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ABSTRACT: Molecular chaperones GroEL and GroES facilitate reactivation of denatured rhodanese which
folds poorly unless the process is assisted. The present work tests the hypothesis that more extensively
unfolded forms of rhodanese bind tighter than those forms that appear later in the folding pathway. The
study of the interaction of different urea-induced forms of rhodanese with GroEL suggests that species
preceding the domain folded form bind directly and productively to GroEL. Rhodanese partially folds
while in the GroELl--GroES-ADP complex, but it does not significantly reach an active state. Partially
folded rhodanese can be released from the GroGtoES-ADP complex by subdenaturing concentrations

of urea as a homogeneous species that is committed to fold to the native conformation with little or no
partitioning to the aggregated state. Dilution of denatured rhodanese to the same final concentration gives
less active enzyme and significant aggregation. Urea denaturation studies show that active rhodanese
released from complexes behaves identically to native enzyme, while spontaneously folded rhodanese
has a different stability. These results are interpreted using a previously proposed model based on studies
of unassisted rhodanese folding [Gorovits, B. M., McGee, W. A., and Horowitz, P. M. (E288him.

Biophys. Acta 1382120-128. Panda, M., Gorovits, B. M., and Horowitz, P. M. (2000Biol. Chem.

275 63-70].

The molecular chaperones are multimeric proteins that play phobic. The active form of the enzyme contains four cysteine
a major role in folding, trafficking, and assembly of proteins residues that are all reduced5f. Its crystal structure is
in the cell. The most widely characterized molecular available (5, 16). There are two main difficulties in
chaperones are Grokj.a 14 subunit oligomer (14mer) from  reactivating rhodanese after complete unfolding. First, oxida-
Escherichia coliand its regulatory protein GrogSa 7mer. tion of one or more sulfhydryl groups leads to the formation
In vivo, the GroE system is involved in the folding 65— of disulfide-linked misfolded conformations that are difficult
10% of proteins chains to their native three-dimensional to reduce. Second, folding intermediates of rhodanese contain
conformations §, 4). GroEL is able to bind labile folding  solvent exposed hydrophobic surfaces, making them prone
intermediates and prevent irreversible side reactions thatto aggregation2, 17). The yield of active enzyme from
compete with folding §—7). For productive binding and  spontaneous refolding is very low predominantly because
release of substrate proteins under most circumstances, ATRf these non-native folding reactions. Successful recovery
binding and hydrolysis are necessa8). (In some cases, it  of active rhodanese can be achieved only by the suppression
is also dependent on the presence of GroBS§( 9). of these two side reactions. Binding of unfolded protein to
Molecular chaperones do not contain any information for GroEL and subsequent addition of GroES and ATP to the
determining proper folding. The information for the folding stable binary complex lead to significantly reactivated
of a polypeptide chain into its functional three-dimensional rhodanese. Normally, the reactivation of rhodanese from the
conformation is present solely in the amino acid sequence GroEL—rhodanese complex needs subsequent addition of
(10). GroES and ATP 13, 14). This requirement of GroES and

Multidomain proteins often fold with low efficiency in  ATP can be removed by the addition of ure&8); Thus,
vitro due to unproductive interactions among domains during when stable GroEtrhodanese complexes are treated with
folding process 11). The enzyme rhodanese (thiosulfate 2.5 M urea, active enzyme is released.
transferase, EC 2.8.1.1) has become an important model for -, yhis investigation we show that low concentrations of
studying mole(_:ular chaper_one-medmtgd protem_foldh's]g( urea that do not denature rhodanese can release active
.9' 12-14). This monomeric_enzyme 1s fOIde.d Into_two, enzyme from the initial complexes as a homogeneous species
mdepgndent, equal—§|ze domallns_. The dO”.‘a'”.S are t'ghtlythat is committed to reach the native conformation. In this
associated, and the interdomain interface is highly hydro- way, urea can be used as a probe to study the interaction

between rhodanese and GroEL. We show that for successful
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Rhodanese can partially fold in the GroEGroES-ADP calculated based on the activity of native enzyme that had

complex to yield a conformation that is committed to fold been subjected to the refolding conditions.

to its native conformation. This partially folded state inside () GroEL and GroES PurificationGroES and GroEly,

the GroEL cavity is not active. were purified as described previousl23( 24). Protein

concentration was determined by the BCA meth®§).(

EXPERIMENTAL PROCEDURES (vi) Preparation of [“C]GroEL. “C-Labeled GroEkL, was
ReagentsUrea was of electrophoresis purity and was prepared by reductive methylation using sodium cyanoboro-

purchased from Bio-Rad. SDS, acrylamide, and bis-acryl- hydride and “Clformaldehyde in 0.1 M sodium phosphate,

amide were from Fischer Scientific (Pittsburgh, PA). pH 8 (26).

[**C]lodoacetic acid was from Amersham. BEAwvas (vii) Preparation of Monomeric GroEL with Ure&lono-
purchased from Pierce (Rockford, lll). Other chemicals were meric GroEL was prepared by incubating GroEL in refolding
from Sigma. buffer which was made 2.5 M in urearft h at 258 C (27,

Methods. (i) Rhodanese PurificatidRecombinant bovine  28).
rhodanese was purified as described previously and stored (viii) Gel Electrophoresis of GroEEGroES-Rhodanese
at—70 °C as a crystalline suspension in 1.8 M ammonium ADP ComplexNondenaturing gel electrophoresis was used
sulfate containing 1 mM sodium thiosulfated). Rhodanese  as described previously2®). Tris borate buffer (2 M), pH
was desalted on a G-50 column before use. Rhodanese.5, was used to get clearer bands. Gel was dried under
concentration was determined using a valuéi, 2sonm= vacuum onto Whatman 3 MM paper. Radiolabel was de-
1.75 @0). tected by using a storage phosphor screen and a Phosphor-
(i) Rhodanese AssayRhodanese activity was measured Imager from Molecular Dynamics.
using a colorimetric method based on the absorbance at 460 (ix) Measurement of Percent of Rhodanese Prodebti
nm of the complex formed between the reaction product, Bound to GroEL Rhodanese (M) was incubated at
thiocyanate, and ferric ior2(). different urea concentrations in 50 mM TrisCl, pH 7.8, for
(iii) Preparation of *“C-Labeled Rhodanes&C-Labeled 16 h at 25°C. Incubated samples were diluted to 0!
rhodanese was prepared by carboxymethylation of the activein refolding buffer containing 2.5M/protomer GroEL and
site cysteine residue (Cys 214) usiig-labeled iodoacetic 2.5 M/protomer GroES. ATP (2 mM) was added, and the
acid. The method followed was the same as previously samples were incubated at 26 for 90 min. Aliquots (100

described 21, 22). _ _ uL) of each sample were assayed for activity by incubating
(iv) Unfolding-Refolding of Rhodanesor unfolding, 9 the assay mixtures for 10 min at 26. For a control, 0.11
uM of rhodanese was denatured for at leas at 25°C in uM of native rhodanese was incubated fh at 25°C in

50 mM TrisCl, pH 7.8, and contain;n8 M urea. For  refolding buffer to which was added different concentrations
spontaneous refolding, unfolded rhodanese was diluted toof urea. Aliquots (10Q:L) of each sample were assayed for
0.11uM and allowed to refold in 50 mM TrisCl, pH 7.8, 10 min at 25°C. The same control experiment was performed
containing 50 mM thiosulfate, 10 mM KCI, 10 MM Mg€l  using 9uM native rhodanese denatured in 50 mM TrisCl,
0.2 M 8 mercaptoethanol (refolding buffer) for 18 h. The pH 7.8, containing different concentrations of urea for 14 h
results were independent of the presence of a reductant duringat 25 °C. These samples were then diluted to 0uM in
denaturation. For binding to GroEL, denatured rhodanese wasrefolding buffer containing corresponding concentration of
diluted to 0.11uM and allowed to refold in the refolding  urea and incubated further at 26 for 2 h. The profile was
buffer containing 2.5uM/protomer GroEL and 2.5M/ identical to the former one (data not shown), which indicated
protomer GroES and, last, either 2 mM ADP or ATP. The that 3 h ofincubation gave equilibrium values. All activity
incubation was continued for at least 1.5 h at°25 values were normalized using 100% activity for native
For equilibrium denaturation of either native rhodanese, rhodanese subjected to refolding conditions. To calculate the
spontaneously refolded rhodanese or the GroBLoES- percent of rhodanese productively bound to GroEL, normal-
rhodanese ADP complex, samples were diluted to give 0.11 jzed activity values of the control set were subtracted from

uM of rhodanese in refolding buffer to which the indicated the corresponding normalized activity values of rhodanese
urea concentrations were added, and they were allowed toin the presence of GroELGroES-ATP.

incubate either fo3 h or for 18 h.Both the profiles were (x) Fluorescence Spectroscopic Studies and Light Scat-
essentially identical for all the sample described above.  tering, All fluorescence measurements were performed using
To assay the successful reactivation, 100 of the 3 Fluorolog-3 (Jobin Yvon-Spex) spectrofluorimeter. For

incubating enzyme were added to 1 mL of assay mix and ryptophan fluorescence measurement, the excitation wave-
incubated for 10 min prior to stopping the reaction. For |ength was set at 295 nm and emission spectra were taken
GroEL—GroES mediated rhodanese refolding, 15 rindhs- from 315 to 500 nm. The excitation and emission slit widths
1,2-diaminocyclohexankkN,N',N'-tetraacetic acid was used \yere each 1 nm. For light scattering experiments, both
in the assay mix to stop the further refolding during assay. excitation and emission wavelengths were set at 340 nm with

To measure the activity during equilibrium unfolding and g 5 nm slit widths. All fluorescence values were corrected
refolding, the same concentration of urea was added to theysing appropriate buffer blanks.

assay buffer and the profile was identical to that with no
urea in the assay buffer. The percent reactivation was RESULTS

1 Abbreviations: CMR, carboxymethylated derivative of rhodanese; .Rh.Odanese Should Be Exteredy UnfOIdeq Prior t.o
BCA, bicinchonic acid; bis-ANS, 44fianilino-1,1-binaphthyl-5,5  Binding to GroEL Rhodanese unfolds through intermediates
disulfonic acid; EcDHFREschericia colidihydrofolate reductase. that represent a separation of its two domains in a process
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A Reactvation-Based Method for Assessing Interactions of
Rhodanese with GroEIA second method was used to assess

109 87 6 5 4 3 2 1 the binding of rhodanese by measuring the ability to refold
rhodanese that had been pretreated with different concentra-
tions of urea. Figure 1B is a control showing the activity-
detected denaturation of native rhodanese treated at different
urea concentrations. The activity remains constant up3®
M urea and then declines with no detectable activity beyond
6 M. Figure 1C shows the results of an experiment in which
native rhodanese was preincubated at different urea concen-
trations and then diluted into refolding buffer containing

BB HE s s

£ 1997 Bl LT PP B GroEL, GroES, and ATP (see Materials and Methods).
{5 80 " Figure 1C is derived from the differences in activity between
§ 607 ' the GroEL-GroES treated samples and the control urea
g 407 " denaturation. The data are presented as the percent of
207 = rhodanese that is productively bound to GroEL as a function
07 . : ‘ : = ""l““f“'j . of the urea concentration used for preincubation. Zero on
80 2 4 6 8 the ordinate indicates the same activities for rhodanese that
g [Urea] M . was released from the complex and native rhodanese and
5, 507 L indicates no productive binding of rhodanese. Higher values
§§ 40 . c indicate that rhodanese has been bound and productively
%5 20 . refolded (described in detail in the Experimental Procedures).
85 7| o The activity values of the complex were very similar to that
£° ofesmwmmawsusmmunas for native rhodanese up ¥ M urea. Beyond this concentra-
: 1 3§ 4 & & T ITTTiTTS tion, the difference in the activity values and hence the
[Urea] M at which rhodanese was preincubated binding of rhodanese to GroELES increased and a reached
prior to the addition to assisted refolding solution. maximum When the rhOdanese had been pretreatﬁﬁ M

Ficure 1. Effect of urea on the binding of rhodanese to GreEL  yrea, where rhodanese lacks detectable secondary structure
GroES complex and its release as active protein. (A) Phosph0|mage(1 20, 30)

analysis of the binding to GroELGroES of*“C carboxymethylated : - .
rhodanese fCICMR) treated with different urea concentrations. 1 nere is no binding of rhodanese to GroEL, when it is
Lane 1 corresponds to nati¥C]CMR, lane 2 is 1*C]GroEL, lanes treated beler 4 M urea. Highest reactivation was found when
3—-10 correspond to GroEEGroES-[**C]JCMR—ADP complexes, rhodanese was denaturetl @ M urea and above. This
where fCJCMR samples were preincubated at 0.5, 4, 4.5, 4.75, gpgervation indicates again that rhodanese could only bind

5, 6, 7, and 8 M urea, respectively. (B) Activity detected urea . .
denaturation of rhodanese. (C) Rhodanese productively bound toextenswely to GroEL when it was unfolded beyond the

GroEL—GroES as a function of urea concentration. Rhodanese wasdomain folded form before presentation to GroEL.
incubated at different urea concentrations before dilution into  Active Rhodanese Undergoes Partial Refolding within the

refolding buffer. Reactivation was measured after addition of ATP GroEL—GroES-ADP Complex and Can Be Released by
and incubation for 90 min. All activity values of B and C were Subdenaturing Concentrations of UreGroEL—GroES-

normalized using 100% activity for the same concentration of the ADP—rhod | f d after denaturi hod
native rhodanese subjected to refolding conditions. Calculation for rnodanese complexes lormed after denatunng rnodanese

the % of rhodanese productively bound to GroEL and experimental With 8 M urea were very stable, and they showed insignifi-
details are described in the Experimental Procedures. cant activity (<4%) even after 24 h of incubation [Figure

2B (@), and Table 1]. This is in contrast to previous reports
that precedes complete unfolding9j. The first transition, that active enzyme could be recovered from GreEL
which occurs at 34 M urea, is associated with domain GroES-ADP—rhodanese complexe3g). Table 1 shows the
separation, followed by a second transition leading to results of reactivation experiments performed under the
complete denaturatiori(30, 31). Figure 1A shows a native  conditions used previously and in the present studies. The
gel of the complex formed by mixinfC-labeled rhodanese, previous conditions give recoveries of rhodanese from the
CMR (*C), denatured at different urea concentrations, and ADP-containing complexes of 4% or less (Table 1, buffer
GroEL—GroES-ADP (Materials and Methods). Only conditions MA and MB). When these results are normalized
rhodanese is observable on this gel. The upper bandsto the activity recovered with ATP, the calculated recovery
represent rhodanese in the complex, while the lower bandsis 81% (Table 1, 37C, buffer MA), which is close to the
show uncomplexed rhodanese. This method permitted thepercent recovery reported earli€8f. However, neither ATP
measurement of actual complex formation without having nor ADP returned significant absolute activity, and for the
to rely on activity measurements. Binding of rhodanese to purposes of the present study we consider the ADP-
GroEL is observed starting with samples that had been containing complexes to be essentially inactive (compare
preincubated at urea concentrations>cf M, and only a ATP vs ADP with either RB or RBA in Table 1). The most
small fraction of complex is found at lower urea concentra- important buffer components for successful refolding of
tions. Abowe 5 M urea, rhodanese contains no detectable rhodanese from GroELGroES-ATP are the combination
secondary structurel( 21, 31). These data in Figure 1A  of sodium thiosulfate and-ME. Table 1 shows that in the
clearly indicate that rhodanese must be presented to GroELpresence of those two components, buffer MA shows small
in a form that is unfolded beyond the domain folded state in but significant refolding of rhodanese in the presence of ATP.
order to form a complex with GroEL. Active rhodanese could be released from the complexes using
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12,83. an A Table 1: Percentage of Rhodanese Activity Recovered from
"synmnm . .
z 907 L GroEL—GroES under Different Conditiohs
S 804 [ ]
§ 70 .: temp 2mM 0.2 mM 5mM
2 oo et C) buffer ADP ADP ATP
i [ J
5 %] otattag RB 35 4 100
2 20] vYyvyyvve)Ybvvvvig 25 RBA 3.3 4.2 100
;:’ 13: ‘.n.nllx‘ v"lt * * * MA® 3.5 4
01, , , , ¥ MBP 3 3.6
0 2 4 s 8 RB, noB-ME 10
[Urea] M RB, no thiosulfate 22
. . B RB, nog-ME, 1
S I no thiosulfate
Z 50 u MA with B-ME 10
2 wola MA with thiosulfate 6
2 ad,a N MA with 3-ME and 20
g %07 4 thiosulfate
E 20—” 1 x RB 4 2.6 100
o T S
A_B & hd . :
¢ 0 260 460 660 BCI)O 10‘00 12‘00 14‘00 16‘00 MBb 21 3
Time (min) aUrea (0.11«M) denatured rhodanese was added to different buffers

FiGURE 2: Rhodanese can be released as active protein from containing 2.5:M/protomer GroEL and 2.xM/protomer GroES and
GroEL—-GroES-ADP complexes using subdenaturing concentra- incubated either at 25 or 3 for 15 min. ADP or ATP was added
tions of urea. (A) M) Native rhodanese (0.14M) was incubated and incubated at 25C for 90 min and at 37C for 60 min. The activity

in refolding buffer to which was added different concentrations of of rhodanese released by ATP from buffer RB was taken as 100%.
urea, fo 3 h at 25°C. (@) Denatured rhodanese (described in P Conditions used as in re8. © Buffers used, RB: 50 mM TrisCl, 50
Experimental Procedures) was diluted into refolding buffer contain- mM sodium thiosulfate, 10 mM KCI, 10 mM MgglpH 7.8, 0.2 M

ing 0.15 mg/mL GroEL, 0.025 mg/mL GroES, and 2 mm ADP f-mercaptoethanol. RBA: 50 mM TrisCl, 50 mM sodium thiosulfate,
and incubated at 25 for 15 min. The complex was then incubated 80 mM KCI, 5 mM MgCh, 20 mM NaCl, pH 7.8, 0.2 MB-mercapto-

at different urea concentrationsrf8 h at 25°C. (a) Identical to ethanol. MA: 20 MM MOPSKOH, 80 mM KCI, 5 mM magnesium-
samples with solid circle®), but prepared in the absence of GroES. acetate, 20 mM NaCl, pH 7.2. MB: 20 mM MOP$laOH, 5 mM

(¥) Spontaneously refolded rhodanese (described in ExperimentalKCl, 12 mM magnesium-acetate, pH 7.2

Procedures) was incubated at different urea concentrations for 3 h

at 25°C. (B) Kinetics of the formation of active rhodanese from . —
(W) GroEL—GroES-ATP, where the reaction was initiated by the complex plays a positive role on the reactivation of rhodanese.

addition of 2 mM ATP, &) GroEL—GroES-ADP in the presence ~ From Figure 2B, it is evident that maximum recoveries of
of 2.5 M urea, @) GroEL—GroES-ADP, (¥) GroEL (monomer- active rhodanese from the complexes were achieved by 40
ic)—GroES-ADP, and (triangle left solid) spontaneous refolding min. Therefore, all the activity values reported in Figure 2A,
in refolding buffer. Experimental details are described in Experi- |, nich were measured aft& h incubation at 25C. were
mental Procedures. L ’

the equilibrium values.
nondenaturing concentrations of ur€gure 2A shows the Figure 2B shows the time course of the effect of urea on
activity of native rhodanesel), spontaneously refolded the reactivation of rhodanese from GroEGroES-ADP
rhodaneseY), and rhodaneseGroEL complexes+GroES complex, refolding of rhodanese from GroEGroES-ATP
(@), —GroES @)] each of which were treated at different complex, and refolding in the presence of monomeric GroEL.
urea concentrations. To make the initial complex with Maximum activity achieved from GroEL (14 mefi5roES-
GroEL, rhodanese was first denaturedBiM urea and then ~ ATP complex was 60%, and it was40% when rhodanese
diluted in refolding buffer containing GroEL, GroES, and was released from GroELGroES-ADP complex at 2.5 M
ADP which was added last. The final concentration of urea urea, whereas both rhodanese that had been spontaneously
was 0.1 M. The preformed complexes were then treated with refolded or refolded in the presence of monomeric GroEL
different urea concentrations, and the activities were com- were 20%. Thus, monomeric GroEL, prepared as described
pared with the effect on rhodanese that had been spontanein the Experimental Procedures, had no effect on the
ously folded and containing no GroEIGroES. There was  reactivation of rhodanese. Recently it had been demonstrated
no detectable reactivation of rhodanese from the complexesthat rhodanese binding requires at least two subunits of
up to ~2 M urea. The recovered activity increased with GroEL (31). The data presented here suggests that rhodanese
further increases in urea concentration and reached aunderwent at least partial refolding within the GroEL cavity,
maximum around 3:53.75 M. Beyond this concentration, and it could be released in a refoldable conformation at urea
there was a decrease in activity and the transition profile concentrations that do not perturb the native rhodanese
was virtually identical to that of native and spontaneously structure. The GroEEGroES complexes formed here showed
refolded protein. Maximum activity found with spontane- little or no rhodanese activity, so whatever folding occurs
ously refolded rhodanese was around 20%, whereas maxi-n the complexes does not give rise significantly to active
mum activity found with the rhodanese released from the enzyme. The activity must arise in a step following the urea-
complex was 60%®). In the absence of GroES, a maximum induced release from the complex.
of 40% activity (&) could be recovered. These data show Binding to GroELl-GroES-ADP Complexes Helps Rho-
that there is extra reactivation if GroES is present in the danese Form Homogeneous, Natike SpeciesThe next
complex, and they are consistent with a picture in which question addressed was whether there was any difference
binding of rhodanese to GroEL and sequestration of the among native rhodanese, spontaneously refolded rhodanese,
protein inside the cavity formed within the GroEIGroES and rhodanese released by 2.5 M urea from GroGtoES-
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'5 Ficure 4: Kinetics of the denaturation of native rhodanese,
s rhodanese released from the GroEEroES-ADP complex at 2.5
c M urea and spontaneously refolded rhodandBeNative rhodanese
Las04 (0.3 mg/mL) was incubated at 2.5 M urea in 50 mM TrisClI, pH
@ 7.8 for 90 min at 25°C. Preincubated rhodanese was diluted to
£ 0.11uM in refolding buffer that was mag6 M in urea, and 100
1y uL aliquots were assayed as a function of tim®) Oenatured
rhodanese (described in Experimental Procedures) was diluted into

refolding buffer containing GroEL, GroES, and ADP and incubated
[Urea] M at 25°C for 15 min. Urea (2.5 M) was added and incubated at 25
I . . °C for 90 min. Released rhodanese at QM was incubated at 6
Ficure 3: Equilibrium denaturation curves for native rhodanese \j yrea in refolding buffer at 23C, and 100uL aliquots were
released from the GroELGroES-ADP complex by 2.5 M urea  assayed as a function of tima)(Spontaneously refolded rhodanese
and spontaneously refolded rhodanegh.Native rhodanese (0.11  (gescribed in Experimental Procedures) was incubated at 2.5 M
#M) was incubated at different urea concentrations¥c at 25 rea concentrations for 90 min at 26. It was diluted to 0.1LM

°C. (O) Denatured rhodanese (described in Experimental Proce- i refolding buffer that was mau6 M inurea, and 10@L aliquots
dures) was diluted into refolding buffer containing GroEL, GroES, ere assayed as a function of time atZ5

and ADP and incubated at 2& for 15 min. Urea (2.5 M) was _ _
added and incubated at 26 for 90 min. Released rhodanese was maximum reflect the global structure of the protein. The

incubated at different urea concentrations h at 25°C. () emission maximum measures all the released protein, and
Spontaneously refolded rhodanese (described in Experimental, just the active protein as in Figure 1A. The apparently

Procedures) was incubated at different urea concentrations for 3 h o
at 25°C. In panel A, activities of all the samples are plotted as a enhanced stability of spontaneously refolded rhodanese may

function of urea concentration. In panel B, tryptophan emission be due to formation of disulfide linked and aggregated
maxima of all the samples were plotted against urea concentration.product, which need higher urea concentrations for complete

Samples were excited at 295 nm with 1 nm slit width, and emission denaturation (see below). These results indicate that binding
:’/V;ﬁézcv?lgﬁdcfé?gcﬂg L%;%Or"e":geln?g‘l:ﬁ;g slit. All fluorescence GroEL complexes helps protect rhodanese from side
reactions that lead to formation of non-native and aggregated
ADP complexes. We used 2.5 M urea to release rhodanesespecies. It is likely that some folding occurs on GroEL, and
from GroEL-GroES-ADP complex, as at this urea con- there is not simply the release of intermediates that partition
centration, native rhodanese retains its active conformationinto species as is the case with spontaneously folded
(21, 31). Figure 3 shows the equilibrium denaturation profile rhodanese. For example, there is no formation of large
for native, spontaneously refolded and urea-released rhodanesaggregates from the species released from GroEL (see
When activity was measured as a function of urea concentra-below).
tion, the profiles for native and urea-released rhodanese were Kinetic Comparison of Stability of Rhodanese Released
the same, with a sharp transition extending frer.5 to from GroEL-GroES-ADP Complex by Urea, with Nai
4.5 M urea. For spontaneously refolded rhodanese, theand Spontaneously Refolded Rhodanddecause of the
transition was less sharp. Figure 3A showed the activity as possible differences in sensitivity of activity to urea as seen
a function of urea concentration for all three species. Theseabove for spontaneously folded rhodanese, the denaturation
data suggest that the active protein released from the complexinetics were studied for active released rhodanese, native,
behaved identically to native rhodanese, but spontaneouslyand spontaneously refolded rhodanese. Figure 4 shows the
refolded rhodanese had somewhat different stability toward loss of activity as a function of the time of incubation in 6
urea-induced inactivation, and the somewhat broader transi-M urea. Released rhodanese showed almost identical kinetics
tion could indicate heterogeneity. When the conformation to the native enzyme, but spontaneously refolded rhodanese
was followed using the emission maximum of tryptophan denatured more rapidly. The rate constants were 0815
as a function of urea (Figure 3B), spontaneously refolded 0.00038, 0.0148%t 0.0005, and 0.064t 0.005/min for
rhodanese showed more apparent stability toward ureanative, released and spontaneously refolded rhodanese,
denaturation than either native or released rhodanese, eachespectively. Therefore, the data are consistent with the view
of which showed almost identical transitions. Rhodanese that the active site of released rhodanese is conformationally
contains eight tryptophan residues that are distributed similar to the native enzyme, whereas active, spontaneously
throughout the two domains. Changes in the emission refolded rhodanese, as prepared in these experiments, appears

o
[
N
)]
[e4]
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Table 2: Light Scattering of Rhodanese Samples under Different Scheme 1
Conditiong I'© Aggregate smar > Aggregate jarge
sample T340 s
native rhodanese 17 039
spontaneously refolded rhodanese 320 660 Ue T
GroEL—GroES-rhodanese ADP (released) 17 512
GroEL—rhodanese ADP (released) 18 079 ¢
a Light scattering values of native, spontaneously refolded rhodanese " - Native

at 2.5 M urea and rhodanese released from GreGtoES-ADP and
GroEL—ADP complex at 2.5 M. urea. The buffer used was 50 mm GroEL as an unfolded formBE). Since there is almost no

TrisCl, pH 7.8, containing 50 mM thiosulfate, 0.2 FPME, 10 mM P -
KCI, and 10 mM MgC}. All light scattering values were corrected binding to GroEL of rhodanese denaturéd &1 urea (Figure

using blanks containing all the components described above exceptl: Panels A and B), it is clearly indicated that that only
rhodanese. rhodanese that has been extensively unfolded before being

presented to GroEL can bind to GroEL. The domain-
separated form does not appear to bind appreciably under

: : the conditions used here. It has been suggested that rhodanese
same experiment monitored by tryptophan fluorescence L - o
yielded similar rate constants, 0.0099 0.0001/min for forms a molten globule like intermediate within the GroEL

native, 0.0098+ 0.0001/min for released and 0.0% cavity (9). The limited proteolysis data has suggested that

0.0001/min for spontaneously refolded rhodanese (data notdomalns of rhodanese are formed inside the GroEL complex

; (36). From these observations and our data, it can be
\S/stgi)rﬁ\illvgrl.ch shows that the global structural stabilities are suggested that the domain folded, molten globule like

Rhodanese, Bound to GroEL Can Be Released as Homo_conformanons of rhodanese are formed from the initially

eneous Soeciegable 2 shows the light scattering values bound forms. This would indicate that rhodanese progresses
gf native rh?)danese spontaneously rgefolded rhod?’:mese anf om the initially bound state(s) to later intermediates while
thodanese released from the GroREroES-ADP complex ound to the complex, but they do not reach the native state

by urea. The spontaneously refolded rhodanese showed verQn the complexes we studied. From previous study with

’ : ST protenase K cleavage, it has been found thd0% of the
high light scattering mdlcatl_ng the presence of large ag- hodanese bound to GroEL is capped by GroES, thus forming
gregated species. But the light scattering of urea-releaseq; cis complex in the presence of ADB7(-39) ’We find
rhodanese was very similar to that of native rhodanese.that rhodanese GroEL complexes without GrbES (a model
Therefore, there were no large agg_rggates In the prOdUCtfor rhodanese in trans complexes) yield 40% active enzyme
released from the complex. Although it is possible that small

: ; . . on treatment with urea. Thus, in the present case, 24% of
associated species such as dimers might be formed, thes e regained activity in the presence of GroES can be
have never been reported. These data suggest that rhodane%

is released from the complex as a refoldable, homogeneous cribed to the cis complexes (40% regain60% trans
) P ’ 9 complex). The total recovery in the mixed cis/trans com-
species that does not aggregate.

plexes is 60%. Thus, the excess 36% reactivation-Bo)
DISCUSSION can be ascribed to the 40% cis complex that is formed, which
indicates a 90% reactivation by urea of rhodanese from the
Urea unfolded rhodanese reactivates poorly due to forma-cis complex.
tion of aggregates and disulfide-linked misfolded sped@s ( Although the present work does not establish the properties
33). When these problems are minimized, it has been of folding intermediates, the data can be interpreted in terms
suggested that rhodanese refolds through a series of interof a model that was proposed previously for the spontaneous
mediates, 2). Efficient refolding is observed in the presence folding of rhodanese, which is summarized in Schemg, 1 (
of molecular chaperones such as GroBL34). Our results 2).
indicate that rhodanese must be presented to GroEL as a On the basis of this scheme, oligomeric GroEL (14-mer)
form that is unfolded beyond its domain folded form for efficiently captures rhodanese presented as an early folding
successful binding and subsequent reactivation. Rhodaneséntermediate (e.g.,) to give a very stable complex, and the
retains most of its secondary structure and activity up to 4 bound rhodanese is inactive (Figure 2B). This complex is
M urea. Proteolytic susceptibility and exposure of organized also stable toward urea up 2 M urea. Beyond this range,
hydrophobic surfaces also increase in this urea concentratiorthere is release of rhodanese from the complex, as evident
range 80). During urea induced denaturation of rhodanese, from the increase in activity found in the solution. This
domain separation and exposure of hydrophobic sites pre-activity is not due to dissociation of the complex, followed
cedes global unfolding of the enzyme. Domain separation by spontaneous refolding of rhodanese, as the activity of the
starts at~3 M urea @9, 30). Bis-ANS binding, which is a  released rhodanese is always higher than that of spontane-
measure of exposed hydrophobic sites, is maximum at 4 M ously refolded rhodanese (e.g., 60% compared to 20% from
urea. Complete denaturation of rhodanese is observed abovspontaneous refolding). There is also a significant effect of
5 M urea. No appreciable binding of rhodanese to GroEL is the addition of GroES, a regulatory protein for GroEL. In
observed when the enzyme is preincubatedwéeld/ urea. its absence, the maximum activity found with released
Highest reactivation is found when the enzyme is denaturedrhodanese is 40%. These data suggest that binding to GroEL
abowe 6 M urea where it does not contain any measurable and sequestration within the cavity in the presence of GroES
secondary structur@, 31). Similar observations have been helps rhodanese to undergo partial refolding. Since no
reported with EcCDHFR, which has been reported to bind significant activity (<4%) is found either from GroEt

as species with lower kinetic stabilities toward urea. The
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rhodanese ADP or from the GroEL-GroES-rhodanese- 5.
ADP complex, complete refolding of rhodanese to the native
state does not take place inside the cavity of these complexes,
which would show rhodanese activity. This observation
agrees with the data shown by Hartl et @0) The report 7
that ADP can release rhodanese activity from rhodanese
GroEL—GroES complexes referred to very different condi-
tions from those used her&8%) and, at best, corresponded 8.
to a very low level of activity compared with appropriate
controls (Table 1). Further, the results suggest that urea
releases rhodanese from GroEGroES-ADP complex as 10.
a homogeneous species in a refoldable state, which readily 11.
folds to its native conformation, whereas spontaneously
refolded rhodanese contains both heterogeneous active and12:
inactive species. The orientation of the active site in released
rhodanese is identical to that in the native rhodanese, whereas

it is more perturbed in spontaneously refolded rhodanese 13.
(Figure 4), though the global stability of the three species
are similar.

According to our results and the model in Scheme 1,
rhodanese would be preferentially released from its com-
plexes with GroEL as'l, which is capable of forming native
rhodanese. If at 2.5 M urea, rhodanese were to be released16.
as I, there would be partitioning td'land I'", and I' would
lead to the formation of aggregates. Since there is no 17.
significant aggregation, rhodanese must be releasetfas I 4
which is not capable of readily aggregating. Our results
suggest that GroEL interacts readily with very early folding 19
intermediates of rhodanese, e.d., (Hominant band of
complex between CMR and GroEL is observed at urea 20
concentration higher than 5 M) and less well with the 21
intermediates occurring further along the folding pathway, >
either I' or I'"" (relatively small amounts of complex are
formed between GroEL and CMR b&lcd M urea). Further, 23
it is suggested that GroEL releases rhodanesé&'awhich
readily folds to native state. ECDHFR also shows similar
behavior in that a late folding intermediate of ECDHFR gets
released from the GroEL cavityd%). Though GroEL may
bind some of the late folding intermediates of rhodanese, it
could not release active protein, as there is no substantial
activity found after preincubation belo5 M urea. No
aggregated product is found in released rhodanese, indicating 26.
complete inhibition of the formation of intermediaté’, | 27
whose formation would lead to aggregation.

Therefore, for the initial binding, subsequent sequestration, 28.
and productive folding, rhodanese unfolded beyond the
domain folded state must be presented to GreEIoES. 29.
The interaction of this form of rhodanese with GroEL 30
GroES suppresses irreversible side reactions, which would ™
lead to the formation of non-native conformations and 31
aggregated species. The ability of urea to release active
rhodanese from complexes with GroEL suggests that the 32.
fundamental interactions leading to reactivation of bound
proteins do not depend on the binding or hydrolysis of ATP.

15.

24.

33.
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