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Abstract 

Thymidylate synthase (TS), a dimeric enzyme, forms large soluble aggregates at concentrations of urea (3.3-5 M), 
well  below that required for complete denaturation, as established by fluorescence and size-exclusion chromatog- 
raphy. In contrast to the wild-type enzyme, an engineered mutant of TS (T155C/E188C/C244T), TSMox, in which 
two subunits are crosslinked by disulfide bridges between residues 155-188‘and 188-155’, does  not show this be- 
havior. Aggregation behavior is restored upon disulfide bond  reduction in  the  mutant protein, indicating the in- 
volvement of interface segments in forming soluble associated species. Intermolecular disulfide crosslinking has 
been used as a  probe to investigate the  formation  of larger non-native aggregates. The studies argue for  the for- 
mation of large multimeric species  via a sticky patch of polypeptide from the dimer interface region that becomes 
exposed on partial unfolding. Covalent reinforcement of relatively fragile protein-protein interfaces may be a use- 
ful strategy in minimizing aggregation of non-native  structures in multimeric  proteins. 
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Protein aggregation and precipitation are problems that fre- 
quently confound studies of protein refolding from concentrated 
denaturant solutions  (Jaenicke, 1987; Fields et a]., 1992;  De- 
Young et al.,  1993b). Insoluble inclusion body formation during 
overexpression of proteins in heterologous systems is probably 
a consequence of  association of non-native  structures (Schein, 
1989). Association and precipitation of proteins have also been 
implicated in the pathology of amyloid formation in  Alzheimer’s 
disease (Come & Lansbury, 1994) and in the neurodegenerative 
disorders caused by prions (Prusiner, 1991; Gasset et al., 1992). 
Folding  intermediates have also been linked to genetic diseases 
in vivo (Bychkova & Ptitsyn, 1995). In  vitro  unfolding experi- 
ments suggest that partially unfolded structures of polypeptides 
show a marked tendency to self associate, as exemplified  in stud- 
ies of  human growth hormone (Brems  et al., 1986) and apomyo- 
globin (DeYoung et al., 1993a). The  formation of large soluble 
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aggregates by partially  unfolded  proteins provides an  opportu- 
nity to examine the structural prerequisites for association of 
non-native  structures. Multimeric proteins are generally prone 
to  aggregation  upon  perturbation of subunit  interactions 
(Jaenicke, 1987; Garel, 1992). In this report, we demonstrate 
that  the wild-type dimeric enzyme, Lactobacillus cusei thymi- 
dylate synthase, forms large soluble aggregates in urea solutions 
at  denaturant concentrations of 3.3-5 M. In sharp contrast,  ag- 
gregation is completely abolished in an engineered mutant  that 
contains two disulfide crosslinks across  the dimer interface, 
which preclude  subunit  dissociation. 

L. cusei TS is a homodimer (M, - 70 kDa) in which the two 
subunits are noncovalently associated. The dimer interface of 
TS is composed primarily of a five-stranded @-sheet, which 
forms a part of a conserved core (Hardy et al., 1987). The di- 
meric structure of this enzyme is obligatory  for its activity, be- 
cause each of the two active sites contains amino acid residues 
contributed by the other subunit (Pookanjanatavip et al., 1992). 
Studies employing absorption spectroscopy have shown that 
wild-type TS undergoes a cooperative  unfolding  transition be- 
tween  3.5 and 5.5 M urea. Refolding and subunit reassociation 
from the urea  denatured state is achieved by dilution with po- 
tassium phosphate  buffer containing 0.5 M potassium chloride 
(Perry et al., 1992). Early analysis using gel filtration and ul- 
tracentrifugation established the aggregation of TS in urea, a 
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process that appeared to be dependent on phosphate concentra- 
tion and temperature (Reinsch et al., 1979). Despite the impor- 
tance of aggregation  and  precipitation,  little is currently 
understood about these non-native structures. To investigate the 
structural requisites and  to analyze the contribution of subunit 
disassembly to aggregation,  it is important  to design mutants 
that  annul aggregation. The present study  demonstrates that 
aggregation is abolished in a mutant enzyme T155C/E188C/ 
C244T, which contains  two symmetrical intersubunit bridges, 
155-188' and 188-155'. The results establish that perturbations 
at  the dimer  interfaces are essential for protein  aggregation. 

Results 

Aggregation of wild-type enzyme 

During the course of a detailed spectroscopic analysis of TS un- 
folding in urea and guanidinium  chloride, the presence of an 
equilibrium  intermediate has been observed (unpublished re- 
sults). Analysis of this stable equilibrium intermediate revealed 
a  population of aggregated species. Concentration/dependent 
unfolding of TSWT with urea is shown in Figure 1. Denatur- 
ation profiles are monitored using excitation energy transfer 
from  the seven tryptophans located on  the protein to an active 
site-labeled AEDANS  fluorophore. TSWT  contains  two  thiol 
groups at Cys 198 and Cys 244. In chemical labeling experi- 
ments,  only Cys 198  is reactive and  no labeling is obtained at 
Cys 244  (see the Materials and methods). Because the active site 
in TS is located at  the dimer interface,  the spectroscopic label 
at this position is expected to report directly the changes that ac- 
company subunit disruptions. Comparison of the unfolding pro- 
files at three  different  protein  concentrations ranging from  0.1 
to 0.9 pM suggest that there is indeed a  dramatic  concentration 
dependence between 3 and 6  M  urea.  Although  a largely two- 
state transition is observed at the lowest concentration,  there is 
clear  evidence for a stable intermediate species at the highest pro- 
tein concentration (0.9 pM). 
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Fig. 1. Urea-induced unfolding profiles of AEDANS-labeled TSWT at 
position Cys 198 for three  different  protein  concentrations at  pH 6.9, 
25 "C. Fluorescence spectra were recorded by exciting Trp residues at 
280 nm and monitoring  the  AEDANS emission spectrum at 480 nm 
through energy transfer. Emission intensity at 0 M urea was taken to 
be 100%. Protein  concentrations are (0) 0.1 pM; (0) 0.45 pM; (A) 
0.9 pM. 

Figure 2 shows a  plot of the emission wavelength maximum 
of the  AEDANS probe,  located at  the active site Cys 198  resi- 
due,  as a  function  of  urea  concentration.  In the native protein, 
an emission maximum of 479 nm is observed, suggestive of a 
relatively hydrophobic  location of the  probe. In the completely 
unfolded state, obtained at 8 M urea (data  not shown), a fluores- 
cence maximum of 490 nm is obtained, indicating appreciable 
exposure of the fluorescent label to  the solvent. At intermedi- 
ate urea concentrations of 3-5 M, an interesting dependence of 
emission  wavelength  with the protein concentrations is observed. 
At  the highest protein  concentration (0.9 pM),  an appreciable 
blue shift of the emission maximum is observed (from 479 to 
472 nm). This blue shift of the AEDANS  probe decreases with 
decreasing protein concentration, suggesting that formation of 
protein aggregates results in a large decrease in the polarity of 
the probe  environment. 

Size-exclusion chromatography 

Wild-type TS 
Figure 3A shows profiles of gel permeation experiments on 

TSWT  carried out  on  an LKB TSK-G3000 SW column (exclu- 
sion limit = 3 X lo5 Da) at urea  concentrations ranging from 
0 to 6 M. The permeation properties of TSK gel have been  shown 
to be unaffected by high denaturant concentrations  (Corbett & 
Roche, 1984).  Native TS elutes at 16.3  mL. With increasing urea 
concentration  (up to 3 M), there was a small decrease in reten- 
tion volume indicative of a  predenaturation swelling of the  pro- 
tein. With further increase in urea  concentrations,  two distinct 
species (peaks  A, B) are observed, between  3.3 and 3.8 M urea. 
Peak  B appears  at a  dramatically reduced retention volume of 
10.2 mL, which is the void volume of the column, indicative of 
a vastly increased hydrodynamic  radius for  the protein.  The 
transition from peak A to peak B is effectively complete by 4  M 
urea. These results conclusively prove that TSWT forms solu- 
ble  aggregates at these intermediate urea concentrations. Indeed, 
an early analysis of TS in urea solutions established the presence 
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Fig. 2. Dependence of the emission maximum of the fluorophore 
AEDANS, labeled at position Cys 198 in TSWT, as a  function of urea 
concentration for three  different protein concentrations. (0) 0.1 pM; 
(0) 0.45 pM; (A) 0.9 pM at  pH 6.9,25 "C. Measurements were carried 
out by excitation through energy transfer from  Trp residues (Aex = 
280 nm). 
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Fig. 3. Chromatographic profiles of (A) TSWT and (B) TSMox con- 
ducted on a TSK-G 3000 SW HPLC column at various urea concentra- 
tions. Column was equilibrated with 25 mM potassium phosphate buffer, 
pH 6.9, and the desired urea concentration.  Peak A corresponds to di- 
mer and peak B is assigned to the aggregated species. The topmost profile 
in B corresponds to the elution profile of TSMox in 6 M urea contain- 
ing 10 mM 0-mercaptoethanol. All the  other profiles are in the absence 
of reducing agent. Protein  concentration,  6.5 FM. Detection was at 
280 nm. 

of protein aggregates using  gel filtration and analytical ultracen- 
trifugation (Reinsch et al., 1979). 

In order to further examine the  nature  and dimension of the 
protein species formed at urea  concentrations greater than 3 M, 
the size-exclusion chromatography experiments were performed 
on a Pharmacia Superose-6 FPLC column, which has a higher 
exclusion limit of 4 x IO' Da. Figure 4 shows the relative pop- 
ulation of different species observed at varying urea concentra- 
tions by Superosed gel filtration.  There  are  three species 
observed during the course of the experiment. Native dimer (elu- 
tion volume 16.4 mL) begins to convert into aggregates (elution 
volume 9.3 mL) in 3  M urea with the transition being completed 
by 4  M  urea.  A new peak  appears (14.9 mL) in 5  M  urea, which 
is the only remaining species at 6 M urea. Assignment of this 
peak  was done based on a comparison with the covalently cross- 
linked mutant (see below). 

Crosslinked bisdisulfde mutant 
(TISSC/E188C/C244T) 
Two symmetry-related disulfide bridges (155-188' and 188- 

155') have been engineered across the subunit  interface of TS, 
at sites chosen on  the basis of an algorithm, MODIP (Sow- 
dhamini et al., 1989), for  the  introduction of stereochemically 
unstrained bridges into proteins. The design, purification, and 
characterization of the  mutant TSMox (T155C/E188C/C244T) 
have been described previously (Gokhale et al., 1994). The re- 
sults of gel filtration experiments on  the covalently crosslinked 
dimer  performed on TSK-G 3000SW are shown in Figure 3B. 
The protein in the absence of urea elutes at 16.4 mL (peak A), 
at a position identical to  the wiId-type enzyme. Unlike TSWT, 
this mutant  protein shows only one peak at all the  urea concen- 
trations studied. Small changes observed  in the retention volume 
of  peak A at increasing urea concentrations probably correspond 
to unfolding and solvation of the dimer.  A very low-intensity 
peak  observed at a position close to the wild-type  species B arises 
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Fig. 4. Relative populations of different  quarternary  states of TSWT 
observed on a Superose-6 gel filtration column at different urea con- 
centrations. All the conditions used  were identical to those  used for TSK-G 
3000 SW HPLC column. Three species observed during  the  course of 
experiment were (0) dimer, (A) aggregate, and (0) monomer. 

from  a small amount of the non-crosslinked dimer. Addition of 
10  mM 2-mercaptoethanol to  the  mutant enzyme at 6 M urea 
results in the complete disappearance of peak A, with the  con- 
comitant  appearanceof peak B in the void volumeof  the column, 
a profile similar to  that of wild-type enzyme at 6 M urea. The 
results were identical on a Superose-6 column also.  There were 
no peaks observed in the void volume, as well as at the 14.3 mL 
peak, as observed in the case of TSWT. Under reducing condi- 
tions at 6  M  urea, TSMox behaves like wild-type protein and 
elutes at 14.3 mL. Because disulfide crosslinking abolishes 
monomerization, this 14.3-mL peak in TSWT  can be assigned 
to solvated unfolded  monomer. Interestingly, the data in Fig- 
ure 1 also establish that there is no protein concentration depen- 
dence after 6 M urea. 

It is noteworthy in the gel filtration experiments that  the na- 
tive dimer has  a  greater  retention volume than  the  unfolded 
monomer. Although this appears counterintuitive at first glance, 
the likely interpretation is that  the unfolded  monomer in dena- 
turant solutions has a much greater hydrodynamic volume than 
the compact folded dimer. Similar observations have  been noted 
earlier in studies of pyruvate decarboxylase (Pohl et al., 1994). 
Studies of TSWT and TSMox in GdmCl solutions yielded qual- 
itatively similar results to studies of the same in urea solutions. 
Subunit dissociation appears  to be complete by 4  M GdmCI, 
with an aggregated state observed between t .5 M and 2  M 
GdmCl  concentrations. 

Molecular  size of TS WT aggregate 
In order to quantitate the results, the Superose-6 gel filtration 

column was equilibrated with proteins of  known Stokes radii. 
The calibration plot obtained using the equation KA'3 = A - 
Ea (where a is the Stokes radii and A and B are constants, 
Kd = V, - V,/V; - V,, where V, is the elution volume and 
and V, are  the included volume and void volume of the col- 
umn, respectively) was used to calculate the Stokes radii of var- 
ious species observed in the gel filtration experiment (Fish et al., 
1969). The calculated Stokes radii for native TSWT, for TSWT 
in 4  M GdmC1, and TSMox in 4 M GdmCl were  29 A, 57 A, and 
75 A, respectively (Table 1). A plot of log molecular weight  ver- 
sus log of Stokes radii of GdmCl  denatured proteins (Fish et al., 
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Table 1. Molecular weights for TS species 

Quaternary Estimated Expected 
" 

TS state R , ( A )  M ,  (Da) M ,  (Da) 

Native TS Dimer 29 70,000 72,000 
TSWT (4 M GdmCI) Monomer 57 34,500 36,000 
TSMox (4 M GdmCI) Dimer 75 59,000 72,000 
TSWT (2 M GdmCI) Aggregate 320 >800,O00 - 

~" 

1970) was used to estimate  molecular weight of species observed. 
The  estimated  molecular weight for  TSWT  at 4 M GdmCl was 
34,500 Da, which is in  close agreement  with  the  reported  mo- 
lecular weight of  the  monomer -36,000 Da.  The  molecular 
weight estimated for  the crosslinked  dimer was 59,000 Da, which 
was slightly lower than  the expected 70,000 Da.  This  may be due 
to  the  fact  that  two  polypeptide  chains  are linked by disulfides 
(Tanford et al., 1974). Using similar calculations, the species cor- 
responding  to peak B in  Figure 3A was  estimated to  have  a very 
large Stokes radii of 320 A (Table 1) and  molecular  mass of the 
order of 800,000 Da, indicative of aggregates formed by greater 
than 20 monomeric  units.  Although  the  Stokes  radii  and  mo- 
lecular mass estimated for  the large  aggregated species in the de- 
naturant  solutions by gel filtration  may  be susceptible to  error, 
it is nevertheless  clear that  the  aggregated  TSWT species ob- 
served  in the  range  of 3.3-5 M urea or 1.5-2 M GdmCl  are clus- 
ters  of several protein molecules. The high molecular weight 
TSWT  aggregates  formed  at  intermediate  denaturant  concen- 
tration, then  undergo a further transition to  solvated monomeric 
species at higher denaturant concentrations. All these  transitions 
correspond  to slow equilibria and,  therefore, discrete species are 
detected  on  the  time  scale  of  the gel filtration  experiment. 

Urea PAGE 

Further  support  for  protein  aggregation is obtained using urea 
PAGE.  Figure 5 shows  the results of gel electrophoresis exper- 
iments  conducted in the  absence  and presence of  urea (4 M and 
8 M)  for  TSWT  and  TSMox.  The  two  proteins  migrate closely 
in the absence  of urea (Fig. 5 ,  lanes  A and B). In lane  A,  TSWT 
shows a minor  smearing  of  the  band.  The  reason  for  such a be- 
havior is not clearly understood,  although  this  was  reproduc- 
ible and  appeared  to  correlate with the  concentration of protein. 
It  should  be stressed that,  on  SDS-PAGE.  both  TSWT  and 
TSMox  behave  identically, yielding sharp well-focused bands 
(Gokhale  et  al., 1994). In lane B, TSMox  migrates slower than 
TSWT. Interestingly, even on  SDS-PAGE,  TSMox moves as a 
105-kDa  species (instead  of 70 kDa).  Electrospray  mass spec- 
trometry  and  analytical  ultracentrifugation  confirmed  the  di- 
meric nature  of  the  protein  (Gokhale et al., 1994). Proteins with 
disulfides  are  known  to  show  anomalous  behavior in gel elec- 
trophoresis experiments (Creighton, 1992). At 4 M urea,  TSWT 
barely enters  the gel and is seen at  the  top  of  the 5% crosslinked 
polyacrylamide gel (lane  C),  confirming  the  formation of  aggre- 
gates with an effective  molecular mass  of several hundred  thou- 
sand  daltons.  In  contrast,  under  these  conditions,  the  mutant 
TSMox  (lane  D)  shows a major  band  and a minor  band,  both 
of which have a considerable  mobility in the gel. The  two  bands, 
which are  somewhat  diffuse,  presumably  arise  from  states in 
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Fig. 5. PAGE of  TSWT and TSMox at different urea concentrations. 
Lane A,  TSWT no urea; lane B, TSMox no urea; lane C, TSWT 4 M 
urea;  lane D, TSMox 4 M urea;  lane E, TSWT 8 M urea;  lane F, TSMox 
8 M urea. Lanes A/B,  C/D, E/F correspond to three independent 
experiments. 

slow equilibrium  at  urea  concentrations close to  the  midpoint 
of  the  unfolding  transition. It has been noted  earlier in trans- 
verse urea  gradient gel experiments that a slight spreading of  the 
protein  bands  occurs in the vicinity of  the  transition  (Golden- 
berg & Creighton, 1984). Lanes E and F compare  the mobili- 
ties of TSWT  and  TSMox  at 8 M urea. It is noteworthy  that  the 
TSWT  once  again  shows  considerable  mobility  and  the  major 
species moves ahead  of  the crosslinked mutant.  The observation 
of several  higher molecular weight species  suggests that, even 
at extreme denaturant  concentrations, a heterogeneous  range  of 
aggregated species are still present,  although  their  molecular 
mass  and  abundance is much less than  that in 4 M urea.  These 
bands  can  also be a consequence of differential urea interactions 
with unfolded  states  of  TS. 

Although it is difficult to  structurally  characterize  the vari- 
ous species observed  during  the  course  of these experiments, it 
is  clear that several  species with varying  stabilities are present 
during  the  unfolding of the  protein by denaturant.  What is im- 
portant in this experiment is to  compare  the  TSWT  and  TSMox 
mobilities across  the  three  different  electrophoretic  runs.  The 
experiments  unambiguously  show  that, in the  absence  of  urea, 
both  the wild-type and  mutant  proteins have  identical  behavior. 
At 4 M urea, wild-type protein  forms large  aggregates that  do 
not  enter  the gel, whereas  the  mutant exists as a partially  un- 
folded  dimer.  At 8 M urea,  the  major  TSWT species is an un- 
folded  monomer, which has a greater  electrophoretic mobility 
than  the  unfolded  crosslinked  dimeric  form  of  the  mutant 
enzyme. 

Noncovalent and reversible nature of TS WT aggregates 

TSWT  has  two  free  thiols  groups  at  Cys 198 and  Cys 244. To 
address  the  question  of  whether aggregation could  be mediated 
by disulfide  crosslinking involving  these  residues, gel filtration 
experiments were carried  out  at 4.5 M urea in the  absence  and 
presence of 1 mM  dithiothreitol.  TSWT showed  aggregation  ir- 
respective of  the presence or absence of  the reducing  agent (data 
not shown). The fact that aggregate formation is a consequence 
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of  noncovalent  interactions is also  confirmed by SDS-PAGE 
(Fig. 6). Samples  of  TSWT  and  TSMox were incubated in 4.5 M 
urea and were run  on  SDS-PAGE  under  both reducing and  non- 
reducing  conditions.  It is noteworthy  that  TSWT  showed  iden- 
tical  mobility  under  both  the  conditions,  with  no  bands 
corresponding  to  higher  molecular weight species. TSMox  had 
an identical  mobility to  the wild-type enzyme in the presence of 
reductant, whereas in the absence of a reducing agent, it had sig- 
nificantly  lower  mobility  owing to  the  covalent  crosslinking of 
the  two  subunits. 

The  aggregate  process  observed  at  the  intermediate  denatur- 
ant  concentrations is reversible. Although  the  refolding  from 
6 M urea is achieved quantitatively,  renaturation  from these  in- 
termediate  concentrations  can  be accomplished only  up  to 80% 
levels (unpubl. work).  Moreover,  this  refolding is concentration 
dependent,  and  the best yields are obtained at lower temperatures, 
suggestive of  aggregation mediated by hydrophobic patches from 
protein. 

Disulfide crosslinking as a probe of dimer  integrity 

TS  mutant  protein  (T155C/E188C/C244T) is expressed in the 
reduced form in Escherichia coli. Disulfide  formation  can  be 
forced by 5,5'-dithiobis(2-nitrobenzoic acid)  crosslinking to  
form bis-disulfide  bridges (155-188',  188-155') across the inter- 
face. Single mutants  TI55C  and  E188C  independently  do  not 
form  any  intersubunit  crosslinks, i.e., 155-155' and 188-188' 
(unpubl. results),  underlying the  importance of appropriate ste- 
reochemistry required for disulfide formation. In this  experiment, 
disulfide  crosslinking  was used to investigate the  perturbations 
at  the  dimer  interface of the  protein.  TSMred  protein was  in- 
cubated  at  varying  urea  concentrations (0-6 M)  for 1 h,  after 
which disulfide crosslinking  was carried  out using  DTNB. Sam- 
ples were then  loaded on  the  SDS-PAGE  under  nonreducing 
conditions.  Figure 7 shows the densitometric  scan analysis of the 
gel. At 0 M urea,  the  majority of the  protein is in the crosslinked 
dimeric form, with approximately 16% in the  monomeric  state. 
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Fig. 7. Densitometric scan of a SDS-PAGE gel showing relative pop- 
ulations of species observed with  varying  urea concentrations. TSMred 
samples were  incubated at different urea concentrations and crosslinked 
using DTNB. Samples were  run  under nonreducing conditions. (0) di- 
mer; (0) monomer; (A) aggregate. 

This number gives the basal level of crosslinking, under the given 
conditions.  This  ratio of dimer  to  monomer is maintained  up 
to  3  M urea.  At 3.5 M urea, new bands  appear  on  the gel with 
reduced mobility.  These high molecular weight species observed 
are disulfide  crosslinked  aggregates, because these bands  are  ab- 
sent  on  the  reducing  SDS-PAGE gel. Bands  corresponding to  
covalently  crosslinked  aggregates are observed upon incubation 
in urea  up  to 5.5 M.  At 6 M urea, 80% of the  protein is in the 
monomeric  form, whereas 20% is in the dimeric state.  There  are 
no  aggregates  observed  at 6 M urea.  The  observation of 
disulfide-bonded  aggregates in the case of TSMred  requires that 
the  thiol  residues 155 and 188 undergo  dramatic  changes of en- 
vironment at intermediate denaturant concentrations. Aggregate 
formation must  then be preceded by profound  structural disrup- 
tion of the  interface. It is noteworthy  that crosslinking is effec- 
tive in the  associated  species,  because  disulfide  formation 
requires  proximity  and  appropriate  stereochemistry of the  two 
Cys residues (Srinivasan et al., 1990). Crosslinking of aggregated 
species at 3-5 M urea  has been shown in the  case of rhodanase 
using dimethyl  suberimidate  (Horowitz & Butler, 1993). 

Discussion 

Association  of  proteins  at relatively  low denaturant  concentra- 
tions  may  occur via partially  unfolded  intermediates  that serve 
as aggregation competent  structures (Have1 et al., 1986). Aggre- 
gation involving non-native  structures is likely to  be  mediated 
by specific interactions  (London  et al., 1974). For  example, in 
the  case  of  bovine  growth  hormone, a segment responsible  for 
aggregation  has been  identified as  an  amphipathic helix span- 
ning  residues 109-133 (Lehrman et al., 1991). In the case of in- 
sulin,  two critical  residues, Pro B28 and Lys B29, have been 
identified that  can  alter its self-association (Brems et al., 1992). 
There has been some  debate  on  the  nature of the associating spe- 

Fig. 6- SDS-PAGE of TSWT and TSMox under reducing condition cies, with several reports  favoringpartially  unfolded intermedi- 
( 1  mM P-mercaptoethanol) and nonreducing conditions, after samples ates as the aggregation competent structures. H ~ ~ ~ ~ ~ ~ ,  in  the 
were incubated at 4.5 M urea  in 25 mM potassium phosphate buffer, 
p~ 6.9, a  condition where aggregation of TSWT is established. Lane apomyglobin case,  recent studies suggest that c o m ~ l e f e l ~  un- 
1, TSWT nonreducing buffer; lane 2, TSMox nonreducing buffer; lane folded species are responsible for  aggregation  (DeYoung et al., 
3, TSWT reducing buffer; lane 4, TSMox reducing buffer. 1993a). The  complete  abolition  of aggregation in the bis-disulfide 
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mutant  of  TS, suggests that elements of  the  dimer interface  may 
be involved  in promoting  protein  association.  Equilibrium  un- 
folding  experiments with TSWT establish that a  partially  unfolded 
dimeric  intermediate is stabilized by aggregation  (unpubl. re- 
sults). It is likely that  partial  unfolding  and  disruption  of  inter- 
actions  at  the  dimer  interfaces  could yield an  intermediate 
structure  that  associates via sticky  patches. 

Figure 8 provides a schematic  representation of such  an  ag- 
gregation  process  that, in principle,  could result in the  forma- 
tion of both  open  and closed aggregates.  Such  aggregation is 
reminiscent of  the  formation of micellar structures by amphi- 
pathic molecules. In the  proposed  model,  partial  unfolding  and 
disruption  of  intersubunit  interactions  at  the  dimer  interface 
yields an  intermediate  structure  that is now poised for aggrega- 
tion by means  of a sticky  patch  of  polypeptide, exposed to  the 
solvent. In the  case  of  TS,  the  dimer  interface  can  be divided 
into  two  regions of interacting  surfaces  as  indicated in the  pro- 
jection  drawn in the  Figure 9, which also  shows  the  position  of 
the  interfacial  bonds in the covalently  bridged mutant.  The  top 
region, which contains  the segment from residues 155-188, has 
significantly  fewer interactions  than  the lower region, which 
comprises  the  segment 18-37.200-220, 254-259 (Hardy  et al., 
1987). Interactions  involving  the 153-188 segment are  presum- 
ably weaker than  those  obtained in the  other region of  the in- 
terface. The  TS  dimer  interface  contains several polar residues, 
and  both  electrostatic  and  hydrogen  bonding  interactions  con- 
tribute  appreciably to dimer  stability. In the region under  con- 
sideration,  Thr 155, Ser 156, Glu 163, Arg 178, Arg 179, and 
Glu 188 participate in polar  contacts. Recent calorimetric  stud- 
ies of  the  interaction  of  urea  and  GdmCl with proteins suggest 
that  the  denaturant molecules bind to  proteins  at sites that per- 
mit  several  hydrogen  bonding  interactions  (Makhatadze & 
Privalov, 1992). Invasion  of  dimer  interface by urea and  GdmCl 
at  intermediate  denaturant  concentration  may weaken intersub- 
unit contacts  at regions  involving  clusters of  polar  interactions. 
A  plausible model  for  aggregation might then involve swiveling 
of the  TS  dimer  about a noncovalent  hinge  located in the 
stronger region of  the interface, after denaturant-induced  break- 
down  of  attractive  interactions in the  weaker  top region.  Al- 

TSMor AGGREGATE '.' 

Fig. 8 .  Schematic  of  the  mode of aggregation of dimeric  proteins  with 
fragile,  sticky  interfaces. The  protein  dimer is viewed perpendicular  to 
the  twofold axis. The engineered disulfide bridges are  marked in the  mu- 
tant  protein, which prevents swiveling motion  at  the  interface.  Crevices 
between  the  two  semi-cylinders  indicate  the  interfacial  interactions. 

Fig. 9. Ribbon  diagram  of  the L. cusei thymidylate  synthase  dimer 
showing  the  location of symmetrically  disposed  intersubunit  disulfide 
bridges  (155-188'and 188-155'). Sidechains of thesecysteine  residues 
are  superimposed  on  the  ribbon in different ball sizes. C'' atoms  are 
small  shaded circles, whereas  the  sulfur  atoms  are  large  dotted circles. 
MOLSCRIPT  (Kraulis, 1991) was used to generate  the  ribbon  drawing 
with the  coordinate set 4TMS  (Brookhaven  Protein  Data  Bank). Disul- 
fide  bridges  were  generated  using  the  program MODIP  (Sowdhamini 
et  al., 1989). 

though  Figure 8 is actually  an exaggerated  version of events 
accompanying  the  aggregation process,  this illustration  empha- 
sizes the  role of interface segments. 

The specificity of molecular  interactions involved in aggregate 
formation  has been noted in early classical studies  of  ribonu- 
clease  A  (Crestfield  et al., 1962) and is reminiscent  of  a recently 
proposed  model  for  domain  swapping  as a  general  mechanism 
for  the  evolution  for  the  oligomeric  proteins  (Bennet  et al., 
1994). Covalent bridging at interfaces in oligomeric  proteins with 
relatively weak interface  may  provide  a  general approach  to sta- 
bilization under  denaturing  conditions  (Gokhale et al., 1994). 
The use of  disulfide bridging as described in the paper necessarily 
requires  the  availability of a high-resolution  three-dimensional 
structure. If the Cys residues are introduced at stereochemically 
inappropriate positions, the resulting covalent crosslink may in- 
deed destabilize  native  interface  interactions.  The  positioning 
of  the  interface  disulfide  bridges  may  also be important, with 
reinforcement of weak regions being likely to result in enhanced 
multimer  stability.  Covalent  bridging  may  also  enhance  the  ef- 
fective native  noncovalent  interactions at interfaces, because the 
absence of dissociation  would increase the "effective concentra- 
tion" of interacting residues. Such  effects  have indeed been sug- 
gested in the  case  of  intramolecular  interactions in globular 
proteins  (Creighton, 1983). The  molecular  characterization  of 
aggregated species, in cases where interfaces are perturbed at low 
denaturant  concentration, may  provide useful models for defin- 
ing the  structural pre-requisites for aggregation-prone  segments 
in proteins.  From a practical  viewpoint,  rational design of mu- 
tant  proteins  that display vastly diminished  aggregation  tenden- 
cies can  have  biotechnological  applications. 

Materials and methods 

Procedures  for protein  isolation, purification, mutagenesis, and 
characterization  of  mutant  protein  have been described  earlier 
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(Gokhale et al., 1994). All the reagents used were of analytical 
grade or better and were purchased from Bio-Rad, Sigma, and 
Merck. Urea was recrystallized from boiling ethanol to remove 
residual impurities. Iodo N-(acetylaminoethyl)-5-napthylamine- 
1-sulfonic acid (1,5-1AEDANS) was purchased from Molecu- 
lar  Probes. 

Fluorescence studies 

For IAEDANS labeling, 4.5  mg protein was  dissolved  in 200 pL, 
100 mM Tris-C1, pH 8.0, 1 mM EDTA. 1,5-1AEDANS was 
added to a  final  concentration of 1.5 mM and incubated for 
30 min in the  dark. Cysteine (6 mM) was added to quench the 
reaction.  The  reaction mixture was passed through  a Sephadex 
G-15 gel filtration  column  equilibrated with 25 mM potassium 
phosphate buffer,  pH 6.9, to remove excess label. TSWT  con- 
tains two cysteines at positions Cys 198 and Cys  244. The label- 
ing in TSWT was  selectively achieved at Cys 198.  Cys  244  is not 
accessible for labeling. This was confirmed by labeling the mu- 
tant C244T of TS, which  yielded identical extent of  labeling. The 
stoichiometry of labeling was calculated by using an extinction 
coefficient of 6,300 M"  cm" at 336 nm for the AEDANS and 
10,700 M"  cm" at 278 nm for  the protein. About 1.6 mol la- 
bel per mol enzyme was obtained. These results are in close 
agreement with the earlier reports  of the extent of  thiol label- 
ing of TSWT (Bradshaw et al., 1979). Dansylated protein was 
incubated at different urea  concentrations in 25 mM potassium 
phosphate  buffer, pH 6.9, for 1  h  before recording the spectra. 
Fluorescence spectra were recorded on a  Hitachi 650-60 spec- 
trometer by exciting the protein at 280 nm and monitoring  dan- 
syl  emission  excited by energy transfer. Excitation and emission 
band pass were 5  nm. 

Size-exclusion chromatography 

Gel filtration experiments were carried out on  an LKB Ultrospec 
TSK-G 3000 SW column (manufacturers exclusion  limit 3 x 105 
for proteins) using an LKB  2150 HPLC pump or on a Pharma- 
cia Superose-6 column  (manufacturers' exclusion limit 4 X lo7 
Da  for proteins) using a Pharmacia  FPLC system. For experi- 
ments  performed on  the TSK-G 3000 SW column, 6.5 pM  pro- 
tein was incubated at  the required concentration of urea for 1 h 
in 25 mM potassium  phosphate buffer,  pH  6.9 (1 h of equili- 
bration time has been standardized using spectroscopic meth- 
ods). Fifty microliters of this sample was injected onto the 
column  equilibrated at  the same  urea  concentration and buffer 
(flow rate  0.1 mL/min, detection 280 nm). For experiments on 
the Superose-6 column, 3 pM  protein was incubated for 1 h at 
the required urea or GdmCl  concentration in 25 mM potassium 
phosphate buffer. Sample was injected on  the column equili- 
brated with 25 mM potassium phosphate buffer, pH 6.9,150mM 
sodium  chloride, and  the required denaturant concentration 
(flow rate  0.2 mL/min, detection 280 nm). 

PAGE 

Electrophoresis was conducted on a 5-20% polyacrylamide gra- 
dient gel in absence or in presence of 4 M and 8 M  urea.  The 
reservoir contained 25 mM Tris-glycine buffer,  pH 8.8, and the 
required amount or urea. The  ratio of acrylamide to N,N- 
methylene-bis-acrylamide was  30:0.8 (w/w); 30 pM protein was 

incubated for 1 h in 25 mM potassium phosphate buffer, pH 6.9, 
containing 0 M, 4 M or 8M urea. Glycerol was added to a  final 
concentration of 10% (v/v) and 30 yL of this sample was loaded 
onto the gel. SDS-PAGE were run on 10% acrylamide gels as 
described by Lammeli (1970). 
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