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Abstract

TheEscherichia coltrigger factor is a peptidyl—prolydis—transisomerase that catalyzes proline-limited protein folding
extremely well. Here, refolding ab-glyceraldehyde-3-phosphate dehydroger&#&PDH) in the presence of trigger

factor was investigated. The regain of activity of GAPDH was markedly increased by trigger factor after either long-
or short-term denaturation, and detectable aggregation of GAPDH intermediates was prevented. In both cases, time
courses of refolding of GAPDH were decelerated by trigger factor. The reactivation yield of GAPDH showed a slow
down-turn when molar ratios of trigger factor to GAPDH were above 5, due to tight binding between trigger factor and
GAPDH intermediates. Such inactive bound GAPDH could be partially rescued from trigger factor by addition of
reducedaLA as competitor, by further diluting the refolding mixture, or by disrupting hydrophobic interactions in the
complexes. A model for trigger factor assisted refolding of GAPDH is proposed. We also suggest that assisted refolding
of GAPDH is due mainly to the chaperone function of trigger factor.
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The multifunctionalEscherichia colitrigger factor was originally — cessfully cross-linked presecretory and nonsecretory proteins to
identified as being involved in the maintenance of a translocationtrigger factor while still associated with the ribosotvalent et al.,
competent conformation of the precursor protein proOmm#ter ~ 1995; Hesterkamp et al., 19P6-urther, trigger factor has been
membrane protein Ain a cell free translation systefCrooke &  shown to be an important cofactor in GroEL-dependent protein
Wickner, 1987, and stoichiometric complexes of trigger factor degradation inE. coli and to promote binding of GroEL to un-
and proOmpA were isolaterooke et al., 1988 However, con-  folded proteins(Kandror et al., 1995, 1997 Trigger factor may
tradictory results were obtained when using genetically engineeredlso be a rate-limiting component in the degradation of abnormal
strains ofE. coli that either over- or underproduced trigger factor, proteins. More recently, trigger factor froBacillus subtiliswas
when it was found that the membrane transport of proOmpA waseported to catalyze in vitro protein folding and to be necessary for
not affected(Guthrie & Wickner, 1990 Trigger factor was sub- viability under starvation condition§Gothel et al., 1998; Lyon
sequently identified as a peptidyl-probit—transisomeraséStol- et al., 1998. There is ample evidence that trigger factor plays an
ler et al., 1995; Hesterkamp et al., 19%6d was detected in the important and multifunctional role during protein synthesis in vivo,
50s subunit of functional ribosomes known to contain the peptidylalthough precisely how it works remains unclear.
transferase center, which covers the exit domain of the nascent GAPDH from rabbit muscle is a homo-tetramer with a mono-
polypeptide chairfHesterkamp et al., 1996Cooperation of en- meric molecular weight of 36 kDa and contains 11 prolines per
zymatic and chaperone functions makes trigger factor more effecsubunit. A crystal structure is not yet available. The spontaneous
tive than cyclophilingCyP9, FK506 binding proteinsFKBPS, or reactivation of guanidine-denatured GAPDH decreases sharply with
the parvulin family in the catalysis of prolyl limited protein folding increasing protein concentration. During refolding, GAPDH is par-
(Scholz et al., 1997 The groups of Luirink and Bukau have suc- ticularly prone to aggregation, especially at high concentrations,
concomitant with its sharp decrease in spontaneous reactivation
(Teipel & Koshland, 1971; Cai et al., 1994t appears that ag-
Reprint requests to: Jun-Mei Zhou, National Laboratory of Biomacro-gregation of the enzyme molecule competes with correct regain of
molecules, Institute of Biophysics, Academia Sinica, 15 Datun Road, Chaostructure and leads to low yields of reactivation. To understand the

yaR%bDiSt.”?' Begz%éaomll’ Chi”ﬁ? ﬁ-rgaig er‘]ouj”;]@isud”ii%p-ac-cn- relationship between peptidyl prolyl isomerase activity and chap-
reviations: ,D-glyceralaenyde-o-pnospnate denyadrogenase; P . . . . .
alA, a-lactalbumin; DTT, dithiothreitol; EDTA, ethylenediaminetetraace- erone activity of trigger factor during assisted protein folding, we

tic acid; EG, ethylene glycol; GdnHCI, guanidine hydrochloride; CypP, Performed two different types of refolding experiments, using
cyclophilin. GAPDH as a substrate for either trigger factor or cyclophilin. In
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the first set of experiments, GAPDH was initially unfolded over- concentrations of 0.2, 1, and 2.¢aV, respectively. This shows
night at 4°C to produce molecules with prolyl peptide bonds in that trigger factor can improve significantly the reactivation of
thermodynamicis/trans equilibrium. In the second set of exper- denatured GAPDH.

iments, GAPDH was initially unfolded for only 10 s atf@ to It is interesting to note that the recovery of activity of GAPDH
produce molecules that had not yet undergone prolyl isomerizatiomas not found to increase continuously or reach a saturated value
(Freskgard et al., 1992; Kern et al., 1995he kinetics of folding  with further increase in the concentration of trigger factor. Instead,
and renaturation yields of GAPDH were then compared. Finallythe reactivation curve showed a slow down turn when molar ratios
the reactivation of GAPDH when molar ratios of trigger factor to of trigger factor to GAPDH were above 5, indicating that high
GAPDH were above 5 was investigated in detail, and a generatoncentrations of trigger factor actually suppress reactivation of
pathway of refolding of GAPDH in the presence of trigger factor GAPDH.

is proposed. Cyclophilin, another peptidyl-prolytis—transisomerase, was
used as a comparison to dissect out the isomerase and chaperone
activities of trigger factor. Increasing concentrations of cyclophilin
showed no effect or even a slight decrease in the extent of GAPDH
reactivation.

The time courses of reactivation of long-term denatured GAPDH
in the presence of different concentrations of trigger factor or
Trigger factor is stable under all conditions used. Dilution of long- cyclophilin are compared in Figure 2. Theoretically, if the in-
term denatured GAPDH in the presence of trigger factor, where thereased reactivation yields of GAPDH in the presence of trigger
molar ratio of trigger factoftGAPDH was lower than 5, resulted in  factor were due to catalysis by trigger factor as an enzyme, then the
increasing recovery of activity with increasing ratios of trigger reactivation process of GAPDH should be accelerated by trigger
factor/ GAPDH. Of the concentrations of GAPDH studied, namely factor. However, as shown in Figure 2, the rates of reactivation of
0.2, 1, and 2.73M, more marked effects of trigger factor on its denatured-GAPDH in the presence of trigger factor are found to be
reactivation were observed at the higher concentrations. As thelower than that of spontaneous reactivation. The rate constants of
tetrameric GAPDH dissociates to monomer3 M GdnHCI, con-  reactivation in the presence of 0, 6, and3d trigger factor were
centrations of GAPDH are expressed as concentration of monomé7.68+ 0.72 X 1072, (5.49+ 0.42 X 102, and(1.43+ 0.17) X
for the convenience of comparison to trigger factor. As shown in10~2 min~1, respectively. Fifteen micromolars of cyclophilin had
Figure 1, when the ratio of trigger fact@®APDH was increased no effect on the kinetic process of the reactivation of GAPDH. It
from 0 to 5, the reactivation yields of GAPDH increased from is clear that, accompanying an increase in reactivation yields, the
43 to 76%, 19 to 78%, and 7 to 57% corresponding to GAPDHreactivation rates decrease with increasing concentration of trigger

Results

Effects of trigger factor on the reactivation of GAPDH
after long-term denaturation
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Fig. 1. Reactivation of long-term denatured GAPDH in the presence ofFig. 2. Refolding kinetics of long-term denatured GAPDH in the presence
various amounts of trigger factor. Refolding ® M GdnHCl-denatured  of different concentrations of trigger factor at 25 The refolding was
GAPDH was initiated by a 50-fold dilution into 0.1 M K-Pi buffer, pH 7.5. followed by the regain of enzyme activity at final concentrations of GAPDH
The reactivation mixtures were first kept at@for 30 min and then fora  of 2.73 uM. (M), (®), and(A) were in the presence of 0, 6, and 301
further 3 h at 25C before samples were taken for assay of activity. Datatrigger factor, respectivelyd) represents time course of reactivation of
are presented as the percentage of GAPDH refolded with respect to a8APDH in the presence of 1aM cyclophilin. Upon dilution, a 10uL
undenatured sample of GAPDH otherwise treated in exactly the same wagample of the solution was withdrawn and assayed for GAPDH activity at
(A), (@), and(m) represent 0.2, 1, and 2.78V1 GAPDH, respectively, in  the times indicated. There was no detectable activity during the first 30 min
the presence of trigger fact6fF). (O) represents 2.78M GAPDH in the of incubation at 4C, therefore in curve fitting, transfer to 26 is taken as
presence of cyclophilin. the zero time point.
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factor. An increase in refolding yields and slowing down of re- 5.5 times that of GAPDH, increased the extent of aggregation

folding rates is a characteristic of chaperone-like activity. slightly as compared with GAPDH alone. Trigger factor or cyclo-

philin alone showed no scattered light under the same conditions.
It is noteworthy that aggregation was suppressed when the mo-

lar ratios of trigger factofGAPDH were>5, although the reacti-

vation yields decreased. It is likely that folding to the native state

The long-term denatured enzyme in the absence of trigger factoiis reFarded b)_/ the formation of complexes between trigger factor

aggregated rapidly upon dilution, as monitored by light scattering.and intermediates of GAPDH.

Light scattering started to increase within 10 min of dilution and

approached a constant value-al h. The intensity of scattered . o

light dropped greatly in the presence of trigger factor. With in- Effects of trigger factor on the reactivation of GAPDH

creasing concentrations of trigger factor, both the rate and thgfter short-term denaturation

extent of aggregation were markedly inhibitéig. 3A,B). No Unfolded molecules of GAPDH with the prolyl peptide bonds still

light scattering change was observed at ratios of trigger factorin their native conformation were produced by a short 10 s un-

GAPDH above 11. In contrast, cyclophilin, at a concentration offolding pulse h 3 M GdnHCI at £C, and renaturation was then

performed in the presence of different concentrations of trigger

factor and cyclophilin. After short-term denaturation, no activity of

GAPDH remained and most of the secondary and tertiary struc-

tures of the native protein were lost as judged by intrinsic fluo-

Suppression of aggregation of GAPDH by increasing
trigger factor concentrations
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rescence and circular dichroism measuremétasa not shown
The spontaneous reactivation of 10 s denatured enzyme increased
to 25%(Fig. 4), compared t6<10% for longer denaturation times
(Fig. 1), indicating that the refolding of GAPDH was facilitated by
the residual structure after incomplete denaturation. Reactivation
yields in the presence of trigger factor increased with increasing
ratios of trigger factor to GAPDH, reaching 72% at a trigger factor
GAPDH ratio of 4. With further increase in trigger fact&APDH,
the reactivity declined as described for that after long-term dena-
turation. As was found for long-term denaturation, after short-term
denaturation cyclophilin has no effect on the renaturation yield of
GAPDH.

Time courses of reactivation of short-term denatured GAPDH in
the presence of different concentrations of trigger factor or cyclo-
philin are compared in Figure 5. The rate constant of spontaneous
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Fig. 3. Suppression of aggregation of GAPDH by increasing trigger factor

concentrations. Aggregation of GAPDH upon dilution at’@0wvas mon- Fig. 4. Reactivation of short-term denatured GAPDH in the presence of
itored continuously by 90light scattering at 488 nmA: The time course  trigger factor(l) or cyclophilin(0d). The time of denaturation was limited
of light-scattering change with different ratios of trigger factor to GAPDH to only 10 s h 3 M GdnHCI, after which reactivation of GAPDH was
as indicated. The concentration of GAPDH was 2uf3. B: Effect of the initiated by 50-fold dilution in the presence of different concentrations of
trigger factor to GAPDH ratio on the eventual levels of aggregation, de-trigger factor or cyclophilin. All other operations were the same as for
termined 2 h after dilution. Figure 1. The final concentration of GAPDH was 2.4B/.
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Fig. 5. Refolding kinetics of short-term denatured GAPDH in the presenceFig. 6. Effect of reducedrLA on trigger factor assisted reactivation of
of different concentrations of trigger factor. 2.731 GAPDH was dena- ~ GAPDH. Refolding was initiated by 50-fold dilution of GdnHCl-denatured
tured n 3 M GdnHCI for 10 s at 4C and reactivation started by rapid GAPDH into buffer containing different concentrations of reduagdin
50-fold dilution into 0.1 M K-Pi buffer containing different concentrations the presence of 5.46M (M) or 45uM (@) trigger factor, respectively. The
of trigger factor or cyclophilin(m), (@), and(A) were in the presence of GAPDH concentration was 2.73M.

0, 10, and 45uM trigger factor, respectivelyd) was in the presence of

15 uM cyclophilin. There was no detectable activity during the first 30 min

of incubation at 4C.

aLA competitively inhibits the folding activity of the trigger factor

and also suggests GAPDH intermediates and the nonnative inhib-
reactivation of GAPDH increased (0.93+ 0.22 X 10-1min~t, itor bind in the same fashion and compete for the same polypeptide
compared tq7.68+ 0.72) X 10~2 min~* for longer denaturation  Pinding site on trigger factor. Interesting results were observed
times. The rates of reactivation of short-term denatured GAPDHVhen the molar ratio of trigger factor to GAPDH was 16.5. The
in the presence of trigger factor were slower than that of Sponta;extent of reactivation increased with increasing concentration of

neous reactivation, as was found for long-term denaturation. RateéducedalA and reached double the activity in the absence of
constants of reactivation in the presence of 0, 10, and:#6 LA when the concentration of reduced A was 20 uM. Reac-

trigger factor werg1.93 + 0.22 X 1071, (2.8 + 0.25 X 1072, tivation yields then decreased gradually with further increase in the
and (1.32 £ 0.12 x 1072 min~%, respectively. Fifteen micro- concentration of reducedLA and finally fell below the level of
molars of cyclophilin had no effect on the kinetics of GAPDH thatin the absence afLA. As shown in Figure 1, the reactivation
refolding, indicating that the effect of trigger factor on GAPDH ©f GAPDH was suppressed when molar ratios of trigger factor to

folding is not simply a consequence of its prolyl isomerase activity,. GAPDH were>5. This is not caused by an increase in protein
aggregatior{Fig. 3A,B). At concentrations of trigger factor where

refolding of GAPDH was inhibited, the binding of reducedA to
Competitive inhibition of trigger factor by a partially trigger factor reduced the concentration of free trigger factor, and
unfolded protein hence relieved the suppression of refolding of GAPDH. Further
é"ncrease in the concentration @EA finally reduced the amount of
trigger factor available to bind GAPDH intermediates to the point
where regain in activity was mainly from the pathway of sponta-
neous folding. Considering also that the refolding rate of GAPDH
decreased continuously with increasing concentrations of trigger
factor, this suggests that trigger factor forms complexes with
GAPDH intermediates during folding, so that at high molar ratios
of trigger factor to GAPDH folding is in effect arrested.

Trigger factor has been shown to bind protein substrates in
nonspecific fashioriValent et al., 1995; Hesterkamp et al., 1996;
Deuerling et al.,, 1999and, as a consequence, other unfolded
proteins should interfere with this binding and inhibit its folding
activity. Scholz et al(1997) have used the reduced and carboxy-
methylated bovinexLA (RCM-LA) as a competitor for trigger
factor catalyzed folding of RCM-T1. RCM-LA competes effi-
ciently with RCM-T1 for binding to trigger factor. Here, we simply
unfolded LA with 5 mM DTT (Ewbank & Creighton, 1993a,
19930 and investigated the effects of the reduegd® on trigger
factor assisted refolding of GAPDH. Our resultSig. 6) show
that trigger factor assisted refolding of GAPDH is suppressed whe
reducedal A is added to the refolding buffer, at low ratios of To test the supposition that complexes were formed between trig-
trigger factoyGAPDH. The reactivation yields of GAPDH ger factor and GAPDH intermediates during folding, we added
(2.73 uM) in the presence of trigger fact®.46 uM) decreased reducedalA to the refolding mixture after renaturation, in an
with increasing concentration of reducetA and approached the attempt to dissociate the complexes. An equal volume of reduced
level of spontaneous refolding when the concentration of reducedLA was added to the refolding mixture of GAPDH in the pres-
aLA was higher than 2QuM, which indicates that the reduced ence of various concentrations of trigger factor to give a firlah

Inactive bound GAPDH can be partially rescued from
rt]rigger factor by a variety of treatments
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concentration of 2QM. As shown in Figure 7, there have been no 34
obvious effects ofrLA on the reactivation yields when the ratios
of trigger factor to GAPDH were<5. However, when the ratios of
trigger factoy GAPDH were>5, and the extent of reactivation
began to fall with increasing ratios of trigger fact@APDH, ad-
dition of reducedrLA allowed a higher degree of reactivation, and
the effect became more pronounced at higher ratios of trigger
factor to GAPDH. A further 10% of activity was recovered after
addition of reducedLA when the trigger factofGAPDH molar
ratio was 16.5. The effect of different concentrations of reduced
aLA on the additional recovery of activity of an equilibrated re-
folding mixture at a trigger factgiGAPDH ratio of 16.5 was also
investigated. As shown in Figure 8, additional reactivity increased
with increasing concentrations of reduceldA and reached a con-
stant value at about 20M «LA. The results support our sugges-
tion that suppression of refolding of GAPDH at high concentrations
of trigger factor is due to formation of complexes between trigger 20 L . L . L . L . L
factor and GAPDH intermediates. Similar to that of trigger factor 0 10 20 30 40
at high concentration, the formation of the complex of GroEL with oL A (uM)

the GAPDH folding intermediate suppresses both the reactivation

and aggregation of GAPDH during folding was reported by Li Fig. 8. Dependence of dissociation of trigger fagtGAPDH complex on

. . . : reducedalA concentration. Refolding was carried out as described in
et al.(1998. In the Discussion, a model for trigger factor assisted Figure 1, after which the refolding mixture was further diluted twofold into

refolding of GAPDH is proposed to address why the amount ofg 1 M K-Pi buffer containing different amounts of reducetiA to give
complexes formed is dependent on the amount of trigger factofinal concentrations as indicated. GAPDH and trigger factor were 2.73 and
present. In addition, we conducted a further two sets of experi45 1M, respectively.

ments to investigate the properties of such complexes. First, the

equilibrated refolding mixture of GAPDH in the presence of dif-

ferent concentrations of trigger factor was further diluted 10-fold

with 0.1 M K-Pi buffer and incubated for a further 1.5 h at®25  reducedalLA, further dilution had no effect on the reactivation
before the activity was measured. As was found with addition ofyields when the trigger factéGAPDH ratios were<5. When the
ratios were>5, however, the extent of reactivation was further
increased. An additional 8% of activity was recovered after this
further dilution when the trigger factgGAPDH molar ratio was
16.5. This suggests that complexes of GAPDH intermediates and
trigger factor are in equilibrium between dissociated and associ-
60 - L] ated forms, and that active GAPDH is obtained only after release
| from trigger factor. A decrease in the effective concentration of
trigger factor by dilution would result in a readjustment of the
equilibrium between bound and dissociated forms, allowing a fur-
ther proportion of GAPDH intermediates to refold. When the equil-
ibrated refolding mixture was diluted twofold with 0.1 M K-Pi
buffer containing ethylene glycdEG) to give a final EG concen-
30F tration of 10%(v/v), there was likewise no obvious effect on the
reactivation yields when the trigger fact@APDH ratios were
<b5. However, when the trigger factt®APDH ratios were>5,

the extent of reactivation was significantly improved by EG, the
effects increasing with increasing ratios of trigger fa¢@APDH.

At a trigger factoy GAPDH molar ratio of 16.5, this further dilu-
tion of refolding mixture into a solution of 10% EG allowed an

Relative activity (%)

Relative activity (%)

oL . L N T— L " 1 additional 22% recovery of activityFig. 7). The effect of different
0 4 8 12 16 EG concentrations on the additional recovery of activity of an
[TF)/[GAPDH] equilibrated refolding mixture with a trigger fact@8APDH ratio

) ] ) ] of 16.5 is shown in Figure 9. Additional reactivity increased with
Fig. 7. Inactive bound GAPDH could be partially rescued from trigger j,reasing concentrations of EG and reached a constant value at
factor by the competitor—reducedlA. Denaturation of GAPDH was b 10% EG. The eff FEG i v likel lained by i
carried outh 3 M GdnHCI overnight at 25C. Refolding was carried out 200Ut 10% EG. The effect of EG Is mostly likely explained by its
as described in Figure 1 before samples were taken for measurement aility to disrupt hydrophobic interactioriki & Zhou, 1997; Song
activity (A). After this initial refolding period, the reactivation mixture was et al., 1997. In general, molecular chaperones bind protein sub-
diluted twofold into 0.1 M K-Pi buffer containing 40M aL.A (@), diluted  girates through nonspecific hydrophobic interactions. If the com-

10-fold into 0.1 M K-Pi buffer only(¥), or diluted two fold into 0.1 M K-Pi S S
buffer containing 20%v/v) EG (l). The activity was measured after an plexes are maintained by this kind of force, bound GAPDH

additional 1.5 h at 25C. The concentration of GAPDH was 2.734, and intermediates would dissociate from trigger factor when such forces
the ratios of trigger factor to GAPDH were as indicated. are disrupted.
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50 proline configuration, but in the case of folding after long-term
denaturation, when all unfolded molecules contained nonnative
prolyl isomers, the reactivation is accelerated with increasing cy-
clophilin concentration. In the case of assisted refolding of GAPDH
by trigger factor, the same possibility of prolyl isomerase activity
of trigger factor exists. However, the deceleration is also found for
longer denaturation times, supporting the suggestion that the de-
celeration of GAPDH refolding by trigger factor results not from
prolyl isomerase activity, but from slow dissociation of GAPDH
intermediates from trigger factor. In addition, trigger factor is ef-
fective in assisted GAPDH refolding only at stoichiometric con-
centrations. A catalytic quantity of trigger factor, which has been
found to be effective in catalyzing prolgis—transisomerization
limited protein folding(Scholz et al., 19977 had no effect either on
the reactivation yield or on preventing aggregation of GAPDH
(data not shown While we cannot rule out the possibility of an

Relative activity (%)

1 U S involvement of prolyl isomerase activity of trigger factor in im-
0 4 8 12 16 20 proving the reactivation yields of GAPDH, the absence of any
EG (%) effect by cyclophilin, or catalytic quantities of trigger factor, indi-

cates that in this case prolyl isomerase activity alone is not suffi-
Fig. 9. Effect of EG concentration on the further recovery of activity of cjent to assist folding. It could be due to bad accessibility of

trigger factor-bound GAPDH. Refolding was carried out as described in . .
Figure 1, after which the refolding mixture was further diluted twofold into PPlases to the prolines in the unfolded moleculeang et al.,

the same buffer containing different concentrations of @@ final con- ~ 1987; Lin et al., 1988; Schmid et al., 199%stead, an additional,
centrations of EG are indicatedSAPDH and trigger factor concentrations chaperone-like activity of trigger factor is required to be effective
were 2.73 and 4M, respectively. in improving reactivation yields.

In trigger factor assisted refolding, the degree of reactivation
was found to increase as the concentration of trigger factor in-
creased. However, this effect reached a maximum, after which
increasing amounts of trigger factor resulted in lower reactivation
Upon sudden dilution of GdnHCI-denatured GAPDH, the unfoldedyields. This increase then decreases in yield, and the correlated
enzyme can either fold and assemble correctly to form the activeontinuous increase in thg, of reactivation appears to be due to
tetrameric structure, or it may self-assemble incorrectly to formthe strong binding of trigger factor to GAPDH intermediates. The
aggregates. Trigger factor hinders the incorrect association of theature of this interaction is most likely hydrophobic since it was
aggregation-prone species and thus favors the pathway to formreatly diminished by the presence of EG. EG increases the hy-
active enzyme, improving reactivation but without being a part ofdrophobicity of the solution, thereby decreasing the hydrophobic
the final functional structure. At the same time, the rates of assistethteraction between folding intermediate and trigger fa¢tor&
refolding of GAPDH are reduced by trigger factor with respect to Zhou, 1997; Song et al., 1987Rapid dilution of the GdnHCI
the rate of spontaneous refolding after either long- or short-terndenatured GAPDH to nondenaturing conditions allowed at least
denaturation. A comparison with cyclophilin as a reference foldase¢hree noncovalent processes to occur: intramolecular organization
suggests that the high affinity toward unfolded protein chains is af peptide segmentdolding), intermolecular assembly of hydro-
requisite for the high efficiency of trigger factor in assisting protein phobic surfacegaggregatiol and formation of the trigger factor
folding. In its efficient binding to unfolded proteins, trigger factor GAPDH complex. The result of this competition may be determined
resembles a chaperone. The strong binding of protein substratéy either kinetic or thermodynamic factors. The general pathway
appears also to decelerate their dissociation from trigger factoof trigger factor assisted folding can be expressed by Scheme 1.
Kern et al.(1995 have reported that the folding of human carbonic  Scheme 1 presents a hypothetical mechanism for the events that
anhydrase |l after a short 10 s unfolding puleesiM GdnHCl is  could occur upon dilution of GdnHCI denatured GAPDH in the
decelerated by cyclophilin because cyclophilin reverses the nativpresence of trigger factor. The central left-to-right path illustrates

Discussion
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Scheme 1.
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the route of spontaneous folding, initiated from the unfolded statement without denaturant. Aggregation of GAPDH upon dilution

U. GAPDH refolding involves the formation of an intermediéfe ~ was monitored continuously at 2G by 90 light scattering at
which is not enzymatically active and can partition into an inactive488 nm in a Hitachi F-4500 spectrofluorometer. All measurements
aggregated; complex with trigger factot;-TF,; or form active  were repeated several times, and the rate constants obtained were
productN. n is the number of trigger factor molecules binding to well reproducible.

a single substrate molecule in the case that there are two or more

hydrophobic sites on unfolded GAPDH that can be anchored to
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