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Correlation of Pro-Domain Stability with the Rate of Subtilisin Folding
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ABSTRACT:. The 77-amino acid pro-domain greatly accelerates the in vitro folding of subtilisin in a
bimolecular reaction whose product is a tight complex between folded subtilisin and folded pro-domain.
In this complex the pro-domain has a compact structure with a four-stranded antipzustileét and two
three-turno-helixes. When isolated from subtilisin, however, the pro-domain is 97% unfolded even under
optimal folding conditions. The instability of the isolated pro-domain suggests that there may be a
thermodynamic linkage between the stability of the pro-domain and its ability to facilitate subitilisin folding.
On the basis of the X-ray crystal structure of the pro-domain subtilisin complex, we have designed
stabilizing mutations in three areas of the pro-domairhelix 23—32 (E32Q)3-strands 3551 (Q40L),
anda-helix 53-61 (K57E). These amino acid positions were selected because they do not contact subtilisin
in the complex and because they appear to be in regions of the structure which are not well packed in the
wild type pro-domain. Since none of the mutations directly contact subtilisin, their effects on the folding
of subtilisin are linked to whether or not they stabilize a conformation of the pro-domain which promotes
subtilisin folding. By sequentially introducing the three stabilizing mutations, the equilibrium for folding
the pro-domain was shifted from 97% unfolded to 65% folded. By measuring the ability of these mutants
to fold subtilisin, we are able to establish a correlation between the stability of the pro-domain and its
ability to accelerate subtilisin folding. As the pro-domain is stabilized, the folding reaction becomes
faster and distinctly biphasic. A detailed mechanism was determined for the double mutant; Q40L
K57E, which is 50% folded: B S, < (30800 M1s™% 0.04 st) P§ < (0.07 s, <0.005 s') PS. P$

is an intermediate complex which accumulates in the course of the reaction, and PS is the fully folded
complex. The more stable the pro-domain, the faster the folding reaction up to the point at which the
isomerization of the intermediate into the fully folded complex becomes the rate-limiting step in the
folding process.

Subtilisin BPN is a 275-amino acid, serine protease problem and find the minimum9. We have shown
secreted from the soil bacteriugacillus amyloliquefaciens previously that the inactive subtilisin mutant Sbt7i@
Secretion and folding of subtilisin requires two separate thermodynamically stable and therefore believe that its slow
processing steps on the initial precursor protdi2)( The folding results from a lack of an efficient folding pathway
30-amino acid signal peptide is removed during secretion. (10). The isolated pro-domain has been shown in vitro to
The extracellular part of the maturation process appears topromote the folding of subtilisin in a bimolecular process
involve folding of prosubtilisin, self-processing of the 77- whose product is a tight complex between the folded
amino acid pro-domain to produce a processed complex, andsubtilisin and the folded pro-domait1—13). The interac-
finally degradation of the pro-domain to create the 275-amino tion of the pro-domain with subtilisin is believed to expedite
acid mature form of the enzym8,4). The reaction is similar ~ the folding process by providing an energetically more
to the folding ofa-lytic protease, which is catalyzed by a favorable folding pathway.

166-amino acid pro-domain5{7). Both subtilisin and In complex with subtilisin the pro-domain assumes a
o-lytic protease are extracellular, bacterial, serine proteasescompact structure with a four-stranded antipargfledheet
though they are not evolutionarily related. and two three-turi-helixes (0,14) (Figure 1). The folded

In vitro mature subtilisin, when denatured and returned pro-domain has shape complementarity and high affinity for
to native conditions, folds very slowly8). Presumably, native subtilisin {5). When isolated, however, the pro-
proteins must encode two pieces of information in order to
fold. First the amino acid sequence must encode a native ! Abbreviations: P, pro-domain; RShe intermediate complex of
conformation which is a local energetic minimum, and pro-domain and partially folded subtilisin; PS, the complex of pro-

- domain and folded subtilisin; Pi, phosphate; pro-wt, wild type pro-
second the protein must know how to solve the search yoyain of subtilisin BPN S, subtilisin; $, unfolded subtilisin; Sbt70,

subtilisin BPN with the following mutations: K43N, M50F, A73L,
T This work was supported by NIH Grant GM42560. A75-83, Q206V, Y217K, N218S, and S221A; Tris, tris(hydroxym-
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folding of Sbt70 into its complex with the pro-domain. A
stock solution of Sbt70 at a concentration of 104 in a
100 mM KPi, pH 7.0 solution was prepared for refolding
studies. Sbt70 was denatured by dilutingi20of the Sbt70
stock solution into 1 mL of HCI solution (the final HCI
concentration was 0.05 M). Sbt70 is completely denatured
in less tha 1 s bythese conditions1). The sample was
neutralized by mixing the Sbt70 and HCI solution into an
equal volume of 60 mM Tris-base, KPi, and pro-domain in
the KinTek Stopped-Flow apparatus (final buffer concentra-
tions were 30 mM Tris-HCI, 5 mM KPi, pH 7.5). The final
concentration of Sbt70 was 1 uM, while the pro-domain
: concentration was varied from 5 to 204. Typically 10—
FIGURE 1: Structure of the E320Q40L—K57E pro-domain in 15 kinetics traces were collected for each [P].
complex with Sht70. Drawing depicting tleecarbon backbone of Double Mixing. The kinetics of the formation of the
the bimolecular complex of subtilisin Sbt70 (lighter shading) and fo|ded complex PS were determined by a double-jump

E32 40L—K57E (darker shading). The structure was deter- . . . :
mingj_ (gy X-ray diffr(action at 1.8-2) resolution (Almog et al., renaturation-denaturation experiment. The KinTek Stopped-

manuscript in preparation). The mutant side chains E32Q, Q40L, Flow apparatus in the three-syringe configuration was used
and K57E are shown in ball-and-stick representation. Notice that to perform the two mixing steps. In the first mixing step, 2
none of the mutant side chains contact subtilisin. Drawn with yM Sbt70 in 50 mM HCI is mixed with a variable
MOLSCRIPT @4). concentration of pro-domain in 60 mM Tris-base and KPi.

o ) ) . The resulting solution is 30 mM Tris-HCI, 5 mM KPi, pH
domain is 97% unfolded even under optimal folding condi- 7 5 The final concentration of Sbt70 was 1 uM, while the

tions (0.1 M KPi, pH 7.0, 20C), suggesting that there could pro-domain concentration was varied from 5 to:20 after

be a thermodynamic linkage between the stability of the pro- ¢ first mixing step. Sbt70 and pro-domain are allowed to
domain and its ability to facilitate subtilisin folding. The {514 under native conditions in the delay line of the stopped-
wild type pro-domain is able to fold subtilisin Sbt70 at a 4,y apparatus for aging times ranging from 0.5 to 60 s.

rate of~500 M~*s™. This rate is quite modest considering afier the prescribed aging time the Sbt7erodomain

that collisions between subtilisin and the pro-domain occur ¢qution is mixed 2:1 with 0.1 M PO, to bring the pH to

at the rate of diffusion (e.gz10° M~ s70. To determine 5 3 The stopped-flow apparatus collected fluorescence data
the linkage between the stability of the pro-domain and its f; the denaturation of the folded complex after the second
ability to facilitate subtilisin folding, we have designed three mixing step. The folded Sbt-7prodomain complex de-
mutations which stabilize the independent folding of the pro- natires at a rate of 3.55under these conditions. The
domain. By sequentially introducing the three stabilizing gmount of folded complex which accumulates during the
mutations, the equilibrium for folding the pro-domain can  aqing time is calculated from the amplitude of the denatur-

be shifted progressively from 97% unfolded to 65% folded. aion reaction. Typically 1615 kinetic traces were collected
This paper demonstrates that the rate of subtilisin folding o each IP.

can be greatly accelerated by stabilization of the pro-domain.
RESULTS

MATERIALS AND METHODS
Generation of Stable FoldsOn the basis of the X-ray

Cloning and Expression of the Pro-Domain and Sbt70. crystal structure of the pro-domain subtilisin compl&®,{4),
Cloning and expression of Sbt70, wild type pro-domain, and \ye have designed mutations which increase the independent
mutants are as describetlo(15). _ stability of the pro-domain. Stabilizing mutations were

Kinetics of Pro-Domain Binding to Nat Sbt70.Therate  jgentified in three different areas of the structure of the
of binding of pro-wt, K57E, Q40L, Q40tKS57E, and  prodomain: a-helix 23-32 (E32Q) f-strands 3551
E32Q—Q4OL—K_57E to_folded Sbt70 was monitored by (Q40L), anda-helix 53-61 (K57E). These amino acid
fluorescence using a KinTek Stopped-Flow Model SF2001. yqsitions were selected because they do not contact subtilisin
The reaction was followed by the 1.2—_fo|d. increase in the in the complex and because they appear to be in regions of
tryptophan fluorescence of Sbt70 upon its binding of the pro- he structure which are not well packed in the wild type pro-
domain (L3). Prodomain solutions of 161604M in a 30 domain (Figure 1). The mutations in the twehelixes were
mM Tris-HCl, 5 mM KPi, pH 7.5 solution were mixed with  iytroduced to improve upon what appeared to be unfavorable
an equal volume of a 2M subitilisin, 30 mM Tris-HCI, 5 glectrostatic interactions in the folded state. In the first
mM KPi, pH 7.5 solution in a single mixing step. Typically ,_helix an e-oxygen of E32 is separated by gr A from
10-15 kinetics traces were collected for each [P]. The final a d-oxygen of D28. The E32Q mutation was introduced to
[Sbt70] was 1uM, and the final [P] values were-380 M. reduce electrostatic repulsion. In the second helix, three

Kinetic Analysis of Pro-Domain-Facilitated Sbt70 Folding. g rface lysines (K54, K57, and K61) are located on consecu-
Single Mixing. Refolding of subtilisin was followed by  tiye g-helical turns, and thus the chargedimino groups

monitoring changes in tryptophan fluorescence (excitation, 4. separated from one another by ony76A. To reduce
A =300 nm; emission, 340-nm cutoff filter) using a KinTek

Stopped-Flow Model SF2001 for rapid kinetic measurements, 2 A shorthand for denoting amino acid substitutions employs the

as described1). The reaction was followed by the 1.5-  gjngle-letter amino acid code as follows: E32Q denotes the change of
fold increase in the tryptophan fluorescence of Sbt70 upon glutamate 32 to glutamine.
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Table 1: Effects of Pro-Domain Mutations on Stability and Sbt70
Folding 25
fraction of folded monomér ki (M~1s1%) K 204 .
57K 0.13 5600 opserved ¢ |
40L 0.15 8 400 s!
40L—-57E 0.50 30800 104
E32Q-40L-57E 0.65 42000
5 .
2 The fractions of folded monomer were calculated as described in
ref 16.° The rate constant for the binding stég, is determined from 0 T : T : . .
the slope of the observed rates of the fast phase of the Sbt70-folding 0 10 20 30 40 50 60 70
reaction versus [Rnome}- [P] uM

Ficure 2: Binding rate of the pro-domain Q46iK57E in the
electrostatic repulsion, the K57E mutation was introduced. presence of folded Sbt70. Binding was monitored by fluorescence

. . . _in 30 mM Tris-HCI, 5 mM KPi, pH 7.5 at 25C. The pseudo-
The Q40L mutation was introduced to improve the hydro first-order rate constant for bindinkys is plotted with open circles

phobic packing betweefi-strand 35-51 anda-helix 23— versus [Runomel and solid circles versus {f]. Thekypswas a linear
32 (16). Since none of the mutations directly contact function of [Rnenome] @nd could be fit to the equatidips= 0.5+
subtilisin, their effects on the folding of subtilisin are linked (1 x 1 [Pronome}-
to whether they stabilize a conformation of the prodomain
which promotes subtilisin folding. The correct topology of
the binding interface depends on the correct tertiary structure
of the pro-domain with the four-strandg¢dsheet correctly
formed.
In addition to the single mutants, two double mutants and
a triple mutant were also constructed. The double mutant
is denoted 40E57E. The triple mutant is denoted E32Q
Q40L—K57E. The stabilities of the pro-domain mutants
have been determined previouslysf and are summarized Kon
in Table 1. The stabilities of the pro-domain mutants range P+S-PS
from AGynfoiding= —2.1 kcal/mol for pro-wt toAGynfolding =
0.4 kcal/mol for E32Q-Q40L—K57E. The structure of To determine the rate constant for binditkg,, the basic
E32Q-Q40L—K57E in complex with subtilisin was deter-  experiment is to measure the rate of the fluorescence changes
mined by X-ray crystallography (Almog et al., manuscript which occur upon binding of the pro-domain to folded Sbt70.
in preparation). No changes ia-carbon backbone are Fluorescence at 345 nm increases by 1.2-fold upon the
observed to result from the mutations on comparison of binding of pro-domain to Sbt70. If the reaction is carried
E32Q-Q40L—K57E to pro-wit. out with an excess of P, then one observes a pseudo-first-
Subtilisin Engineered for Facile FoldingMature subtilisin order kinetic process WitRops = Kot + Kor[P].
BPN, once denatured, refolds to the native state very slowly  The rate of binding for Q40:K57E is presented in Figure
(r > weeks) in the absence of the pro-domag). (Even 2. The curvature in the plot of [P] versls,sis due to the
when catalyzed by the isolated pro-domain in a bimolecular tendency of Q40EK57E to dimerize. The monomedimer
reaction, refolding of subtilisin occurs at a rate of onlQ.2 equilibrium for this family of promutants has been studied
s M~ of pro-domain 7). The slow time scale of invitro  previously by sedimentation equilibriunig). We have
folding makes detailed kinetic analysis of the process measured the dimerization constant for each pro-domain
problematic. To make the study of subtilisin folding more mutant and have shown that there is a rapid equilibrium
tractable, we have engineered a subtilisin for facile folding. between monomer and dimer species. Under the conditions
A major part of the kinetic barrier to folding subtilisin  of the binding experiment, the dissociation constant for the
involves formation of a high-affinity calcium binding site  dimerization of E32Q Q40L—K57E is 10 uM and the
(Ka = 10" M1 at 25°C), called site A 8). Deletion of dissociation constant for Q46tK57E is 15uM. The less
amino acids 7583 removes the calcium A-site and desta- stable pro-mutants have no detectable tendency to dimerize.
bilizes subtilisin but greatly accelerates both uncatalyzed By using a sufficient excess of pro-domain over Sht70, the
folding and pro-domain-catalyzed folding,13). The sub- monomer concentration remains almost constant over the
tilisin mutant used in these studies is denoted Sht70 andcourse of the binding reaction. This can be seen from the
contains the following mutationsA75—83 (to eliminate linearity of a plot ofkopsversus [Q40E-K57Emonome} (Figure
calcium binding and accelerate the folding rate); S221A (to 2). The slope of the plot yieldg,= 1.0 x 1 M1 s for
remove the active site nucleophile and eliminate proteolytic the binding of monomer to folded Sbt70. In fact all
activity); and six other substitutions which restore stability prodomain mutants have similar rates for the binding of
lost due to the calcium loop deletioi8). None of the Pmonomerto Sbt70. The rate constants range fronx 8.C°P
mutant amino acids except A221 contact the pro-domain in M~1 s for pro-wt to 1.0 x 10° M~ s™! for Q40L—
the bimolecular complex. The folding reaction of Sbt70 with K57Enonemer This kinetic behavior for binding suggests that
pro-wt has been described in (ref 10). only pro-domain monomers bind to Sbt70. Other evidence
Analysis of Prodomain Binding to Na# Subtilisin. Since for the binding of the monomer species comes from the one
the stabilizing mutations are introduced in regions of the pro- to one stoichiometry of binding determined from titration
domain which do not directly contact subtilisin upon forma- calorimetric experiementd.6) and from the X-ray structures

tion of the complex, their effects on binding to native
subtilisin are linked to whether or not they stabilize the native
conformation of the pro-domain. As the fraction of folded
pro-domain approaches 1, the observed association constant
approaches its maximum. We have previously shown that
the 15-20-fold difference in the fraction of folded protein
between Q40EK57E and pro-wt results in & 15-fold
difference in binding constant.§).
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of one to one complexes determined for pro-40)(and
E32Q-Q40L—K57E (Almog et al., manuscript in prepara-
tion) with Sbt70.

Transient State Kinetic Analysis of Prodomain-Facilitated
Sbt70 Folding. The proposed mechanism of pro-domain-
catalyzed Sbt70 folding is as follows:

fraction folded

Keg ky ko
Pu‘=’P+ Su‘:;PS‘kj PS

T T T T T T
0 200 400 600 800 1000 1200

. . . . d
where R is unfolded pro-domain, P is folded pro-domain, Se,con s ) L
Ficure 3: Effect of pro-domain mutations on the kinetics of

Sy |_S.unfolded subiilisin, .S is folded su.t,)t'_l's_'n' Ps a subtilisin folding. 14M denatured Sbt70 and &M pro-domain
collision complex of a partially folded subtilisin intermediate \ere mixed in 5 mM KPi, 30 mM Tris, pH 7.5 at 2%. The
and folded pro-domain, and PS is the complex of folded reaction was followed by the increase in tryptophan fluorescence
subtilisin and folded pro-domairi8). We have employed  which occurs upon folding of subtilisin into the pro-domain
transient state kinetic measurements to identify kinetic Subtilisin complex. The data for pro-wt and 32Q can be fit to a

intermediates and determine the microscopic rate constantsgg'r?slgﬁ??gp ]gor;gﬁ]lgeg?%tilggltg_g%?rggﬁna;ns(;e %égggt;;gfr rate

for the reaction 19). 32Q. Sbt70 folding with Q40L is the fastest of the three but is not

Single Mixing. The basic kinetic experiment is to mix  asingle-exponential phase. The solid circles show the rate of Sht70
unfolded Sbt70 with an excess of pro-domain in the stopped folding with pro-wt as measured by double-jump renaturation
flow fluorimeter and to measure the rates and amplitudes of denaturation, as described in the text.

fluorescence changes during a single turnover of subtilisin 15
folding. The folding reaction of subtilisin, in the presence g
of pro-domain, can be followed by an increase in tryptophan 1 oum [ 14 §
fluorescence due to changes in the environments of the three 12 | 13 8
tryptophans in subtilisin upon its folding and binding of the £ é
pro-domain. The pro-domain does not contain tryptophan 16 - 12 £
residues and thus has no intrinsic fluorescence above 345 BN | 11 3
nm upon excitation at 300 nm. Therefore fluorescence B
increases observed at 345 nm are due solely to the conversion v 1

‘\’ T T T T T T
of SJ to PS and PS. 0 5 10 15 sgg(mZS 30 35 40 45
If denatured and returned to native conditions at low ionic Ficure 4: Folding rate of Sbt70 in the presence of Q4N57E.
strength, Sbt70 is kinetically isolated from the native state. 9 4uM Q40L—K57Enonomerand 1M denatured Sbt70 were mixed

At 30 mM Tris, 5 mM KPI, pH 7.5, the rate of uncatalyzed i'I[]hSe r;:e,\gclésr?“ ng H])I'Y(I)v-l—/reig’ t?)l/_' t;.esi'n-grlgf;seem i%etrril/t;trc?p\t,]v:r? %ﬁores
. . 5 o1 o :
folding of Sbt70 is<5 x 107> s at 25°C. When the cence which occurs upon folding of subtilisin into the pro-domain

isolated pro-domain is added, the rate of subtilisin folding subtilisin complex. The open circles are calculated using KINSIM
increases rapidly with the concentration of pro-domain using the mechanism described in the text.

monomer, [Ronomel- The folding reaction was followed

using [S] = 1 uM and [Pnonomel = 5 uM for each of the as [Pnonomel increases (Figure 5B). At [Rnome] > 20 uM
mutant pro-domains. The product is a one to one complex the amplitude of the fast phase levels off at a value which is
of Sbt70 and pro-domain. All of the single pro-domain 85% of the total fluorescence change. The rate of the slow
mutations increased the rate of subtilisin folding (Figure 3). phase of the reaction increases hyperbolically with,{fnel

The folding curves of pro-wt and the E32Q promutant can and reaches a value 6f0.07 s at [Pnonome] > 20 uM.

be fit with a single-exponential equation. As the stability The amplitude of the slow phase decreases agniRel

of the pro-domain increases, however, the folding reactionsincreases. At [Ronome] > 20 uM the amplitude of the slow
deviate from single-exponential kinetics. The folding reac- phase levels off at a value which is 15% of the total
tions of Sbt70 with the mutants Q40L, K57E, 40R7E, fluorescence change.

and E32Q-Q40L—K57E are faster than those with pro-wt On the basis of the analysis of Sht70 folding as a function
and distinctly biphasic (Figure 4). The biphasic kinetics of [Q40L—K57Emonome}, W€ tentatively concluded that the
suggest that an intermediate state becomes populated in théast phase of the fluorescence increase defines the formation
course of the folding reaction. Plotting the rate constants of PS (the binding phase) and the slow phase defines the
(ky) for the fast phase of the folding reaction for Q40L, K57E, decay of PSand the formation of PS. The slope of the fast
Q40L—K57E, and E32Q-Q40L—K57E versus the fraction  phase rate versus [Q461K57E] yieldsk; = 30 800 M

of folded pro-domain (data in Table 1) yields a straight line s . The y-intercept of the plot yield&—; + k, + k-, =
(R=0.999) with a slope 0f-68 000 s per mole of folded 0.11 s (Figure 5A). The slow phase of the reaction reaches
prodomain. a maximum rate ok, + k-, = 0.07 s¥. The value ofk_,

To learn more about the nature of the intermediate state,cannot be accurately determined in these experiments but
the rates and amplitudes of the two kinetic phases weremust be much smaller thda since the overall equilibrium
analyzed in detail using Q40tK57E. Plotting the rate of  for the reaction lies far in the direction of PS.
the fast phase of the reaction versugdmel yields a straight To check the fitness of our kinetic model, the rates and
line with a slope of 30 800 Mt s~ and an intercept of 0.11  amplitudes of the two phases over a range of [P] were
s ! (Figure 5A). The amplitude of the fast phase increases simulated using KINSIM 20,21). The kinetic model used
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TP monomer FIGURe 6: Double-jump renaturatiendenaturation experiment.
B Denatured Sbt70 and Q46IK57E were returned to the native
o 100 condition (30 mM Tris, pH 7.5, 28C) and allowed to fold for
£ fast phase aging times of 0.5, 5, 10, 20, and 30 s. In the second step the aged
% 80 o o mixture is mixed with phosphoric acid, bringing the sample to pH
3 . o 2.3. The rate of acid denaturation for the fully folded complex at
2 604 ° pH 2.3 is 3.5 5. The amplitude of the denaturation reaction is
= ° L40-E57 determined for each aging time to determine how much folded
] 40 4 ° . complex has accumulated.
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E 20 .
; slow phase
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Ficure 5: Plot of rates and amplitudes for folding of Sbt70 and

Q40L—K57E. Time courses for folding as followed by fluorescence

(as shown in Figure 4) were fit to double-exponential equations.

The rate constants for the fast and slow phases plotted versus

[Pmonome} are shown in part A. The amplitudes for the fast and g Ry

slow phases plotted versus,{Rome} are shown in part B. 0 10 20 30 40 50 60 70 80
seconds

Ficure 7: KINSIM simulated species analysis with experimentally
determined kinetics of PS formation. KINSIM was used to calculate

fraction

to generate the fit is

30800 M1 0.07s1 . ; . , ;
P+S, < P < PS the fraction of §, PS, and PS as a function of folding time using
0.04s1 <0.005s1 the rate constants given in the text. The fraction pisShown by

solid triangles, the fraction of P& shown by open triangles, and

The fluorescence of PS is known to be 1.5-times that,of S the fraction of PS is shown by the dashed line. Solid circles show
The agreement between the simulation and the data is goodh€ accumulation of PS experimentally determined by a double-
if the fluorescence of RSs assigned to be 1.425-times the ﬂ:}%ﬂrfn:itﬁéﬁgolﬁ;&ngg;gﬂ?gdegggyent using:84 Q40L—
fluorescence of § An experimental curve and the KINSIM
fit are shown in Figure 4. formation of PS because P&oes not accumulate to high

Double Mixing. The kinetic model which we have enough levels to be kinetically detectable.
proposed makes specific predictions about the rate of The rate of accumulation of PS as a function of [Q40L
accumulation of a fully folded complex. We therefore K57E] is shown in Figure 7. The formation of PS is a
designed a double-mixing experiment to directly measure function of all four microscopic rate constants with the
the rate of accumulation of the folded complex, PS, as a maximum rate equal t&; + k—,. KINSIM was used to
function of [P] during a single turnover of subtilisin folding. calculate the accumulation of P&1d PS as a function of
The first step mixes unfolded Sbt70 with an excess of pro- folding time using the rate constants given above. At four
domain and allows the two to react for an aging time under different [Q40L—K57E] values, the rate of accumulation of
native conditions (30 mM Tris-HCI, pH 7.5). In the second PS, as determined in double-mixing experiments, was found
step the aged mixture is mixed with phosphoric acid, bringing to match its calculated rate of formation. At the lower
the sample to pH 2.3. The rate of acid denaturation for the [Q40L—K57E] there is a lag in the production of PS, as the
fully folded complex at pH 2.3 is 3.5 This turns out to formation of P$is limiting early in the reaction. At the
be much slower than the rate of denaturation of 200 higher [Q40L-K57E] PS forms rapidly and the production
s™1). Thus by measuring the fluorescence amplitude of the of PS is almost a single-exponential process with very little
acid denaturation phase as a function of the aging time of lag.
the folding reaction, we are able to follow the accumulation ~ Summary of Kinetic Results for Q40K57E. The kinet-
of folded complex 22) (Figure 6). ics of the fluorescence increase in a single-mixing renatur-

Figure 3 shows the rate of accumulation of PS as a ation experiment are biphasic, indicating a minimal two-step
function of [pro-wt] measured by double mixing and single reaction mechanism. Plotting the rate of the fast fluorescence
mixing. The double- and single-mixing experiments show increase versus [Q46tK57E] defines the rate of the binding
the same single-exponential kinetics because the rate ofphase of the reaction. The fast phase of the reaction is linear
formation of PS is a one-step reaction in the presence ofwith [Q40L—K57E] and the slope defindg, the second-
excess pro-wt. Both experiments are thus measuring theorder rate constant for formation of PS0 800 M1 s™1).
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The y-intercept of the plot defines the decay of R®&d is
equal tok_; + ky + k—» (0.11 s%). Folding from § into
PS accounts for 85% of the total fluorescence increase. The

Wang et al.

the 100-144 afa motif in subtilisin (10,14). The folded
pro-domain is a compact structure with shape complemen-
tarity and high affinity for native subtilisin. The pro-domain

slow phase of the fluorescence change corresponds to thévinds on subtilisin’'s two parallel surface-helixes and

decay of the initial complex (RSand the formation of the
fully folded complex (PS). Isomerization of PBito PS

supplies caps to the N-termini of the two helixes and may
selectively stabilize theSa. motif relative to other partially

accounts for the remaining 15% of the total fluorescence folded states (Figure 1). We propose that the pro-domain
increase. The maximum rate of the isomerization step is bound to thenfSa substructure corresponds to the collision
equal tok, + k_» (0.07 s1). (The rate of PS formation also  complex, P§ Both the pro-domain and the 45-amino acid
was determined by double-mixing renaturatiatenaturation oBa motif are proposed to have a more or less native fold
experiments.) Sinck; + k; + k_» was determined to be in the bimolecular intermediatel§).
0.11 s thenk-; is 0.04 s'. The equilibrium constant for Even though stabilization of th&Bo. motif appears to be
the formation of PScan be determined frorky/k-; = 8 x the mechanism by which the pro-domain catalyzes folding
1ML of Sbt70, folding may also be accelerated by stabilizing other
The constank-, is small (<0.005 s?) but not defined in  intermediate structures. We have previously shown that early
these experiments. The ratiolofk— defines the equilibrium  organization of the structure around amino acids 22 and 87
between PSand PS. The X-ray structure of this complex resulting from a disulfide cross-link accelerates uncatalyzed
shows subtilisin to have the native fold; thus, the equilibrium subtilisin folding by 850-fold 23). The slow step in the
must lie toward the folded complex. Determining the exact Sht70 folding reaction may be forming any initial structure
ratio of k; andk-, will be important for understanding the  capable of propagating folding. A mutation (or pro-domain
mechanism of catalysis, because these rates are determineginding) which stabilizes a partially folded topology may
by the energetic barrier between the intermediate and thetherefore accelerate the folding rate. Subtilisin inhibitors
folded complex. These experiments are in progress. which bind tightly as substrates in the active site do not
Q40L—K57E has thus been very useful in establishing a accelerate folding, however. Presumably this is because
two-step folding mechanism because the intermediatg, PS formation of the active site involves substantial tertiary
accumulates to easily detectable levels at micromolar con-structure and hence is after the rate-limiting step in the
centrations of Q40EK57E. At micromolar concentrations  folding process.

of pro-wt and single mutants, PSI is not kinetically detect-  |f the independent stability of the pro-domain determines
able; thus, formation of the fully folded complex appears as the overall subtilisin folding rate, why would nature not select
a single kinetic step. for a more stable pro-domain? This may be because of the
thermodynamic linkage between stabilizing pro-domain
DISCUSSION mutations and binding affinity for native subtilisin. As the
Prosubtilisin has a facility for folding which the stable, fraction of folded pro-domain approaches 1, the observed
mature enzyme lacks, suggesting that efficient folding association constant with subtilisin approaches its maximum.
pathways are not a necessary consequence of a stable nativehis phenomenon is illustrated with 40L-57E. The-1%-
state. An efficient folding pathway implies that productive fold difference in the fraction of folded protein between
intermediates are significantly more stable than the surround-40L—57E and pro-wt results in & 15-fold increase in
ing landscape of unfolded and misfolded conformations. hinding constant. The final step in subtilisin biosynthesis
Native folding intermediates of mature subtilisin may have is the release of the pro-domain to generate active subtilisin.
similar or lower stability than unfolded or misfolded states. wyith an independently folded pro-domain, this final step may

This would result in a large entropic barrier to folding, since pecome rate limiting. Thus the pro-domain may have
most of the native structure would have to be formed before eyolved a stability which is adequate for getting subtilisin

a significant free energy well is reached in conformational
space.

In pro-domain-assisted Sbt70 folding, the stability of an
intermediate complex determines the overall folding rate.
Analysis of the five pro-domain mutants described here
shows a correlation between the stability of the pro-domain
and its ability to accelerate folding. The first step is the
association of the pro-domain with subtilisin to form the
intermediate PS With a stabilized pro-domain, such as
Q40L—K57E, this interaction is fairly strondkl, = 8 x 10°
M™Y. We can consider that P% a folding intermediate
which is stabilized by pro-domain mutations. The more
stable the intermediate, the faster the folding reaction up to
the point at which the isomerization of the intermediate into
the fully folded complex becomes the rate-limiting step. For
example, at 2uM Q40L—K57E, virtually all unfolded
subtilisin is rapidly bound in the intermediate complex and
the folding reaction approaches its maximum rate.

The structure of the pro-domain subtilisin complex sug-
gests that the pro-domain promotes folding by stabilizing

folded but not so stable that it is a long-lived inhibitor of
subtilisin.
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