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Background: Catalytic promiscuity is common, but its molecular basis is poorly understood.

Results: Differential scanning calorimetry reveals the local active site conformational landscape of a promiscuous detoxification
enzyme, glutathione transferase A1-1, as “smooth” and heterogeneous.

Conclusion: Facile conformational exchange facilitates substrate promiscuity.

Significance: The results provide the first thermodynamic basis for catalytic promiscuity.

Enzymological paradigms have shifted recently to acknowl-
edge the biological importance of catalytic promiscuity. How-
ever, catalytic promiscuity is a poorly understood property, and
no thermodynamic treatment has described the conformational
landscape of promiscuous versus substrate-specific enzymes.
Here, two structurally similar glutathione transferase (GST, glu-
tathione S-transferase) isoforms with high specificity or high
promiscuity are compared. Differential scanning calorimetry
(DSC) indicates a reversible low temperature transition for the
promiscuous GSTA1-1 that is not observed with substrate-spe-
cific GSTA4-4. This transition is assigned to rearrangement of
the C terminus at the active site of GSTA1-1 based on the effects
of ligands and mutations. Near-UV and far-UV circular dichro-
ism indicate that this transition is due to repacking of tertiary
contacts with the remainder of the subunit, rather than “unfold-
ing” of the C terminus per se. Analysis of the DSC data using a
modified Landau theory indicates that the local conformational
landscape of the active site of GSTA1-1 is smooth, with barrier-
less transitions between states. The partition function of the
C-terminal states is a broad unimodal distribution at all temper-
atures within this DSC transition. In contrast, the remainder of
the GSTA1-1 subunit and the GSTA4-4 protein exhibit folded
and unfolded macrostates with a significant energy barrier sep-
arating them. Their partition function includes a sharp uni-
modal distribution of states only at temperatures that yield
either folded or unfolded macrostates. At intermediate temper-
atures the partition function includes a bimodal distribution.
The barrierless rearrangement of the GSTAI1-1 active site
within a local smooth energy landscape suggests a thermody-
namic basis for catalytic promiscuity.

Functional promiscuity is common among enzymes and pro-
teins (1—4). Recently, there has been increased appreciation for
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the biological importance of their promiscuity, and this repre-
sents a change in a longstanding biological paradigm, wherein
“specificity” was considered to be the defining feature of pro-
teins, enzymes, and metabolic pathways (1-6). It is now clear
that functionally useful promiscuity plays a role in the immune
system (7-10), in signal transduction pathways (11), and in
enzymatic detoxification (12—15). In these cases, the promiscu-
ous interaction of a single enzyme or protein with multiple sub-
strates or partners represents an evolutionary end point; the
optimal function of the protein includes substrate promiscuity.
Promiscuity may also be a useful trait of evolutionary interme-
diates that facilitates the appearance of new enzymes from an
existing pool of scaffolds (3, 15-20). In this case, mutation of
substrate-specific enzymes yields promiscuous intermediates,
from which new substrate specificity evolves efficiently. How-
ever, in contrast to the well established contribution of transi-
tion state stabilization to catalysis and specificity, the molecular
bases for biological promiscuity are unknown. For a few specific
examples, x-ray crystallographic or spectroscopic methods
have suggested structural or dynamic mechanisms by which
enzymes achieve catalytic promiscuity (4, 12,13, 21). In general,
promiscuity has been correlated with increased structural “flex-
ibility” of enzymes, although there has been no description of
the detailed relationship between motion on different time
scales and functional promiscuity (3, 12, 19, 22). Furthermore,
despite the importance of promiscuity as a critical trait in sev-
eral biological phenomena and the trend to consider enzymes
as conformational ensembles, the thermodynamic basis for the
conformational landscapes that foster promiscuity remains
unexplored. Hypothetically, there are significant differences in
the conformational landscapes of substrate-specific enzymes
compared with catalytically promiscuous enzymes.

Two isoforms of human glutathione transferase (GST, gluta-
thione S-transferase) provide an experimental model to under-
stand catalytic promiscuity further. The homodimeric
GSTAI1-1 is an archetypal detoxification enzyme with extreme
catalytic promiscuity (5, 12). As a predominantly hepatic
enzyme, it plays arole in chemical detoxification by conjugating
glutathione (GSH) to an extraordinary range of electrophilic
substrates (12, 23—-27). The promiscuity is conferred, in part, by
a structurally flexible active site; the C terminus (Fig. 1) of each
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FIGURE 1. Ribbon diagram overlay of GSTA1-1 and GSTA4-4
homodimers. GSTA1-1 in complex with S-hexyl glutathione (Protein Data
Bank code 1K3Y) is shown in cyan and GSTA4-4 in complex with S-(2-iodoben-
zyl) glutathione (Protein Data Bank code 1GUL) is shown in orange. Views are
along the 2-fold axis of symmetry parallel (left) and perpendicular (right) to
the page. The C-terminal helices of GSTA1-1 and GSTA4-4 are shown in dark
blue and yellow, respectively. S-hexyl glutathione is displayed in magenta.
Structural alignment and graphic were completed using PyMOL Molecular
Graphics System (52).

subunit provides a “lid” over the active site when substrates
bind, but the location of the helix changes with different sub-
strates (28 —30). The active site can accommodate many sub-
strates due to the plasticity of the C terminus. In contrast, the
highly homologous isoform GST A4-4, which has 68% sequence
similarity (53.6% sequence identity) to GSTA1-1, exhibits very
high substrate selectivity toward long chain alkenals derived
from lipid peroxidation (31, 32). GSTA4-4 has a static C-termi-
nal helix localized along one edge of the active site that does not
undergo any rearrangement upon binding substrate (31, 32).
The GSTA1-1/GSTA4-4 pair has been a powerful model for
engineering substrate specificity and understanding its struc-
tural basis in GSTA4-4 (5, 12, 33, 34), but the molecular basis
for the contrasting promiscuity of GSTA1-1 is not understood
in any thermodynamic context. Therefore, we have performed
scanning calorimetry with these GST isoforms and analyzed
the results with a modified Landau theory of phase transitions,
as described for protein folding (35, 36). The results provide the
first thermodynamic comparison of the conformational land-
scape of promiscuous versus specific enzyme homologs, and
they indicate that the GSTA1-1 C terminus behaves as a local-
ized molten globule that undergoes “barrierless” transitions
between a wide ensemble of conformations, in a “smooth” local
energy landscape. In contrast, the C terminus of GSTA4-4 is
part of a well defined macrostate of the entire folded subunit
which unfolds cooperatively only by traversing a significant
energy barrier. The smooth local landscape around the active
site of GSTA1-1 reveals one thermodynamic basis for its
extraordinary catalytic promiscuity.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Activity—Human
GSTA1-1 and GSTA4-4 were expressed in Escherichia coli
using the BL21 strain and purified via GSH-agarose and size
exclusion chromatography as described previously (37). Con-
struction of the rat GSTA1-1 (rGSTA1-1) A209 -222 mutant
has been described previously, as have the expression and puri-
fication (38, 39). Activity of all purified enzymes was deter-
mined using the 1-chloro-2,4-dinitrobenzene (CDNB) assay
(40). Purity was verified using SDS-PAGE. Protein concentra-
tion for all experiments was determined using previously pub-
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lished molar absorptivity coefficients at 280 nm (12, 41), with
the exception of rGSTA1-1 A209-222 concentrations, which
were determined using the Thermo Scientific Pierce BCA Pro-
tein Assay kit (Thermo Fisher Scientific).

Differential Scanning Calorimetry (DSC)—Thermal denatur-
ation experiments were conducted on a CAP-DSC? microcalo-
rimeter (MicroCal, Northampton, MA). In all cases, protein
samples were dialyzed against 200X v/v 100 mM potassium
phosphate buffer, pH 6.5, at 4 °C, and the dialysate was used
for buffer reference scans and loaded into the reference cell
for protein scans. Thermograms were collected at scan rates
of 0.5 °C/min, 1 °C/min, or 2 °C/min; all data shown were
collected at a scan rate of 2 °C/min, as no dependence on
scan rate was noted. Unless otherwise noted, DSC scans were
run from 10 to 80 °C, with a 10-min equilibration at 10 °C,
and reversibility of the thermal transitions was evaluated by
scanning to just above the highest thermal transition mid-
point, cooling to 10 °C, and rescanning. The data were ana-
lyzed using Origin 7.0 software (OriginLab, Northampton,
MA). Buffer reference scans were subtracted and the data
normalized for protein dimer concentration before further
analysis. Base lines were calculated using the cubic option in
Origin 7.0, assuming no heat capacity change after unfold-
ing, or extrapolated from the slope of the pretransition base
line for variable-barrier analysis.

Circular Dichroism (CD)—Spectra were obtained using a
Jasco model 720 CD spectropolarimeter (Easton, MD). The
samples used for data collection were dialyzed against 200X v/v
20 mM potassium phosphate at pH 6.5 at 4 °C. The dialysate was
used to obtain solvent reference scans. Far-UV CD spectra were
obtained using 10 uM protein, and 50 uMm protein was used for
collection of near-UV CD spectra. 10 mm and 1 mm cuvettes
were used for far-UV and near-UV data collection, respectively.
Averaged CD signals, corrected for solvent and fast-Fourier
transform-smoothed, were converted to mean residue molar
ellipticity (®) for far-UV spectra.

Variable-barrier Analysis—To determine the characteristics
of the free energy landscape of the GSTs, a variable-barrier
analysis developed by Muioz and Sanchez-Ruiz was applied to
the DSC data (35, 36). DSC allows experimental access to the
partition function, which allows a calorimetric transition to be
described in terms of a continuous distribution of enthalpic
microstates (Equation 1), where Q is the partition function, H is
the enthalpy scale, p(H) is the density of enthalpy microstates,
and R is the gas constant.

(Eq. 1)

0- f o -e() - an.

The probability, P(H | T), of finding the protein in a given
enthalpic microstate, H, at temperature 7, is determined by
Equation 2.

P(H|T) = ép(H) o). 0.2

2 The abbreviation used is: DSC, differential scanning calorimetry.
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The relationship between the probability at temperature 7' and
the “characteristic” temperature, 7,, is shown by Equation 3,
such that

P(H|T) = C+- P(H|Ty) - e~ ™. (Eq.3)

where C is a normalization constant found by setting the inte-
gral of P(H | )dH equal to 1 and A is the reduced temperature

(Equation 4):
1(1 1
ARlTT )

P(H | T,) is the probability density at T,, as determined by
Equation 5

(Eq.4)

Go(H))

P(H|Ty) = Ce(Tro (Eq.5)

where C’ is a normalization constant similar to C, and the free
energy function, G,(H), is based on the Landau theory of critical
transitions, as shown by Equation 6,

H\? H\*
Go(H) = —23-<a) + 18- <a> :

This yields a description of the distribution of states and
hence the degree of “roughness” of the landscape, where the
parameters o and f3 are the critical coefficients and enthalpy
(H) is the order parameter. 3>0 corresponds to the energy
barrier separating two enthalpic macrostates, and 2«
approximates the enthalpy difference between macrostates.
When S is negative, there is a single macrostate in a smooth
energy well, and @ and B simply describe the shape of the free
energy function. At this point the first and second enthalpy
moments, H' and H?, can be calculated by Equation 7

(Eg.6)

(H" = JH”P(H|T)dH, (Eq.7)

and compared with the DSC data in terms of the excess heat
capacity with respect to the native state (C,*) through Equa-
tion 8 in a least squares fitting routine

o d{H) (H*) = (H)?
P dT ~ RT*

(Eq.8)

To account for the asymmetry of protein folding, where the
native (low enthalpy macrostate) and unfolded (high enthalpy
macrostate) have differing heat capacities, one value of a is used
for positive enthalpy values (o) and one for negative enthalpy
values (ap), such that

ay + ap = 20, (Eq.9)

and
ay =2a-f/2, (Eq.10)

and
ap=2a-(2—1)/2, (Eq.11)

42772 JOURNAL OF BIOLOGICAL CHEMISTRY

50l A apo-GSTA1-1, 50 B GSTA1-1 +
- S-hexyl GSH
~ 40/ .. 400 -
O X .
o . e “a
B 30t c . 30} .
<} . <.
£ 2/ HEE 200 s
8 . o
= 10} : 10 i
) ¥ iy
© ol S L
20 30 40 50 60 70 20 30 40 50 60 70

50.C apo-GSTA4-4 50D rGSTA1-1 A209-222
O 40 4010 2
o
% 30t 30+
€
= 20 201
g
= 10 R 10 P
O i :

0 VA o} -

20 30 40 50 60 70 20 30 40 50 60 70

Temperature (°C) Temperature (°C)

FIGURE 2. DSC thermograms of GSTs. A, GSTA1-1 WT. B, GSTA1-1 WT with 2
mm S-hexyl GSH. C, GSTA4-4 WT. D, rGSTA1-1 A209-222, with C terminus
truncated. Data points are represented as open circles after protein dimer
concentration normalization, buffer scan subtraction, and base-line analysis
using the cubic option in Origin 7.0.

where fis the asymmetry factor (0 > f> 1). The DSC data were
fit to Equation 8 using a custom Octave script employing a
Levenberg-Marquardt minimization algorithm. The least
squares fitting parameters were T, B, 2, and f. Goodness of fit
was determined by R” values and confidence interval analysis.
The native heat capacity base line for all datasets was extrapo-
lated from the slope of the pretransition base line.

RESULTS AND DISCUSSION

Differential Scanning Calorimetry—The DSC thermogram
of apo-GSTA1-1 exhibited a significant change in excess C,, at
temperatures as low as 30 °C, and much lower than the main
unfolding transition, as seen in Fig. 24. The peak maximum at
58 °C was observed for the main unfolding transition, which lies
between the T, determined from the temperature dependence
of catalytic function of 56 °C and the structural unfolding 7, of
62 °C based on CD studies (42). The DSC data collected showed
complete reversibility up to nearly 60 °C in repetitive scans,
although complete scans up to 80 °C were irreversible. Thus,
the thermogram of apo-GSTA1-1 can be described as a combi-
nation of a broad, reversible transition, followed by a compar-
atively sharp higher temperature transition. Because it is nearly
impossible to interpret specific enthalpy values from complex
or irreversible DSC thermograms, we do not report the param-
eters from standard deconvolution analysis. Rather, we exploit
the DSC data obtained to describe the free energy landscape in
subsequent sections.

Similar results demonstrating resolved transitions for sepa-
rate structural domains have been noted for the thermal
unfolding of phenylalanine hydroxylase, which were attributed
to the unfolding of the N-terminal regulatory domain, followed
by unfolding of the rest of the enzyme (43). The C-terminal
helix region of GSTA1-1 is likewise known to behave in an
independent manner compared with the remainder of the pro-
tein, and it is likely that the low temperature transition in the
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DSC thermogram of GSTA1-1 corresponds to changes in this
element. However, previous studies have shown that the C ter-
minus retains helical structure in this temperature regime (42,
44). These results, in addition to the reversibility of the DSC
scan up to 50 °C, suggest that the lower temperature transitions
are not due to unfolding per se, but may be due to temperature-
dependent sampling of different locations by the C-terminal
helix, or restructuring of its tertiary contacts.

To investigate this predenaturation asymmetry further, sim-
ilar studies were completed with addition of saturating concen-
trations of the product analog, S-hexyl glutathione, which is
known to cause the C terminus to adopt a well defined confor-
mation (45-47). Interestingly, the low temperature asymmetry
features of the DSC trace of apo-GSTA1-1 were eliminated
when S-hexyl GSH was bound, and the thermogram retained
only the main unfolding transition, as observed in the absence
of ligand, albeit shifted to a higher temperature. Resistance to
temperature-induced unfolding was increased to 66 °C for the
transition (Fig. 2B).

GSTA4-4, which has a static immobile C terminus, was also
examined by DSC. In marked contrast to apo-GSTA1-1, apo-
GSTA4-4 exhibited no low temperature transition, but yielded
the sharp denaturation transition of the dimer (Fig. 2C), indi-
cating a much more cooperative unfolding scheme than
GSTAI1-1. Surprisingly, this isoform is significantly less ther-
mally stable than the GSTA1-1 isoform, with peak maximum of
50 °C. The striking absence of low temperature asymmetry in
the GSTA4-4 DSC trace further suggests that the low temper-
ature transition of GSTA1-1 is related to its heterogeneous C
terminus. Furthermore, DSC data were collected with a rat
GSTA1-1 mutant for which the C-terminal helix has been trun-
cated at residue 209, as shown by Fig. 2D. The low temperature
preunfolding enthalpy change that is prominent in the wild-
type GSTA1-1 was eliminated in this mutant. Interestingly, the
overall stability of the dimeric structure is not decreased by this
truncation. Notably, the DSC scans demonstrated a lack of
dependence on scan rate, indicating equilibrium conditions at
each incremental temperature in the process.

Circular Dichroism—Taken together, the DSC results indi-
cate that the low temperature changes in heat capacity of
GSTAI1-1 are due to conformational heterogeneity of the C
terminus, which are absent in the GSTA4-4. The previous
observations of an intact C-terminal helix that occupies differ-
ent locations in crystal structures of GSTA1-1 with different
ligands bound, and denaturant-dependent unfolding studies
(29, 42, 48), suggest the possibility that the low temperature
DSC transition reflects tertiary repacking of the helix rather
than unwinding of its secondary structure. To explore this pos-
sibility and to verify that the low temperature transition was
due primarily to the C-terminal helix region, CD studies were
also completed. Spectra in the far-UV region for both GSTA1-1
and GSTA4-4 revealed ellipticity minima at 208 and 222 nm,
indicative of a high degree of a-helix character. When exam-
ined as a function of temperature, there is no change in elliptic-
ity before 50 °C for GSTA1-1. These data are presented in Fig. 3
and indicate that the C-terminal helix does not unfold in the
temperature range below 50 °C. Far-UV CD results completed
in a similar manner for GSTA4-4 demonstrated notable differ-
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FIGURE 3. Far-UV CD of GSTs with increasing temperature. A, GSTA1-1 WT.
B, GSTA4-4 WT. The spectra are represented in order of increasing tempera-
ture from 10 °C (black) to 60 °C (lightest gray) in 5 °Cincrements. C, ellipticity as
a function of temperature for GSTA1-1 (open circles) and GSTA4-4 (filled cir-
cles). Scans were taken of ~10 um protein in 20 mm potassium phosphate at
pH 6.5.

ences as the temperature was increased. The ellipticity in the
a-helix region remains nearly constant until 50 °C, at which
point a large signal change is noted. This agrees well with the
DSC data presented above, indicating a high degree of coop-
erativity in the unfolding process for GST A4-4, distinct from
GSTA1-1. In addition, far-UV CD spectra demonstrated no
change in secondary structure for either GSTA1l-1 of
GSTA4-4 below ~50 °C, followed by an obvious and coop-
erative decrease in helical content at temperatures consis-
tent with unfolding of the dimers. More interesting are the
data collected in the near-UV region, shown in Fig. 4. The
peak at 292 nm in the near-UV CD spectra of GSTA1-1 is
characteristic of the presence of a tryptophan exciton cou-
plet. Several aromatic residues, Phe-197, Tyr-165, and Tyr-
166, are located within 6 A of Trp-21 in the core of GSTA1-1
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and are candidate partners for the exciton pair. Spectra from
scans taken from 10 to 45 °C show little change in the tertiary
packing environment around this residue, and the fine struc-
ture displays a similar lack of change at temperatures prior to
50 °C. Apparently, no major unfolding of the GSTA1-1 core
has taken place in the temperature regime noted for the low
temperature asymmetry in DSC results.

To determine whether changes in the tertiary packing of the
C-terminal helix could be detected by near-UV CD spectra, a
mutant of GSTA1-1 was constructed in which the core trypto-
phan residue at position 21 was replaced with Phe, and the
phenylalanine at the end of C terminus was replaced with a Trp
residue at position 222. This GSTA1-1 W21F/F222W mutant
allows for direct evaluation of the C terminus using spectro-
scopic methods. CD spectra obtained for the GSTA1-1 W21F/
F222W mutant in the far-UV region were similar to those
obtained for the wild-type enzyme, although slightly less stable
(supplemental Fig. S1). As with wild-type GSTA1-1, GSTA1-1
W21F/F222W demonstrated negligible changes in ellipticity in
the 190 -250-nm range prior to 50 °C. However, near-UV CD
spectra for this mutant exhibit significant differences from wild
type. The peak maximum for this mutant was shifted to 285 nm,
clearly indicating a more solvent-exposed location. Addition-
ally, signal intensity for this peak decreases drastically starting
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at 30 °C, well before the main unfolding transition, and in the
same temperature range as the early DSC transitions for apo-
GSTA1-1. Previous results also suggest that the helix does not
“unfold” in this range (29). A DSC scan was also obtained with
this mutant and displayed a profile nearly identical to wild-type
GSTA1-1, with a significant increase in heat capacity at tem-
peratures well below the main unfolding transition (supple-
mental Fig. S2). The obvious change in tertiary packing near
the Trp-222 for this mutant at low temperature, combined
with the lack of change in secondary structure prior to the
higher temperature, global, unfolding transition, suggests
that the low temperature DSC transitions observed for
GSTA1-1 are due to repacking of the C terminus in locations
with different solvation, rather than its unfolding in the tem-
perature range below 50 °C.

Variable-barrier Free Energy Analysis—To understand more
thoroughly the local conformational heterogeneity of the C ter-
minus we have also examined the DSC data in terms of the
variable-barrier model developed by Muioz and Sanchez-Ruiz
(35, 36). This model provides a direct analysis of the free energy
barrier, or lack thereof, for equilibrium transitions between
states based on the partition function using distributions of
enthalpic energy states. As described by Freire (49) and
exploited by Muifioz and Sanchez-Ruiz, DSC provides a direct
measure of the partition function for states in equilibrium,
where the enthalpy can be used as a measure of the extent of
reaction between states. In this analysis, plots of G, (H) versus H
provide one-dimensional representations of the reaction coor-
dinate for the temperature-dependent transition, where the
enthalpy is a surrogate for the extent of reaction. This analysis
has been applied to protein folding, and here we extend this to
analyze for the first time the local and global conformational
transitions in GSTs. In addition, this analysis yields the distri-
bution of enthalpy states at a given temperature through the
partition function and thus provides an alternative view of the
energy landscape (Fig. 5). To apply this analysis, the apo-
GSTAI1-1 thermogram was deconvoluted into two transitions,
with the fit shown in Fig. 54, to separate the low temperature
region (Fig. 5A, red component) and the high temperature
unfolding transition. The barrier analysis, as described under
“Experimental Procedures,” was then performed with this two-
component deconvolution for GSTA1-1 and compared with a
one-component model for GSTA4-4. The low temperature
transition of GSTA1-1 proved to be barrierless, as indicated by
a single smooth well (Fig. 5B), and the distribution of enthalpic
states at each temperature for this transition was unimodal and
extremely broad (Fig. 5C). In contrast, the higher temperature
transition for global unfolding(Fig. 5D, red) demonstrated a sig-
nificant free energy barrier of 67.8 kJ/mol (Fig. 5E). The proba-
bility density shifts (Fig. 5F) from a single sharp unimodal dis-
tribution centered at low enthalpy at 325 K where the protein is
completely folded to a bimodal distribution at 335 K, and then
to a single broad distribution of enthalpy states at 345 K where
the population is entirely unfolded. The comparison of the free
energy contours and the probability density of enthalpy states
for the low temperature transition and the high temperature
transition provides further evidence that the low temperature
transition is due to local conformational heterogeneity with
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FIGURE 5. DSC deconvolutions (left), free energy profiles (center), and probability distributions of enthalpic states (right) for GSTA1-1 and GSTA4-4.
Top row, GSTA1-1 low temperature transition DSC data (A), free energy profile (B), and probability distributions (C). Middle row, GSTA1-1 high temperature
transition DSC data (D), free energy profile (E), and probability distributions (F). Bottom row, GSTA4-4 DSC data (G), free energy profile (H), and probability
distributions (J). DSC scans (left column, A, D, and G) used to obtain the free energy profiles (center column, B, E,and H) and probability distributions (right column,
C, F,and J) are shown. The GSTA1-1 thermogram (A and D) was deconvoluted into a low temperature transition (A, red line) and a high temperature transition
(D, red line). Data points are shown as open circles, and the overall fit as black lines. The deconvoluted transitions are shown as gray and red lines. GSTA4-4 DSC
data (G) were used without deconvolution. Thermograms are shown after buffer scan subtraction, protein dimer concentration normalization, and native-state
base-line analysis. The low temperature region fitted parameters recovered from the free energy profiles were Xa = 3664.7 kJ/mol, T, = 3188 K, B = —30
kJ/mol, and f = 1 (R* = 0.9933). The GSTA1-1 high temperature unfolding transition parameters obtained were Sa = 1042.1 kJ/mol, T, = 337.4K, B = 67.8
kJ/mol, and f = 0.28 (R* = 0.9900), giving a significant free energy barrier for unfolding to occur. The entire data set for GSTA4-4 was fit using the same method,
with Za = 749.6 kJ/mol, T, = 324.9K, B = 39.4 kJ/mol, and f = 0.47 (R* = 0.9287).

barrierless transitions between enthalpy states, whereas the CONCLUSION
high temperature transition is associated with unfolding of the
core of GSTA1-1. When applied to GSTA4-4, the free energy
contour (Fig. 5H) is similar in shape to the main high tempera-
ture transition for GSTA1-1 except the depth of the free energy
wells is lower, reflecting the increased stability of the core sub-
unit scaffold of GSTA1-1 compared with GSTA4-4. The distri-
bution of enthalpic states was significantly narrower (Fig. 5)),

and the free energy barrier to unfolding was slightly less, at 39.4 : ) )
kJ/mol. These results highlight a remarkable difference Previous crystallographic (45, 46, 50, 51), NMR (47), and time-

between the active site C-terminal region and the core subunit resolved fluorescence studies (12), and the data presented here.
scaffold of GSTA1-1, and between the conformational land- ~More interestingly, the DSC analysis based on modified Landau
scape of GSTA1-1 and GSTA4-4. It is interesting that the highly ~ theory of phase transitions indicates that the low temperature
heterogeneous C terminus of GSTA1-1, with a smooth land- asymmetry seen in the apo-GSTA1-1 DSC data is due to an
scape, is tethered to a core that is more stable than the core of ~increase in the number of accessible conformational substates
GSTAA4-4. Speculatively, the increased stability of the core of accessible for sampling and that there are barrierless transitions
the promiscuous GSTA1-1 is required to accommodate the between substates in the ensemble. Similar analyses for protein
local heterogeneity of the C terminus. unfolding have revealed “barrierless unfolders.” Here, this anal-

This work significantly extends the field of promiscuous
enzymology. The DSC and CD analyses clearly indicate that the
low temperature asymmetry in the DSC scan is due mainly to
the dynamic C-terminal helix of GSTA1-1, which becomes
localized when ligand is bound. A greater degree of conforma-
tional heterogeneity for apo-GSTA1-1, compared with
GSTA1-1 when the active-site is occupied, agrees well with
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ysis is used to study local conformational changes. There is a
wide distribution of local conformational states around the
active site that interconvert without significant free energy bar-
riers between them. The local active site energy landscape is
smooth. In contrast, at temperatures at which the unfolded and
folded states are populated, both GSTA4-4 and the remainder
of GSTA1-1 exhibit well defined energy barriers between the
populated enthalpic macrostates, which is expected for a rough
landscape between these states. Thus, GSTA1-1 represents an
enzyme with a “fluid” active site that easily samples many con-
formations, attached to a subunit scaffold that populates a rigid
folded state prior to unfolding at elevated temperature. This
behavior is intuitively expected for a catalytically promiscuous
enzyme, and these data are the first to establish this behavior in
a thermodynamic framework. Although the generality of this
behavior remains to be investigated, functional catalytic prom-
iscuity correlates with a thermodynamically smooth active site
landscape for GSTA1-1. The results further distinguish “tradi-
tional” enzymes from promiscuous enzymes. Whereas both
substrate-specific enzymes and promiscuous enzymes lower
the chemical transition state barrier enroute to product forma-
tion, GSTA1-1 additionally lowers energetic barriers to confor-
mational rearrangement necessary for substrate promiscuity.
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