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ABSTRACT: Macromolecular crowding is a critical parameter affecting the efficiency of cellular protein
folding. Here we show that the proteins dihydrofolate reductase, enolase, and green fluorescent protein,
which can fold spontaneously in diluted buffer, lose this ability in a crowded environment. Instead, they
accumulate as soluble, protease-sensitive non-native species. Their folding becomes dependent on the
complete GroEL/GroES chaperonin system and is not affected by trap-GroEL, indicating that folding has
to occur in the chaperonin cavity with release of nativelike proteins into the bulk solution. In addition, we
demonstrate that efficient folding in the chaperonin cavity requires ATP hydrolysis, as formation of ternary
GroEL/GroES complexes with substrate proteins in the presence of ADP results only in very inefficient
reactivation. However, protein refolding reactions using AblBoroaluminate complexes, or single-ring
GroEL and GroES under conditions where only a single round of ATP hydrolysis occurs, yield large
amounts of refolded enzymes. Thus, the mode of initial ternary complex formation appears to be critical
for subsequent productive release of substrate into the cavity under certain crowding conditions, and is
only efficient when triggered by ATP hydrolysis. Our data indicate that stringent conditions of crowding
can impart a stronger dependence of folding proteins on the assistance by chaperonins.

Newly synthesized proteins that are folding in the cytosol principles of chaperonin action have been establisbef,
face a unigue physicochemical environment. The concentra-10). Unfolded polypeptide binds to an asymmetrical GroEL/
tion of nascent ribosome-bound polypeptide chains in the GroES complex within the cavity of the GroEL ring (cis)
cytosol ofEscherichia colis as high as-35 M, assuming that is not occupied by GroES, followed by the dissociation
a uniform distribution {). However, their effective concen- of GroES. Rebinding of GroES to the cis ring of GroEL
tration will be significantly higher because of macromolecu- together with ATP results in the encapsulation of bound
lar crowding. This term refers to the fact that a considerable polypeptide and the burial of the hydrophobic regions of the
fraction of the cellular volume is occupied by protein and inner surface of GroEL. Bound polypeptide is released into
other macromolecules at a total concentration of more thanan enlarged GroEL cavity for folding, and the bound ATP
300 g/L, and is therefore not available to other macromol- is hydrolyzed. A subsequent round of ATP binding and
ecules 2, 3). The significance of macromolecular crowding hydrolysis in the trans GroEL ring triggers the dissociation
for protein folding has been only recently addressed. For of GroES from GroEL, thus opening the folding cage. While
example, for reduced lysozyme, it was observed that crowd- there is strong evidence that folding occurs in the chaperonin
ing changed the rates but not substantially the energetics ofcavity, a fraction of bound polypeptide can be released from
folding and that protein disulfide isomerase was an effective GroEL into solution during each reaction cyclg, (L1).
catalyst of its folding in crowding agent§)( Earlier studies ~ However, this release of non-native polypeptide from GroEL
had already shown that the folding helpers GroEL and GroESis typically nonproductive, and correct folding requires
are active under these conditions, t6h The GroEL/GroES rebinding to the same or another chaperonin molecd2e (
chaperonin system prevents the aggregation of newly syn-In contrast to these in vitro conditions, the level of apparent
thesized polypeptides and promotes their efficient folding leakage of the chaperonin system was found to be strongly
in the bacterial cytosol6—8). GroEL is composed of two  reduced when folding of the stringent substrates rhodanese
heptameric rings of-57 kDa subunits stacked back to back, and malate dehydrogenase (MDHyas carried out in the
each ring containing hydrophobic binding regions for presence of crowding agent)(Neither kinetics nor yields
unfolded polypeptides that face the central cavity. GroES is of folding were negatively affected by these conditions.
a single ring of seven-10 kDa subunits. The mechanistic These results led to the conclusion that intermittent release

of unfolded polypeptide into the bulk solution is not required
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for GroEL/GroES-mediated folding. An ensuing question is Coomassie Blue21). The other part was tested for the
whether this tighter coupling of folding and release under possible formation of high-molecular weight aggregates in
conditions of macromolecular crowding applies also to the presence of crowding agents by centrifugation, as
proteins that, unlike rhodanese and MDH, are not GroES- previously described4j. Measurements of GroEL ATPase
dependent in diluted buffer systems. To address this questionactivity were carried out according to published procedures
we tested chaperonin-mediated protein folding of several (21).

monomeric and oligomeric proteins in Ficoll 70, a crowding

agent that is frequently used to examine excluded volume RESULTS AND DISCUSSION

effects on protein renaturatiod3—15). We present data ) )
demonstrating that under stringent conditions of crowding When GroES-dependent substrate proteins are refolded in
spontaneous folding yields decrease and that efficient chap-buffer with GroEL, GroES, and ATP, in each reaction cycle
eronin-mediated folding requires ATP hydrolysis. Concomi- & fraction of the substrate protein is displaced into the bulk
tantly, chaperonin-mediated protein folding becomes increas-Solution in a non-native conformatiof, (L1, 23). While these
ingly GroES-dependent. Our data underline the importance Molecules may be able to rebind to GroEL for another
of folding helper proteins and catalysts under circumstancesattempt at folding in the confined chaperonin cavity, rebind-

that pose a challenge to protein folding. ing is prevented in the presence of trap-GroEL. This modified
chaperonin complex is able to bind substrate proteins, but
EXPERIMENTAL PROCEDURES unable to release them. Consequently, in the presence of trap-
GroEL refolding yields of the substrate protein decre&se (
Protein Expression, Purification, and ModificatioBroEL, 24). In contrast, we have previously shown that trap-GroEL

single-ring GroEL, mutant protein GroEL337/349, GroES, has no effect on refolding yields of ATP- and GroES-
and recombinant GFP were purified as described previouslydependent substrates when the reaction proceeds in the
(5, 16—18). Trap GroEL, internally cross-linked with glut-  crowding agent Ficoll 705), even though trap-GroEL retains
araldehyde (GA-GroEL), was prepared according to pub- its ability to bind non-native substrate proteins. We concluded
lished protocols 16). Mouse DHFR, yeast enolase, and that under crowding conditions the GroEL/GroES chaperonin
bovine liver rhodanese were obtained from Sigma. Protein system is more tightly coupled with little release of non-
concentrations were determined by the Bradford assay andnative proteins into the bulk solution. However, with ATP

spectrophotometrically using the procedure outlined by Gill alone, GroES-dependent proteins such as rhodanese and

and von Hippel {8, 19). MDH can be released in Ficoll 70 from GroEL, as shown
Protein Refolding in Aqueous Solutions and in the Pres- by their ensuing association with trap-GroEL. This indicated
ence of Crowding AgentSubstrate proteins (5:/M DHFR, that release of substrate protein per se functions normally in

80uM rhodanese, 2@M GFP, and 2%M enolase) unfolded  the presence of the crowding agent. How then does chap-
in 5.3 M GdmCIl and 1 mM DTT were bound to GroEL or eronin-mediated reactivation in Ficoll 70 proceed with
single-ring GroEL by 150-fold dilution either into buffer A substrate proteins that, in diluted buffer solutions, are not
(25 mM MOPS-NaOH, 50 mM KCI, 5 mM MgGJ and 3 ATP/GroES-dependent? How critical is the presence of both
mM DTT) or buffer B for rhodanese (buffer A with 50 mM  ATP and GroES in permitting their productive protein folding
sodium thiosulfate). Samples contained in each case a 3-foldin a crowded environment, and do other conditions, which
molar excess of GroEL. Reactions including single-ring in diluted buffer are known to result in productive folding,
GroEL were also carried out under low-salt conditions (5 work as well?

mM KCI) which leads to arrest of ternary complexes inthe  First, we tested reactivation of GroEL-bound rhodanese
ADP state. All experiments were performed at’®5 Where  after addition of GroES and ADP (Figure 1). It has previously
indicated, samples received trap-GroEL (GA-GroEL or peen shown that with ADP, like with ATP, a ternary complex
mutant GTOEL337/349) at the indicated concentrations. forms which encapsu|ates the substrate protein in the
Refolding was initiated by adding 3 mM ATP, AMP-PNP,  chaperonin cavity 45, 26). Moreover, in the presence of
the ADP—fluoroaluminate complex (ADPAIFn), or ADP ADP, GroES is known to cycle between the GroEL-bound
and GroES at a 2-fold molar excess over total GroEL. The and free Statei@)_ As described previousbﬂ_@l 27)7 kinetics
transition state analogue ADFAIFn was generated as  of folding with ADP were markedly slower than those with
previously described2(). ATP. In contrast to reactions in diluted buffer (Figure 1A),
Activity and Conformation Assay3.he fluorescence of the rhodanese reactivation yield with ADP was only 24% in
native GFP was measured as described previodslyl). Ficoll 70 (Figure 1B), indicating that ATP hydrolysis is
Enzymatic activities of DHFR, rhodanese, and enolase werebeneficial for formation of a stable, folding-competent ternary
measured using published procedurgs, 22). The final complex. Refolding was almost equally efficient in the
concentration of Ficoll 70 in the enzyme assays (8%) was presence of two forms of trap-GroEL which are known to
without effect. To assess the conformation of spontaneouslybe functional in crowding agents, the mutant GroEL337/34,
refolding protein species in buffer and Ficoll 70, GAmCI- and GroEL that was chemically cross-linked with glutaral-
denatured proteins were diluted 150-fold into buffer A or dehyde (GA-GroEL) %, 16, 24). However, in buffer the
28% Ficoll 70 and allowed to refold for 45 min. At this time, presence of trap-GroEL led to diminished yields (Figure 1A).
each sample was split. One part was tested for sensitivity toIntermittent dissociation of GroES between reaction cycles
proteinase K (PK) by incubating samples witlk@/mL PK has been observed as well in the analysis of rhodanese
for 10 min at 25°C, followed by incubation with 1 mM  folding reactions with single-ring GroEL16). We find that
phenylmethanesulfonyl fluoride for 5 min. Subsequently, under crowded conditions, single-ring GroEL is capable of
samples were analyzed by SBBAGE and staining with  mediating efficient refolding of rhodanese, with yields
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A Table 1: Final Yields of Rhodanese Reactivation in Buffer and
Ficoll 70 under Various Refolding Conditichs
100 7 . - - -
% refolding yield % refolding yield

nucleotide in buffer in Ficoll 70

75 ATP 91 78
ADP 82 24
AMP-PNP 60 7

50 4 ADP—AIFn 87 77

a Refolding conditions were as described in Experimental Procedures.
All samples contained the complete GroEL/GroES chaperonin system,
in addition to the indicated nucleotide at a concentration of 1 mM.
Numbers are given as the percentage of the native enzyme.

buffer

Ahodanese activity [* of control]

o 50 100 150 200 us to test nonstringent substrate proteins that can refold
spontaneously in diluted buffer solutions and therefore do
not depend on GroES. In buffer, in the presence of ATP
alone, they are released from GroEL into the bulk solution
100 7 where they can fold on their owrd T, 21, 22). With GroES
present, they are retained for folding in the chaperonin cavity.
As described above for rhodanese, either ATP or ADP can
serve as the nucleotide source in promoting productive
ternary complex formation of these substrate proteins with
GroEL and GroES. Several monomeric and oligomeric
substrate proteins were tested for their folding characteristics
in the presence of crowding agents, including mouse DHFR
(20 kDa), GFP (26 kDa), and yeast enolase (a dimer of 47
kDa subunits) (Figure 2). Surprisingly, none of these proteins
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0 ofF T T T . were able to refold spontaneously in Ficoll 70. Instead,
0 50 100 150 200 reactivation of these proteins was now critically dependent
Time [min] on the entire chaperonin system [GroEL, GroES, and ATP

FiIGURE 1: ATP hydrolysis is critical for efficient chaperonin-  (Figure 2)]. After GdmCIl-denatured proteins were bound to
mediated folding of rnodanese in crowding agents. (A) Rhodanese GroEL, addition of neither ATP alone nor GroES in

refolding in buffer. The enzyme was refolded using the following combination with ADP or nonhydrolyzable ATP analogues
chaperonin components in the absence (empty symbols) or preseanzed to efficient reactivation. Thus. ATP hvdrolvsis in
(filled symbols) of a 5-fold molar excess of trap-GroEL: GroEL, : ! yaroly

GroES, and ATP (squares), GroEL, GroES, and ADP (triangles), cCOmbination with tight GroES binding appears to be required
and single-ring GroEL, GroES, and ATP (circles). (B) Rhodanese to release these substrate proteins and displace them into the
refolding in 28% Ficoll 70. GroEL-, GroES-, and ATP-mediated chaperonin cavity for folding. Once the proteins had reached
rhodanese refolding in buffer in the absence of trap-GroEL is set their folded state and were released into the crowded

to 100%. . . -
° ° medium, the chaperonin system ceased to affect their

approaching those Obtained with W||d_type GroEL (Figure fUnCtionaIity. Th|S became ObViOUS When we analyzed the
1B). Again, trap-GroEL was without effect on this reaction, effects of Ficoll 70 on the enzymatic activity of folded DHFR
suggesting that a tighter interaction between the single-ring@nd the fluorescence of folded GFP. The numbers obtained
chaperonin and GroES took place in Ficoll 70, thus prevent- in the crowding agent, which were 70 and 82% relative to
ing escape of non-native rhodanese into solution. the I’eSpeCtive values in buffer, were UnChanged in the
Is ATP hydrolysis the key to productive folding, oris ATP  Presence of GroEL, GroES, and ATP (data not shown).
binding already sufficient? We tested the nonhydrolyzable The observation that GroEL and ATP alone did not permit
ATP analogue AMP-PNP, as well as ABRIFn, which folding of DHFR, GFP, or enolase suggested the possibility
mimics closely the hydrolysis transition stag0), on their that the proteins failed to dissociate from the chaperonin
ability to promote rhodanese refolding in buffer and Ficoll under these conditions in Ficoll 70. To test this possibility,
70 together with GroEL and GroES. While both analogues ATP was added to a preformed DHF&roEL complex,
were successful in aiding rhodanese folding in buffer, only followed by addition of GroES at later time points. This
the transition state analogue ABRIFn was an effective resulted in decreased refolding yields relative to those of
ligand for GroEL in Ficoll 70. Apparently, ATP binding samples where GroES was present from the beginning
without hydrolysis does not result in productive ternary (Figure 3). Obviously, some of the DHFR was released, but
complexes in the crowding agent or fails to induce the at least a fraction of this protein was unable to rebind to
conformational changes in GroEL that would lead to dis- GroEL, thus diminishing the size of the pool of folding-
sociation of rhodanese from the chaperonin. The resultscompetent protein at the time of GroES addition. In the
obtained with the various nucleotides are summarized in presence of trap-GroEL, yields after subsequent GroES
Table 1. addition were even further diminished (Figure 3). Thus,
The fact that GroEL in conjunction with GroES and ADP release with ATP alone is possible, but the substrate proteins
was able to mediate refolding of rhodanese at least to aapparently have difficulties in reaching their native state in
certain extent without requiring ATP hydrolysis encouraged the crowded bulk solution (see Figure 2) and instead cycle
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Ficure 2: Lack of spontaneous folding and dependence on the complete GroEL/GroES chaperonin system under stringent conditions of
macromolecular crowding. GdmCl-denatured proteins DHFR (A), enolase (B), and GFP (C, left and right panels) were refolded in buffer
or 28% Ficoll 70 under the indicated conditions. The crowding conditions do not affect the native proteins. Enzymatic activity (enolase and
DHFR) or intrinsic fluorescence (GFP) of the native proteins is set to 100%.

+ATP  +GroES ) and GroES than with ATP and GroES. Crowding is known
1 DHFR-GroEL — Incubation ———_3 40 min ..
to enhance association between macromolecules, thus pos-
+ATP, trap-GroEL +GroES sibly favoring formation of smaller aggregates and rendering
O DPHFR-GroEL ———————» Incubation ————y 40 min rhodanese incapable of rebinding to the chaperonin. How-
ever, any free non-native rhodanese should be captured early
100 3 on by an excess of trap-GroEL, which has no effect on

GroEL-, GroES-, and ADP-mediated reactivation of rhodanese
as shown in Figure 1B. It is also possible that association
between GroEL and GroES is altered in the crowding agent,
thus effecting the (re)binding or substrate protein. This would
not explain, however, the inability of GroEL to reactivate
the typically GroES-independent substrates DHFR, enolase,
and GFP with ATP alone.

What is the folding status of such non-native proteins in
Ficoll 70 if they cannot rebind to GroEL or if they cannot
' : . : : : refold spontaneously? We diluted GdmCl-denatured enolase,
0 10 20 30 DHFR, and GFP into Ficoll 70 solutions and determined their
sensitivity to proteinase K after 45 min of refolding time.
) _ L . All three proteins were protease-sensitive (Figure 4), in
Ficure 3: Nonproductive dissociation of substrate protein from contrast to the situation in diluted buffer solutions, where

GroEL in Ficoll 70 in the absence of GroES. DHFRroEL ) . . .
complexes in Ficoll 70 were incubated with ATP in the absence €Y acquired their native conformation and became protease-

(1) or presenceQ) of a 5-fold molar excess of trap-GroEL. After  resistant. Upon centrifugation, the protease-sensitive proteins
various times as indicated, GroES was added and refolding of in Ficoll 70 remained in the supernatant, indicating that they
DHFR was altlo(;l]\‘leednio n%gﬁtg ggmﬁ'eﬂzztr\?if 4gfrr|gr|1iljg”?r\1l\£dwg)é do not form large aggregates, but existed as non-native low-
p;?cig::jewﬁgn GroESywas presentyét the tti)r/ne of ATP addition is molgcular We'.ght species (Figure 4.)' ConSIStem with this
set to 100%. finding, we did not observe any light scattering of the
solutions (not shown). Nonetheless, dilution of this non-
between the GroEL-bound form and unbound non-native native DHFR into buffer after a previous incubation in Ficoll
species. It is also possible that more non-native rhodanese70 was not effective, and folding to the native state did not

is released into the crowded medium in the presence of ADPresume.

-
(3]
1

DHFR activity [% of control]
N (31
[5)] o
1 1

Incubation before GroES addition [min]
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Enolase DHFR GFP and ADP, which leads to formation of ternary complexes
1~ BU— —Fiq— Bu— — Fi 4 — Bu—-Fi— and thus alllows efficient foIdmg in buffer solutions, is not
PK — 4 C R :": + = 4+ — 4 able to provide the same assistance for the substrates DHFR,
) GFP, and enolase in Ficoll 70. Remarkably, however,
66 kD —| rhodanese, which in buffer is considered the most demanding

substrate of the ones tested here, is reactivated to at least

45kD — - some extent under these conditions in the crowding agent.
29 kD — - - One possible explanation could lie in different modes of
20 KD — p———— binding to GroEL of rhodanese versus DHFR, GFP, and

: enolase. It has been shown that rhodanese is less stringent
Ficure 4: Non-native proteins accumulate in a protease-sensitive I the arrangement and number of contacted GroEL subunits
form in Ficoll 70 after dilution from a GdmCl-denatured state. than, for example, MDH and Rubisc@Q). The relative
Reactivation experiments were carried out with chemically dena- strengths and types of interaction might translate into
tured protein enolase, DHFR, or GFP in buffer (Bu) or in 28% jfferent modes of displacement and release after binding

Ficoll 70 (Fi). Half of each sample was subsequently treated with - . :
proteinase K (PK), followed by analysis by SBBAGE and of nucleotide and GroES to the apical GroEL domains.

Coomassie staining. The arrow marks the position of PK on the  In summary, we have shown that certain proteins that have
gel. the ability to fold spontaneously in diluted buffer can lose
this ability in a crowded environment. Under the conditions
Loss of the ability to refold spontaneously was also ysed in the experiments described herein, their folding
observed recently for the reduced form of the enzyme pecomes dependent on the complete GroEL/GroES chap-
lysozyme ). However, it aggregated in Ficoll 70 upon eronin system, indicating that successful folding occurs in
dilution from GdmCI. This behavior is different from that the Chaperonin Cavity_ This process requires ATP hydro|ysi5'
of the proteins tested in the study presented here and mayyhich suggests that the mode of initial ternary complex
reflect the considerably higher concentration of lysozyme formation determines whether substrates can be subsequently
that was used compared to those of DHFR, GFP, and enolasereleased in a productive manner. While our data indicate that
Moreover, reduced lysozyme already has a tendency tostringent conditions of crowding can impart a stronger
aggregate in typical buffer solutiong§), whereas DHFR,  dependence of folding proteins on the assistance by chap-
GFP, and enolase exhibit no such tendency. A common eronins, these results do noy imply that GFP or DHFR is
finding of both studies is that chaperones improve the folding strictly dependent on GroEL, GroES, and ATP in vivo. The
characteristics in the crowding environment established by folding conditions prevalent in the cytosol are likely to differ
Ficoll 70: GroEL/GroES as described above, and protein from the conditions employed in the in vitro experiments,
disulfide isomerase (PDI) in the case of lysozymg et as, for example, other chaperone systems (such as Dnak,
another pattern of crowding effects became apparent in apnaJ, and GrpE) are also expected to participate in the
recent study by Li et al. 29), where macromolecular  mediation of successful protein folding. While Ficoll is a
crowding conditions slowed refolding rates of the enzymes recognized crowding agent, it is not expected to mimic the
PDI and glucose-6-phosphate dehydrogenase but did notcellular environment in all its complexity. Indeed, refolding
reduce yields and, as in this study, did not lead to formation of proteins and chaperone activities may be affected by the
of large aggregates. The enhanced self-association of enzymeature of the crowding agents that are usgd.(, 29). This
subunits may have favored formation of native oligomers, applies also to the question of the extent to which non-native
and also resulted in decreased refolding rates. Such positiveproteins are released from GroEL. While studies by Burston
effects on assembly would not apply to monomeric proteins et al. (L1), using concentratedenopusoocyte extracts and
such as GFP, rhodanese, or DHFR, where enhanced selfintact oocytes, came to the conclusion that unfolded non-
association might favor aggregation reactions instead. Thenative rhodanese is released in significant amounts, it was
inability of the proteins to refold spontaneously in the subsequently demonstrated that in int&ctcoli cells, the
crowded solution explains their dependence on the entire quintessential setting for studying GroE, rhodanese undergoes
system of GroEL, GroES, and ATP. Comparing the rates of on average only two reaction cycles at GroEL before being
folding in the presence of GroEL, GroES, and ATP shows released in a form that is native or significantly folddd,(
that GFP folds in Ficoll with &, of 33 s, whereas in buffer,  37),
typ = 20 s (Figure 2C). For enolase and DHFR, no
differences in kinetics were observed (not shown). The ACKNOWLEDGMENT
difference inty,; seen with GFP is very small compared to
those observed for spontaneous refolding of lysozyme, PDI,  The technical assistance of Erin Stracuzzi is gratefully
and glucose-6-phosphate dehydrogenase in buffer versugcknowledged. | thank Andrew Kusmierczyk for critically
crowding agents4, 29). Here the differences are in the range "eading the manuscript and for providing helpful comments.
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