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Confining compartments are ubiquitous in biology, but there have been few experimental
studies on the thermodynamics of protein folding in such environments. Recently, we
reported that the stability of a model protein substrate in the GroEL/ES chaperonin cage
is reduced dramatically by more than 5 kcal mol™ compared to that in bulk solution,
but the origin of this effect remained unclear. Here, we show that this destabilization
is caused, at least in part, by a diminished hydrophobic effect in the GroEL/ES cavity.
This reduced hydrophobic effect is probably caused by water ordering due to the small
number of hydration shells between the cavity and protein substrate surfaces. Hence,
encapsulated protein substrates can undergo a process similar to cold denaturation in
which unfolding is promoted by ordered water molecules. Our findings are likely to be
relevant to encapsulated substrates in chaperonin systems, in general, and are consistent
with the iterative annealing mechanism of action proposed for GroEL/ES.
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Chaperonins are large biomolecular machines that assist protein folding in vivo and in vitro
in an ATP-dependent manner (for recent reviews see refs. 1-4). The GroE chaperonin
system from Escherichia coli has become a paradigm for biomolecular machines, in general,
and chaperonins in particular. It comprises GroEL, which is formed by two back-to-back
stacked homo-heptameric rings, and its co-factor GroES, which is a homo-heptameric
single-ring. GroES can bind to either one or both ends of GroEL in an ATP-dependent
fashion, thereby forming 1:1 GroEL-GroES bullet-shaped (5) or 1:2 GroEL-GroES, foot-
ball-shaped (6, 7) complexes, respectively. Binding of GroES to GroEL generates a cavity
(also called “Anfinsen cage”) in which substrate proteins become encapsulated and, thus,
protected from aggregation. Despite more than three decades of intensive research, it remains
unclear whether GroELs function is limited to prevention of aggregation (8) and the folding
process itself is not affected by GroEL (9) or if it has an “active” mechanism. Two ostensibly
opposite kinetic effects have been attributed to GroEL in support of its active mechanism:
acceleration of folding (3, 10-12) and unfolding (or “unfoldase”) activity (4, 13-15). One
reason for these seemingly conflicting findings may be that a universal mechanism of GroEL
action does not exist, i.e., its mechanism may be substrate dependent. A second reason is
that GroEL cycles between various states with different effects on substrate folding that have
been difficult to disentangle. The apo state of GroEL, for example, has a higher affinity for
nonfolded over folded states of substrate proteins since its cavity walls are hydrophobic (5).
Consequently, the conformational equilibrium of substrates, in the presence of apo GroEL,
is shifted in favor of their non-folded states (14, 16, 17). Adenosine 5’-triphosphate (ATP)
and GroES binding-promoted conformational changes (13), which follow substrate binding,
can cause bound misfolded proteins to undergo forced unfolding due to a stretching force
applied to them. Such forced unfolding can lead to enhanced folding rates and yields
according to the iterative annealing model (4). Finally, encapsulation in the GroEL/ES
cavity can also affect the protein substrate’s energy landscape.

Factors that can influence the folding properties of a protein substrate in the cavity
include confinement, the chemical properties of the cavity walls and cavity-confined water,
and the presence of GroELs C-terminal tails. Simulations showed that confinement can
either enhance or retard folding rates depending on the temperature and the interaction
of the substrate with the cavity walls (18, 19). In another simulation study, it was proposed
that folding in the GroES-capped cavity might be enhanced owing to the accumulation
of water molecules near polar residues that line the cavity surface (20). This proposal is
in accord with experimental work that indicated that removal of negatively charged resi-
dues in the cavity walls can retard folding (21). Stimulation of protein folding in the
GroEL cavity has also been attributed to the presence of GroEL's C-terminal tails, which
contain multiple Gly-Gly-Met motifs (22). The expected stabilizing effect of confinement
and the observed acceleration of protein folding in the GroEL cavity suggested that
encapsulated proteins are stabilized. In contrast, it was shown recently (23) that the stability
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Fig. 1. Ribbon diagram of the crystal structure of dihydrofolate reductase
from Moritella profunda (PDB ID: 2zza). The residues targeted for mutagenesis
are shown using a space-filling representation and indicated using the single-
letter code for amino acids. Also shown are the bound ligands, NADP+ and
folate (in wheat color), and a water molecule bound to L9. The figure was
generated using PyMOL.

of an encapsulated model substrate (that cannot escape into bulk
solution) is reduced by more than 5 kcal mol™" in comparison
with its stability in bulk solution. Fluorescence anisotropy decay
measurements showed free mobility of the encapsulated substrate,
thereby indicating that its destabilization is unlikely to be due to
interactions with the cavity walls (23). Here, we show that the dest-
abilization of this substrate is due, at least in part, to a diminished

hydrophobic effect in the cavity.

Results and Discussion

Experimental Approach. The magnitude of the hydrophobic
contribution to protein stability inside the GroEL cavity was probed
by truncating buried aliphatic side chains in dihydrofolate reductase
from Moritella profunda (DHFRy,) fused to the C terminus of
enhanced green fluorescent protein (eGFP) (23). DHF Ry, isa useful
model substrate since it is relatively unstable at room temperature
(23, 24) and its folding can be monitored easily by measuring the

regain in enzyme activity. DHFRy, was fused to eGFP in order to
further destabilize it (25, 26) and to facilitate determination of its
location, i.e., whether it is in the cavity or has escaped. Five buried
aliphatic residues in DHFRy, (Fig. 1 and Table 1), which are distant
from its NADPH and dihydrofolate binding sites, were targeted
for mutagenesis. Their side chains were truncated via lle—Val or
Leu—Val mutations, thereby removing a methylene group. Such
truncations have been widely employed to assess the hydrophobic
contribution to protein stability (27, 28). Under ideal circumstances,
these truncations result in loss of the free energy of transfer of a
methylene group from water to the protein’s hydrophobic interior
and a change in free energy due to local packing alterations, but
global rearrangements and stability effects due to changes in side-
chain and main-chain entropies are minimal.

Effects of Hydrophobic Core Mutations on Stability in Bulk
solution. The effects of the mutations in DHFRy, fused to eGFP
on its stability in bulk solution were measured by guanidinium
hydrochloride denaturation as described (23). These measurements
were carried out in the presence of different concentrations of
NADPH in order to minimize aggregation that takes place in bulk
solution. The free energy of folding in the absence of NADPH
was then obtained via linear extrapolation (Fig. 2 and Dataset S1).
It may be seen (Table 1) that all the mutations are destabilizing
in bulk solution as expected when a buried methylene group is
removed. The effects of some of the mutations are perhaps smaller
than expected because the cores of psychrophilic proteins are less
well packed and the contribution of the hydrophobic effect to their
stability is less dominant than in the case of mesophilic proteins
(29, 30). Nevertheless, the average mutational effect we observe of
0.8 keal mol ™ with a SD 0f 0.7 kcal mol ™ is in close agreement with
the value of 0.9 kcal mol™ with a SD of 0.8 kcal mol™ reported
before for a large dataset of hydrophobic core replacements (28).

Effects of Hydrophobic Core Mutations on Protein Stability in the
GroEL/ES Cavity. Previous work showed that eGFP encapsulated
in football-shaped GroEL-GroES, complexes, in the presence
of BeF,, does not escape into bulk solution even after overnight
incubation at room temperature (23). Such stable encapsulation
is also found for DHFRy, fused to eGFP (81 Appendix, Fig. S1).
The effects of mutations in DHFRy,, fused to eGFP on its stability
in the GroEL cavity were determined by following the change in

Table 1. Stabilities of DHFRy, variants fused to eGFP in bulk solution and in the GroE and thermosome cavities

Percent area of
mutated residue

Exposed surface
area of mutated

Stability in bulk

Change in
stability in bulk
solution upon

Change in stabil-

Stability in the ity in the cavity

residue in the exposed in the solution (kcal mutation (kcal cavity (kcal upon mutation

Protein” native state (A%)" native state’ mol™) mol™"y* mol™") (kcal mol™*
WT in GroE?® - - -3.45+0.09 - 24102 -

WT in (ap), - - -3.45+0.09 - 27+03 -

WT in Bg - - -3.45+0.09 - 33+0.2 -

L9V in GroE 4.0 3.5 -2.60+0.13 0.85+0.15 3.7+03 13104
141V in GroE 0.0 0 -2.95+0.07 0.50 £0.11 1.6 £0.1 -0.8+0.2
161V in GroE 0.1 0 -3.16+0.07 0.29 £0.11 22+0.2 -0.2+0.3
L93V in GroE 5.4 4.0 -1.52+0.18 1.93+£0.20 0.9+0.1 -1.5+£0.2
195V in GroE 5.8 3.5 -3.03£0.09 0.42+0.13 2.8+0.3 04+04

“Single-letter notation of amino acids is used.

Values represent averages for the two dihydrofolate reductase chains (A and B) related by noncrystallographic symmetry in the crystal structure (PDB ID: 2zza). The solvent-accessible

surface areas for each residue listed were calculated using PyMOL.

*The changes in stability in bulk solution and in the cavity upon mutation were calculated as: AG(mutant) - AG(wild-type).

*The data for wild-type DHFRy, in the chimera were reported before (23).

20of 6 https://doi.org/10.1073/pnas.2213170119

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2213170119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2213170119#supplementary-materials

0 0 0
y wWT Lov 141V
07
A
2
14
-3 2
4 21
—~ 6
< -4 -3.5
S o 0.4 0.8 1.2 16 0 02 0.4 0.6 0.8 0 0.04 0.08 0.12 0.16
©
[s]
53
9 o 0 0
161V L93V 195V
0.9 09 09
1.8 18 1.8
27 27 27
6 w
36 36 ) 36
45 -4.5 -4.5
0 01 02 03 04 05 0 04 08 12 16 2 0 01 02 03 04 05

RTIn(1+[SJK ) (kcal mol™")

Fig. 2. Stability measurements of the DHFRy,, part of the chimera in bulk solution. The stability of the DHFRy,, part of the chimera was determined as a function
of GuHCl concentration at different fixed concentrations of NADPH. Shown are the free energies of unfolding, in the absence of GuHCI, plotted against a function
of the concentration of NADPH (S) for wild-type DHFRy,, and the L9V, 141V, 161V, L93V, and 195V mutants. The data were fitted using Eq. 2. The y-intercepts
correspond to the free energies of folding in bulk solution provided in Table 1. Error bars represent SE.

absorbance at 340 nm, upon addition of the substrate dihydrofolate
(DHF) and NADPH, as before (23). The enzymatic activity of
encapsulated DHFR,(, in the chimera displays a lag phase, which
is absent when the chimera is free in bulk solution (23). The
value of the rate constant associated with the lag phase decreases
with increasing substrate (DHF) concentrations (Fig. 3). Such a
decrease is diagnostic for a conformational selection mechanism,
i.e., when there is an equilibrium between the unfolded and folded
forms of DHFRy,, in the chimera that is shifted in favor of the
folded form in the presence of DHEF. The decrease occurs because
the rate of approach to equilibrium shifts from the reversible
interconversion between the folded and unfolded states at low
DHEF concentrations (described by the sum of folding () and
unfolding (£,) rate constants) to an irreversible switch to the
folded form at high DHF concentrations described by 4; only.
Consequently, estimates of 4; and 4, can be extracted from plots
of the observed rate constant as a function of DHF concentration
(see Eq. 4 in Methods) from which the free energy of folding can be
calculated. Previous work showed that wild-type DHFRy, in the
chimera is destabilized by more than 5 kcal mol™" in the GroEL/ES
cavity relative to bulk solution (23). A similar destabilization by
more than 5 kcal mol™ is also observed when DHFRy,, fused
to eGFP is encapsulated in the cavity of the thermosome from
Sulfolobus acidocaldarius, an archaeal homolog of GroEL, formed
by a and f subunits ((xf)4 rings) or only f subunits (B, rings)
(Fig. 3), thereby indicating that it may apply to chaperonins, in
general, and, perhaps, to other confining systems.

Strikingly, although the truncations of buried aliphatic side
chains in DHFR,, are all found to be destabilizing within error
in bulk solution, their effects in the GroEL/ES cavity are idiosyn-
cratic but mostly neutral or even stabilizing (Table 1). The muta-
tions 141V and L93V are stabilizing, whereas the mutations [61V
and 195V have essentially no effect within error on stability. Three
major effects associated with truncations of buried aliphatic side
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chains are i) destabilization due to loss of the free energy of transfer
of a methylene group from water to the hydrophobic core; ii)
changes in packing because of the void created in the protein
interior; and iii) changes in side-chain entropies which can be
stabilizing or destabilizing depending on the mutation and its
location (28). Effects ii) and iii) are unlikely to differ much
between bulk solution and the GroEL/ES cavity. Given that the
loss of the free energy of transfer is always destabilizing, the neutral
or stabilizing effects of the truncations observed here indicate that
the hydrophobic effect in the GroEL/ES cavity is diminished. The
effects of mutations in the cavity are, therefore, due to a balance
between packing changes, which occur only if they are stabilizing,
and changes in side-chain entropy which can be stabilizing or
destabilizing. The effect of the L9V mutation differs and is dest-
abilizing, but L9 has a bound water molecule in the native state
(Fig. 1). Hence, L9 might be less buried in solution than in the
crystal structure, and the destabilizing effect of this mutation is
more likely to be due to factors other than loss of the free energy
of transfer (such as changes in packing or side-chain entropy) that
are similar in the cavity and bulk solution.

Why could the hydrophobic effect be diminished in the cavity?
Given that DHFR,(, fused to the eGFP substrate is not bound to
the cavity walls (23) and that the volumes of the cavity and the
substrate are 175,000 A” (5) and 58,000 A® (23), respectively, it
is easy to calculate that the average distance (over time and space)
between the cavity walls and the substrate surface is about 10 A
(assuming that both the cavity and the substrate are spherical)
(Fig. 4). Such a distance corresponds to about three hydration
layers comprising two first shells and one second shell (31) which
are relatively ordered, thereby resulting in a diminished hydro-
phobic effect. This is somewhat analogous to protein cold dena-
turation, which is believed to result from a weaker hydrophobic
effect owing to water ordering at lower temperatures. It is impor-
tant to note that the average distance between the cavity walls and
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Fig.3. Encapsulation in the GroE and thermosome cavities affects folding of the DHFRy,,, part of the chimera. Representative plots of the observed rate constant, A,
as a function of dihydrofolic acid concentration are shown for the indicated mutants of the DHFRy,, part of the chimera inside the GroE cavity. Also shown are
such plots for folding of the wild-type version of the DHFRyy, part of the chimera inside the cavities of the thermosome from Sulfolobus acidocaldarius formed
by aand  subunits ((ap), rings) or only § subunits (B, rings). The data were fitted to Eq. 4, thereby yielding estimates of the folding and unfolding rate constants.
The free energies of folding are provided in Table 1. All the experiments were carried out at least in duplicate. Error bars represent SE.

the surface of a 30-kDa substrate would be about 13 A, which is
equivalent to four hydration shells. Consequently, destabilization
inside the GroEL/ES cavity owing to a diminished hydrophobic
effect is expected from such calculations also for smaller protein
substrates. In fact, there is evidence that some ordering of cavity
-confined water molecules occurs even in the absence of an
encapsulated substrate (32). Our analysis is also in agreement with
simulations of smaller systems comprising nanotube-confined
villin (33) or a 23-residue helical peptide (34), which showed that
they become unstructured owing to reduced solvent entropy.

The destabilizing effect of encapsulation in the thermosome and
GroEL/ES cavities is in agreement with the iterative annealing
mechanism of action, according to which misfolded proteins are
unfolded, thereby giving them further opportunity to fold correctly
(4). It has been reported that protein substrates become unfolded
in the cavity first upon binding to GroELs apo state and then
because of forced unfolding due to ATP and GroES binding-pro-
moted conformational changes (13). Our results show that the
unfolded state is reached also because it is strongly favored thermo-
dynamically owing to a diminished hydrophobic effect in the
GroES-capped cavity. It is important to note, however, that the
unfolded state in the cavity is likely to differ from that in bulk
solution because of confinement. In conclusion, the results reported
here should also be relevant to other confining compartments such
as the proteasome where unfolding promoted by a reduced hydro-
phobic effect would facilitate protein degradation.

Methods

Molecular Biology. Mutations in DHFRy, fused to eGFP were intro-
duced by amplifying the previously constructed gene for this chimera in

40f6 https://doi.org/10.1073/pnas.2213170119

Fig. 4. Scheme showing encapsulated substrate in the GroEL/ES cavity.
Assuming that both the cavity and the substrate are spherical with respective
volumes of 175,000 A* (5) and 58,000 A° (23) and given that the DHFRy,, fused to
eGFP substrate is not bound to the cavity walls (23), it is easy to calculate that
the average distance between the cavity walls and substrate surface is about
10 A. Such a distance corresponds to about three relatively ordered hydration
shells, thereby resulting in a diminished hydrophobic effect.

a Pet21a plasmid (23) using restriction-free cloning. The L9V, 141V, 161V,
L93V, and 195V mutants were constructed using the forward primer

pnas.org



5'-GTCTACTTGAAAGAGTCAAACTCGAGTGAACTCGAGCACCACCACCACC-3” and the
respective reverse primers: 5’-GATTGCCGCAGTAGCGAATA-3';

5'-GGGTAAACCAGTCGTAATGGGCAG-3'; 5'-GCAGACTAAATGTAGTCCTGTCTAG-3';
5'-CGTAGAAGAGGTAATGATCATTGG-3'; and 5’-GTAGAAGAGCTTATGGTAATTGGCG-3'.
All the mutations were verified by DNA sequencing of the entire gene.

Protein Expression and Purification. The wild-type and mutant versions of
the chimera of DHFRy, fused to eGFP were expressed and purified as before (23).
GroEL and GroES were expressed as described (35). The cells were then resus-
pended in 20 mM Tris-HCl buffer (pH 7.5) containing 60 mM KCl, 10 mM MgCl,,
2 mM dithiothreitol (DTT), 0.1 mM ethylenediaminetetraacetic acid (EDTA), and
0.5 mM phenylmethylsulfonyl fluoride (PMSF) and disrupted using sonication.
The cell lysate was centrifuged at 47,850 g for 30 min at 4°C, and the supernatant
was then subjected to 55% ammonium sulfate precipitation. The pellet was then
resuspended in buffer A(50 mM Tris-HCI (pH 7.5) containing 10 mM imidazole,
500 mM NaCl, and 10 mM f-mercaptoethanol) and loaded on a HisTrap 5-mI HP
column (GE Healthcare) equilibrated with this buffer. The flow-through was col-
lected, subjected to ammonium sulfate precipitation, and used for GroEL purifica-
tion (see below). GroES was eluted using a linear gradient of 10-500 mM imidazole
in buffer A. GroES-containing fractions were combined, warmed to 60°C for 15 min,
and centrifuged at 38,760 g for 30 min at 4°C. The supernatant containing GroES
was concentrated and loaded on a Superose 6 10/300 GL column (GE Healthcare)
equilibrated with G10K buffer (50 mM Tris-HCI (pH 7.5) containing 10 mM KCl,
10 mM MgCl, and 1 mM DTT). The GroES-containing fractions were combined and
concentrated, and aliquots of the protein were snap-frozen in liquid nitrogen and
stored at —80°C.The GroEL-containing pellet was resuspended in buffer B (50 mM
Tris-HCl (pH 7.5) containing 0.1 mM EDTAand 1 mM DTT) and loaded on a 30-ml Q
Sepharose column preequilibrated with buffer B. GroEL was eluted using a linear
gradient of 0-1 M NaCl in buffer B. GroEL-containing fractions were combined
and subjected to ammonium sulfate precipitation as above. The pellet was then
resuspended in buffer C(50 mM 2-(N-morpholino) ethanesulfonicacid (MES) (pH
6.0) containing 1 mM EDTA, 1 mM DTT, and 25% methanol) and loaded on a
1-ml MonoQ column (GE Healthcare) equilibrated with buffer C. GroEL was eluted
using a 0-1 M NaCl gradient in buffer C. GroEL-containing fractions were pooled,
subjected to 45% acetone precipitation for 10 min at room temperature, and then
centrifuged at 30,600 g for 15 min at 4°C. The pellet was then dried, resuspended
in G10K buffer, and loaded on a Superose 6 10/300 GL column (GE Healthcare)
equilibrated with this buffer. The GroEL-containing fractions were combined and
concentrated, and aliquots of the protein were snap-frozen in liquid nitrogen and
stored at —80°C. Protein concentrations were determined as before (35).
Individual o and B subunits (with a C-terminal His-tag) of the thermosome
from Sulfolobus acidocaldarius were expressed in Rosetta (DE3) cells harboring
the pET Duet | and pET28a plasmids containing these respective genes. Cells were
resuspended in lysis buffer (50 mM Tris-HCl (pH 8.0) 150 mM KCI, 10% glycerol,
1 mM lysozyme, and 1 mM PMSF) and lysed by sonication on ice (70% amplitude,
3 x 30-s pulse and 2-min interval between pulses). Cell debris was removed by
centrifugation at 26,892 g for 30 min. The supernatant was further incubated
at 60°C for 30 min followed by centrifugation at 26,892 g for 30 min. This step
causes aggregation and separation of most of the E. coli proteins. The heat-treated
lysate was then subjected to Ni-NTA affinity chromatography in 50 mM Tris-HCl
(pH 8.0) buffer containing 150 mM KCl, 10% glycerol, and 10 mM imidazole,
and elution was carried out using a gradient of 100-500 mM imidazole. Further
purification of «and f subunits was achieved by size exclusion chromatography
in 50 mM Tris-HCI (pH 8.0) buffer with 150 mM KCl on a Superdex 200 10/300
GL column. Formation of f heterooligomers was achieved by mixing the purified
subunitsina 1:1 ratio in 50 mMTris-HCI (pH 8.0) and 100 mM KCl followed by the
addition of 25 mM MgCl, and 5 mMATP. The mixture was then incubated at 75°C
for 30 min. p homooligomers were obtained similarly using purified  subunits.

Stability Measurements of the DHFRy, Part of the Chimera in Bulk
Solution. The stabilities of mutants of the DHFR,,, part of the chimera were deter-
mined as a function of GuHCI concentration at different fixed concentrations of
NADPH as before (23). The data were fitted to

—AG0+m(D]
RT

e FS+a[D]+ (F)+bID]) e

—AGO+m(D]
RT

, 1l
T+e

PNAS 2022 Vol.119 No.48 2213170119

where AG® is the free energy of unfolding in the absence of denaturant, [D] is
the GuHCI concentration, m is the GuHCl-concentration dependence of the free

energy of unfolding (m = ?)ADG), Tis the temperature, and R is the gas constant.

The fluorescence of the native (Fy) and denatured (F,)) states are expressed as
linear functions of the GuHCI concentration with slopes of a and b, respectively.
This analysis is based on the assumption that the melting curves reflect the dena-
turation only of the DHFRy,, part of the chimera, which is justified since eGFP is
very stable under our conditions and the fluorescence of its single tryptophan
residue changes very little (and in a linear fashion) as a function of GuHCI con-
centration. The values of AG obtained from the fits to Eq. 1 were then plotted as
a function of the concentration of NADPH, and the data were fitted to

AG = AG® — RIln (1 N E—]> 2]

m

where [S] is the concentration of NADPH and K,, is the Michaelis-Menten
constant whose value can be mutant dependent. Here, AGY is the free
energy of unfolding in the absence of both GuHCI and NADPH. Eq. 2 is
derived by assuming that the substrate, S, binds only to the folded state, F.
Consequently, the apparent folding equilibrium constant, K, is given by:
_ [F1+[FS] _ [F1+[FISI/K, 0< [S] . 4
K U] 0l K 1+Km . Taking the logarithm of

both sides of the latter equation and multiplying by —RT yields Eq. 2.

Activity Assays of Encapsulated DHFRy,. Encapsulation of wild-type and
mutant versions of DHFRy,, fused to eGFP in the cavities of chaperonin footballs
was achieved as described (23). The enzyme activity of the encapsulated DHFR;,
was monitored as before (23) by following the change in the absorbance at 340
nm, in the presence of different concentrations of DHF and a fixed concentration
of NADPH. The data were fitted to

[Pl=Vt+Ale™™ —1), [3]

where [P] is the product concentration (or the absorbance at 340 nm which is
proportional to it), Vis the slope that corresponds to the linear steady-state velocity
of the reaction, and A and A are the respective amplitude and rate constant of the
lag phase. Eq. 3 can be derived for the reaction scheme E; 2 E; 2 ES, where
Ey Er and ES designate the respective unfolded, folded, and substrate-bound
folded states of DHFRy,, (E), assuming that ligand binding is fast relative to the
folding and unfolding steps. In such a case of conformational selection, the rate
constant, A, is given by:

k, k

A=k +—L=1 =k + k,
TSI+, T KIS1HT

(41

where k;and k, are the respective folding and unfolding rate constants, k; and
k_, are the respective substrate association and dissociation rate constants, and
K, = ky/k_, is the substrate association constant. A detailed derivation of Eq. 4 has
been provided before (23). In brief, the rates of changes in the concentrations of
Ey. Er, and ES, in the case of the above reaction scheme, are given by

d[Ep)/di= k[Eyl = (k, + kI[S]) [Ep] + k_i[ES],
[6]
d[ES] /dt = k[S][EER] — k_;[ES]. [7]
These three rate equations can be expressed in a matrix form, as follows:
—ke kR SI-4 -k [EF] [=0, [8]
0 —kIS] k-4 || [ES)

where 1 is the apparent rate constant. Given that the determinant of the above
matrix must be equal to zero, there are two solutions for A given by

A+ Ay =k + k, + k[ST+ k_qand 4,4y = keky + kek_y + k,k_q.Eq. 4
is obtained by assuming that ligand binding is much faster than folding, i.e.,
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Ay = ki[S] + k_;. Inspection of Eq. 4 shows that the value of the observed rate
constant, 4, decreases with increasing substrate concentration as observed before
(23)and here (Fig. 3). Estimates of the folding and unfolding rate constants were
obtained from fits of 4 vs. DHF concentration to Eq. 4.

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix. The underlying data for Figs. 2 and 3 are provided in
Datasets S1and S2, respectively.
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