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Two energetically disparate
folding pathways of a-lytic
protease share a single
transition state
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The Lysobacter enzymogenes 0-lytic protease (0LP) is syn-
thesized with a 166 amino acid pro region (Pro) that catalyzes
the folding of the 198 amino acid protease into its native con-
formation. An extraordinary feature of this system is the very
high energy barrier (AG = 30 kcal mol!) that effectively pre-
vents OLP from folding in the absence of Pro (t,,, = 1800
years). A pair of mutations has been isolated in the protease
that completely suppresses the catalytic defect incurred in
Pro by truncation of its last three amino acids. These muta-
tions also accelerate the folding of OLP in the absence of Pro
by 400-fold. An energetic analysis of the two folding reactions
indicates that the mutations stabilize the transition states of
both the catalyzed and uncatalyzed folding reactions by
3 kcal mol''. This finding points to a single transition state
for these two distinct and energetically disparate folding
pathways, and raises the possibility that all o LP folding path-
ways share the same transition state.

A number of proteins are synthesized with large pro regions
that are critical for the acquisition of the proteins’ native
states’?. Prominent among these are the many extracellular
proteases of eubacteria as well as a number of vacuolar and
lysosomal proteases from eukaryotes®. Perhaps the most thor-
oughly studied example is the bacterial extracellular protease
O-lytic protease (0LP), whose large amino terminal pro region
(Pro) catalyzes its folding to the native state*>. Once folding is
complete, OLP cleaves intramolecularly at the Pro-aLP junc-
tion, leaving Pro noncovalently bound as a potent inhibitor of
OLP activity®. Pro is subsequently digested away, and the native
aLP released. In the absence of Pro, aLP when diluted out of
denaturant folds rapidly into a stable folding intermediate (Int)
with the properties of a molten globule’. Int folds spontaneous-
ly to the native state at a rate of only 1.2 X 10-'' s°!, which by the
application of transition state theory corresponds to an energy
barrier of 30 kcal mol! (ref. 8). Pro accelerates folding by a fac-
tor of nearly 10, to the order of seconds to minutes®. This

catalysis corresponds to a transition state stabilization of
18 kcal mol.

Pro facilitates formation of the native state of dLP both by sta-
bilizing the folding transition state and by forming an inhibitory
complex with the native 0LP that is more thermodynamically
stable than the Int*Pro complex®. The folding of dLP in the pres-
ence of Pro is thereby driven by thermodynamics, but the main-
tenance of its native conformation in the absence of Pro is not;
the native 0 LP is at least 3 kcal mol! less stable than either Int or
the denatured protein®. OLP is nevertheless trapped in its
metastable native state upon digestion of Pro by the large barrier
to its unfolding (AG = 26 kcal mol'; t,, = 1.2 years). The aLP
folding reaction illustrates the importance of energy barriers as
defining features of any protein folding reaction, both for eluci-
dating the general principles of kinetically controlled reactions
such as this, and also, more broadly, for illuminating conven-
tional protein folding reactions where thermodynamic con-
straints dictate structure. Energy barriers set limits to the
searchable conformational space and effectively isolate discrete
conformations from one another'®-'2,

OLP presents two such barriers for study, the transition states
for the catalyzed and uncatalyzed folding reactions. We are
interested chiefly in understanding the basis for the inordinate-
ly high energy barrier of the uncatalyzed folding transition state,
but chose first to study catalyzed folding because of its demon-
strated amenability to enzymatic and genetic dissection. Studies
of catalyzed folding, where Pro is supplied in trans as a separate
polypeptide, have revealed that C-terminal truncations of Pro
are catalytically defective for folding®. Sequential elimination of
one to four amino acids substantially diminishes the transition
state stabilization that the Pro region provides. Although the
binding of Pro to Int, as assessed by the Ky, for the folding reac-
tion, is only minimally affected, the k, decreases by about an
order of magnitude with each amino acid removed. The k,, for
the folding of wild type aLP with Pro lacking its last three
amino acids (Pro-3) is 0.0025 min’!, nearly 1000-fold down
from that of the folding with wild-type Pro (Table 1). We there-
fore sought suppressor mutations in 0LP that would offset the
catalytic defect of Pro-3. Colonies of Escherichia coli trans-
formed with a plasmid containing a hydroxylamine-mutage-
nized OLP gene expressed bicistronically with Pro-3 were
screened for protease activity. A single mutant was repeatedly
isolated from a screen of ~175,000 colonies. The mutant con-
tained two mutations, R102H and G134S (aLP R102H/G134S).
Suppression of the catalytic defect caused by Pro-3 required that
both mutations be present in the protease.

The rate of folding of aLP R102H/G134S catalyzed by Pro-3
was determined with the trypsin-based folding kinetics assay
developed for the characterization of wild type aLP. At a con-

Table 1 Catalytic and Michaelis constants®

Catalyzed folding IntePro (%) K’ cat (Min-T)
WT aLP with wt Pro region 85% 0.092 + 0.00069
WT aLP with Pro-3 100% NA

oLP R102H/G134S with Pro-3 15% 0.018 £ 1.4 x 107
Uncatalyzed folding

WT aLP NA NA

oLP R102H/G134S NA NA

kcat (min-1) KM (HM) AAGlntt-Pro (kcal m0|'1)2
1.9£0.17 24 +6.1 NA

0.0025 + 0.00011 42+1.1 +2.6
3.8+0.26 43+6.4 -2.7
ke (min-1)3
7.8 x 1010 NA NA
2.9x107 NA -3.2

Walues were derived from catalyzed or uncatalyzed refolding experiments as described in Methods. NA, not applicable. WT, wild type.
2AAG values are given as positive values for transition state destabilization and as negative values for transition state stabilization.
3The k¢ value for wild type aLP was calculated from Sohl et al.8 and from S.S. Jaswal (pers. comm.) as described in Methods.
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centration of 75 UM Pro-3, folding proceeded with a half time of 28
minutes, 11 times faster than the folding of wild-type OLP cat-
alyzed by Pro-3 (Fig. 1). The suppression was apparently incom-
plete because folding was still more than 48 times slower than that
of wild type OLP catalyzed by the wild-type Pro region (Fig. 1).

To precisely assess the effects of the suppressor on catalysis, a
complete enzymatic profile of the folding reaction was generat-
ed. Catalyzed folding of dLP R102H/G134S was carried out with
Pro-3 at concentrations ranging from 2 to 125 uM. A fit of the
exponential rate constants for the fast phases from the resulting
biphasic progress curves gave a value for k, of 3.8
min! and a value for Ky; of 43 UM (Fig. 2a). The k_,;is more than
three orders of magnitude greater than that for the folding of
wild type OLP catalyzed by Pro-3 and it actually exceeds that for
the folding of wild type OLP catalyzed by the wild-type Pro
region (Table 1).

The apparent discrepancy between the measured k., and the
observed folding rate (Fig. 1) stems from the presence in the
folding reaction of a parallel pathway in which the Int-Pro
Michaelis complex is isomerized into an alternative conforma-
tion (Int*Pro)” that converts only slowly to product (k’c,)°. As
noted previously, isomerization competes with catalyzed folding
and accounts for the slow phase component of the folding

a

(1¢min)

Exponential rate constant of the fast phase

o 20 40 60 80 100 120 140
Pro-3 (uM)

Fig. 2 alLP R102H/G134S suppresses completely the folding defect in
Pro-3. a, Catalytic and Michaelis constants for the catalyzed folding of
aLP R102H/G134S by Pro-3 were determined from a Michaelis-Menten
plot of the faster phase exponential rate constants from individual fold-
ing experiments (see Methods). ke = 3.8 £ 0.26 min”'; Ky, = 43 + 6.4 uM;
R =0.98. b, k', for catalyzed folding of aLP R102H/G134S by Pro-3. Plot of
the slower phase exponential rate constants from the same experiments
(see Methods). k., = 0.018 + 1.4 x 107 min-'. ¢, Mechanism for the catalyzed
folding of alLP. Conversion of the Michaelis complex IntePro to product
NatePro (k..;) competes with its isomerization to the alternative conforma-
tion IntePro’ (k;) which is less productive for folding (k’c.)°.
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Fig. 1 Catalyzed folding by Pro-3 is accelerated for aLP R102H/G134S.
The folding of 5 uM Int was catalyzed by 75 uM Pro region, and the half
times for folding calculated from fits of each progress curve. The folding
reactions showed biphasic kinetics, with the exception of the folding of
wild type aLP with Pro-3, which showed monophasic kinetics (only the
early portion of this progress curve is presented). Half time for the fold-
ing of wild-type aLP with the wild-type Pro region, 0.58 min; for the fold-
ing of aLP R102H/G134S with Pro-3, 28 min; for the folding of wild type
aLP with Pro-3, 5 h 4 min.

progress curves (Fig. 2b,c)°. When Pro-3 catalyzes the folding of
OoLP R102H/G134S, only 15% of the equilibrium population is
Int*Pro, whereas when wild-type Pro catalyzes the folding of wild
type OLP, 85% of the equilibrium population is Int-Pro
(Table 1). Even though Int*Pro is converted more rapidly to
product in the aLP R102H/G134S folding reaction than it is in
the wild type folding reaction, there is much less OLP
R102H/G134S Int+Pro to start with and so the overall folding is
retarded by the slow conversion of the alternative isomer to
product.

Although we isolated this mutant to illuminate the mechanism
of catalyzed folding, we were of course interested in determining
whether the mutations affected uncatalyzed folding as well. The
uncatalyzed folding of wild type aLP is so slow that even if it is
followed with a highly sensitive thiobenzyl ester substrate for
protease activity the time course must be carried out for days in
order for the folding rate to be measured®. But when Int was pre-
pared from oLP R102H/G134S and assayed with the thiobenzyl
ester substrate, we were surprised to find that protease activity
could be detected as early as 45 min (Fig. 3). The activity
increased linearly over the next few hours and then began to level
off as the accumulated protease digested the remaining Int. As
expected, no activity was detected in the control wild type aLP
preparation. From a linear fit of the data, the rate for the uncat-
alyzed folding of aLP R102H/G134S was calculated to be 2.9 x
107 min’, a 370-fold acceleration over that of the wild-type pro-
tease (Table 1).

This rate enhancement in uncatalyzed folding corresponds to a
reduction of 3.2 kcal mol™! in the height of the rate-limiting tran-
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Fig. 3 The rate of uncatalyzed folding of aLP R102H/G134S is greatly
enhanced. Intermediate preparations of aLP R102H/G134S (7.1 uM) and
of wild type aLP (4.0 uM) were incubated for 9 h, and 820 pl samples of
each preparation were withdrawn at 45 min intervals for pepsin treat-
ment and aLP assay. At each time point a smaller quantity of each prepa-
ration was also refolded catalytically with 25 pM wild type Pro region.
The rate constant of 2.9 x 107 min-' (R = 0.98) was calculated from the
first 7 h of the experiment because the quantity of refoldable alLP
R102H/G134S intermediate began to decline after this point owing to
proteolysis by the accumulated protease.

sition state barrier (Table 1). For the catalyzed folding reaction,
the reduction in the height of the rate-limiting transition state
barrier, calculated from the specificity constant [k,./Ky] ratio, is
2.7 kcal mol! (Table 1). Not only do these mutations stabilize the
transition states of both the catalyzed and uncatalyzed folding
transition states, but they do so to the same extent. It is possible
that these two transition states are by chance stabilized equally by
these mutations, even though the mutations were isolated solely
for their ability to stabilize the transition state for catalyzed fold-
ing. The alternative interpretation, which we favor, is that the cat-
alyzed and uncatalyzed folding pathways share the same
transition state or at least its critical features, and that there is con-
sequently only one transition state for the mutations to act upon.

This outcome subverted the expectation that mutations in aLP
that affect the transition state for catalyzed folding would have lim-
ited, if any, effect upon uncatalyzed folding. The landscape for pro-
tein folding is commonly modeled as a funnel with a rugged
interior, representing an essentially infinite number of possible
pathways down to the native state, with each pathway having its
own distinct energetic topography'™2. This paradigm, which
emerged from theoretical studies with lattice models'>', has
received experimental support. Several proteins whose folding is
under conventional thermodynamic control have now been shown
to follow multiple pathways to their native conformations'>'c.

It is to be inferred from the ruggedness of the funnel’s interior
that the transition state for one pathway should not be expected
to match or even resemble that of an alternative pathway. The
behavior of the chymotrypsin inhibitor from barley (CI2) and
the bacteriophage A repressor is in keeping with this prediction;
both proteins show an expansive ensemble of folding transition
states'”!8, But for certain proteins, a surprising amount of con-
formational homogeneity has been found. Hen egg white
lysozyme can fold via two pathways, a slow pathway with a dis-
crete intermediate, and a fast pathway with no detectable inter-
mediates; the transition states for the two pathways are
energetically identical’®. A mutation in the O-spectrin SH3
domain that stabilizes its folding transition state and thereby
accelerates folding by 20-fold has no effect on its gross confor-
mation, suggesting that the transition state admits of little flexi-
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bility, and that there is an obligate set of interactions that must be
formed for folding to proceed, regardless of the folding path-
way?’.

OLP presents yet another illustration of conformational
homogeneity in a folding transition state, and it is an especially
clear and dramatic one. Rarely is it possible to isolate and geneti-
cally manipulate two entirely distinct and energetically well-
characterized folding pathways for a single protein. And in this
case, even though 18 kcal mol! separates the two pathways, it
appears that they must pass through the same transition state.
We therefore suspect — and more mutational analysis will show
whether this is indeed the case — that every route to the native
state of OLP must pass through this same transition state.

If the aLP folding transition state ensemble is a single species,
it is likely that this occurs because of the costly conformational
rearrangements that the transition state species must undergo in
order to reach the native protease. If the aLP folding transition
state ensemble is a single species, a likely explanation is the cost-
ly conformational rearrangements that the intermediate species
must undergo to reach the native protease. The inordinately high
energy folding barrier implies an extremely cooperative folding
reaction. Calorimetric experiments have prompted a substantial
role in particular to be ascribed to the entropic penalty associat-
ed with folding®. Our previous calorimetric experiments have
prompted us to ascribe a substantial role in particular to the
entropic penalty associated with folding. There may be very few
ways or even only one way of meeting the entropic challenge, of
concertedly locking the native structure of dLP into place, and
thus the conformational heterogeneity of the folding transition
state ensemble could be so highly restricted that it is effectively a
single species.

It may turn out that what we have found is merely one illustra-
tion of a general property of folding landscapes, that conforma-
tional homogeneity is actually an intrinsic feature of high energy
folding transition states ensembles. If so, then structural infor-
mation from mutants such as the one described here could prove
particularly valuable in leading us to an understanding of the
basis for protein folding barriers.

Methods

Isolation of oLP R102H/G134S. Plasmid pP,;phoPro-2+3ph-alp12
contains a bicistronic version of the aLP gene that codes for a vari-
ant of the wild type Pro region followed by a wild type aLP gene,
each preceded by the segment of the E. coli phoA gene that codes
for the alkaline phosphatase signal sequence?'. This plasmid was
mutagenized with hydroxylamine for up to 48 h at 70 °C%, an Ncol-
Xbal fragment containing sequences from the 3' end of the Pro
region to the 3' end of the aLP gene was cloned into an analogous
plasmid containing the gene for Pro-3 in place of the wild type Pro
variant, and the resulting ligation mixtures were used to transform
strain AD1106 by electroporation. Strain AD1106 is a derivative of
strain K10 that carries a chromsomal /ac/? mutation derived from
strain CAG16188 (ref. 23); strain K10 (obtained as strain DF1000
from D. Fraenkel, Harvard Medical School) was chosen from a survey
of several E. coli K12 strains on the basis of its superior expression of
recombinant oLP. Because of complications arising from recombina-
tion events during the screen, subsequent manipulations were car-
ried out in either strain AD1201 or AD1202, which are derivatives of
AD1106 that contain the recA56 mutation2* from strain CAG12315
or the ArecA1398 mutation?> from strain CAG27020, respectively. All
CAG strains were obtained from the laboratory of C. Gross at UCSF.
Standard techniques of bacterial genetics were used for strain con-
struction.

Transformants were screened for aLP activity with a nitrocellulose
filter-based colony lift assay as described except that aLP expression
was induced with 2 or 5 mM IPTG, and the filters were incubated for
10-15 min in a solution of 150 mM NaCl, 5 mM Na-EDTA, 2.5 mg
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ml-' gelatin, 0.05% (v/v) NP40, 50 mM Tris-HCl pH 7.5 prior to the
colonies being rinsed off2. Expression of the wild type alP in the
context of Pro-3 gives essentially no signal in the assay. The alLP
R102H/G134S mutation was isolated six times independently after
9 h of treatment with hydroxylamine and three times independent-
ly after 12 h of treatment, in all cases as the same two G - A transi-
tions, and in nearly all cases accompanied by one or more silent
mutations elsewhere in the sequence. The DNA Facility of the
Howard Hughes Medical Institute at UCSF performed all DNA
sequencing for the project.

The mutant protease was expressed from a plasmid in which a
fragment containing both mutations was subcloned into the mono-
cistronic wild type oLP construct, where the wild type Pro region
and aLP R102H/G134S are expressed as a single continuous polypep-
tide?’. Expression kinetics and levels were comparable to those for
wild type oLP. The protein was purified by S-Sepharose ion
exchange chromotography and preparative Mono-S H/R HPLC as
described?¢, except that the S-Sepharose column was washed with
10 mM glycine, pH 8.4, prior to elution of the protein at pH 9.6. aLP
R102H/G134S protease behaved much as the wild type alLP, eluting
from the Mono-S column as a sharp peak at about 150 mM sodium
acetate.

Pro region purification and oLP denaturation. The Pro regions
were purified from inclusion bodies as described?!, except that
DNase and MgCl, were present during the sonication, and the sub-
sequent room temperature incubation was omitted. The wild-type
Pro region used has an additional proline at its N-terminus, a
cloning artifact that does not affect the behavior of the protein®.
Protease was denatured as described?, but denaturation was carried
out for 24-36 h. The denatured protease was concentrated to
~1 mM in a centrifugal filter device with a 10 kDa molecular mass
cut-off, and the glycine was diluted at least five-fold during the con-
centration. The integrity of the denatured protease was verified by
demonstrating that protease activity recovered upon refolding was
consistent with molar absorption measurements at 280 nm.

Catalyzed folding. Catalyzed folding was carried out as
describeds?, but in 20 mM potassium succinate pH 5.6, and at 0 °C (ice
water). Progress curves were generated for at least 10 concentra-
tions of the Pro region, typically ranging from 5 to 125 uM, and
these were fit by a three parameter single exponential for the
monophasic folding of the wild type aLP with Pro-3, and by a five
parameter double exponential for the biphasic folding of the wild
type aLP with the wild type Pro region and for the biphasic folding
of aLP R102H/G134S with Pro-3. For the last two cases, the percent-
age of total amplitude present in each phase and also the magni-
tude of the rate constant for the slower phase were invariant over
the entire range of Pro region concentrations, whereas the rate
constant for the faster phase increased with increasing Pro region
concentration. The amplitudes were fixed at the modal percentage
(85% faster phase for the folding of the wild type aLP with the wild
type Pro region, 15% faster phase for the folding of olLP
R102H/G134S with Pro-3), the progress curves refit by a three para-
meter double exponential, the magnitudes of the fast phases plot-
ted against Pro region concentration, and the values for Ky, and k.,
extracted from a fit to the variant of the Michaelis-Menten equa-
tion that was derived from the previously demonstrated enzymatic
mechanism (Fig. 2¢)*:

3 k_, [Pro]
obs K+ [Pro]

The magnitudes of the slow phases were averaged to yield k..
For the folding of the wild type aLP with Pro-3, the monophasic
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exponential rate constants were fit directly to this equation.
KaleidaGraph version 3.08d (Synergy Software) was used for
higher order analysis of the data and for curve fitting.

Uncatalyzed folding. Uncatalyzed folding was carried out as
described?, but at 0 °C (ice water). Because a 1 ml sample proved
adequate for each time point, it was unnecessary to concentrate
the pepsin treated material prior to assay. The thiobenzyl ester
substrate was used as described, but the concentration of DMSO
prior to assay was increased to 5.0% in order to enhance the solu-
bility of the reaction product. The data were corrected for sub-
strate autolysis, and the concentration of native protease
determined from a standard curve. The rate constant for the fold-
ing of wild type alLP at 0 °C was determined by extrapolation
from the data of Sohl et al.8 (25 °C and 4 °C) and from S.S. Jaswal,
(pers. comm.) (15 °C).
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