25, 205-250.
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