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As structural flexibility is known to be required for en-
zyme catalysis and pattern recognition and a significant
fraction of eukaryotic proteins appear to be unfolded or
contain unstructured regions, biological activity of con-
formational states distinct from fully folded structures
could be more common than previously thought. By
applying a procedure that allows the recovery of enzy-
matic activity to be monitored in real time, we show that a
non-native state populated transiently during folding of
the acylphosphatase from Sulfolobus solfataricus is enzy-
matically active. The structural characterization of this
partially folded state reveals that enzymatic activity is
possible even if the catalytic site is structurally hetero-
geneous, whereas the remainder of the structure acts as a
scaffold. These results extend the spectrum of biological
functions carried out in the absence of a folded state to
include enzyme catalysis.
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Introduction

Proteins are among the most abundant macromolecules in
living systems and carry out a vast number of functions,
including the catalysis of virtually every chemical transfor-
mation occurring in cell biology and the transduction of
signals inside and between cells. Although it is well known
that the attainment of well-defined, folded three-dimensional
structures is crucial in determining their function, increasing
evidence is accumulating about the existence of proteins or
protein domains that adopt unstructured but functional states
under physiological conditions (Dunker et al, 2001; Fink,
2005). This raises the important point that biological function
can be attained by proteins under conformational states
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distinct from fully folded structures. The mechanisms,
however, by which biological function can be carried
out in the absence of a well-defined fold is not completely
understood.

In this study, we have focused our attention on the
acylphosphatase from the archaeon Sulfolobus solfataricus
(Sso AcP). We will show that this protein retains an ability to
function as an enzyme when adopting a non-native state in
which the catalytic site is largely unstructured and flexible.
Sso AcP is a 101-residue protein belonging to the acylpho-
sphatase-like structural family. The structure of the native
state of Sso AcP was recently determined by nuclear magnetic
resonance spectroscopy and X-ray crystallography (Corazza
et al, 2006). This protein shares the same Baffap topology,
typical of the ferredoxin-like fold, with the other acylpho-
sphatases so far characterized (Thunnissen et al, 1997;
Zuccotti et al, 2004; Miyazono et al, 2005; Pagano et al,
2006). By contrast to related proteins, however, Sso AcP
contains an unstructured, 12-residue N-terminal tail
(Corazza et al, 2006). Sso AcP is able to hydrolyse benzoyl-
phosphate (BP), with kcar and ky values of 198+20s~! and
0.36+0.04 mM, respectively, at pH 5.3 and 25°C, and to be
competitively inhibited by inorganic phosphate (Corazza
et al, 2006). The kcar value of the enzyme is low at 25°C,
but increases with temperature and reaches at 81°C—the
living temperature for the Archaeon S. solfataricus—a value
close to those previously reported for the mesophilic en-
zymes at 25°C (Corazza et al, 2006). The native state of Sso
AcP is thermodynamically very stable with a free energy
change of unfolding (AG2S ) of 47+1kJmol™! at 37°C
(Corazza et al, 2006). The midpoint of thermal unfolding of
the protein (T,) is 100.8 +4.1°C and at 81°C the AGS{% is as
high as 20.6+0.3 kJmol ™!, similar to that of human muscle
acylphosphatase at 28°C (Corazza et al, 2006).

The folding mechanism of Sso AcP was described pre-
viously at pH 5.5 and 37°C (Bemporad et al, 2004). After
removal of the denaturant, the unfolded state of this protein
collapses on the microsecond timescale into an ensemble of
partially folded conformations. This ensemble is capable of
binding the fluorescent dye 8-anilino-1-naphthalenesulfonic
acid suggesting the presence of hydrophobic clusters exposed
to the solvent and presents a far-UV mean residue ellipticity
comparable to that of the fully native state, indicating that a
native-like secondary structure is already formed in this state
(Bemporad et al, 2004). The partially folded ensemble con-
verts into the fully folded state with a rate constant of
5.4+1.0s7'; a small fraction of molecules (~10%) folds
slower with a rate constant of ~0.2s ' as their folding
process is rate-determined by the cis to trans conversion of
the Leu49-Pro50 peptide bond (Bemporad et al, 2004). The
presence of a relatively stable partially folded state accumu-
lating during folding of Sso AcP offers a very favourable
opportunity to study the function of a protein in a conforma-
tional state different from the native and folded one, but still
populated under non-denaturing conditions.
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Figure 1 The partially folded ensemble of Sso AcP displays enzy-
matic activity. (A) Folding trace of Sso AcP recorded using intrinsic
fluorescence as a probe in 0.275M GdnHCI, 50 mM acetate buffer
pH 5.5, 37°C. The inset shows the first second of recording. (B)
Observed folding/unfolding rate constant versus denaturant con-
centration (readapted from Bemporad et al 2004). The continuous
line represents the expected plot for a two-state model. The pre-
sence of a downward curvature at low GdnHCI concentrations,
along with other experimental evidence, indicates the accumulation
of a partially folded ensemble during folding. (C) Time course of BP
absorbance recorded at 283 nm in the presence of native Sso AcP.
(D) Time course of enzymatic activity of the native state, calculated
from the trace reported in (C) (see Materials and methods). The
continuous line represents the best fit to Equation (1). (E) BP
absorbance recorded at 283 nm after dilution of GdnHCIl-unfolded
Sso AcP into a refolding buffer; final conditions are 0.275 M GdnHCl
(continuous line) and 0.275M GdnHCI, 7M urea (dotted line). In
both conditions, the native protein is thermodynamically more
stable than any other states, making it possible to monitor the
kinetics of folding. The inset shows the first second of recording. (F)
Development of enzymatic activity, calculated from the traces
reported in (E) (see Materials and Methods), during the refolding
of wild-type Sso AcP in the absence (upper trace) and presence
(lower trace) of 7M urea. The continuous lines represent the best
fits to Equation (1). The activities of fully folded, partially folded
and unfolded states are shown. (G) A comparison between the time
courses (first 2 s) of recovery of native conformation and enzymatic
activity. After 3.6 ms, when the partially folded ensemble is popu-
lated more than 99 %, Sso AcP exhibits 79 % of the native enzymatic
activity. (H) Ratio between the main folding rate constant recorded
in the presence of phosphate (O) or phenyl phosphate (@) (kops)
and that recorded without substrate-analogue in the sample (k;_, )
plotted versus substrate-analogue concentration.
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In this work, the functional properties of the partially
folded state of Sso AcP accumulating during folding are
investigated using a procedure that allows the recovery of
enzymatic activity during folding to be determined in real
time (Chiti et al, 1999). The protein engineering method and
®-value analysis (Matouschek et al, 1989) are then used to
obtain information on the degree of structure formation, at
the level of the mutated residues, in both the partially folded
and transition states of the protein. We shall show that the
partially folded state of Sso AcP accumulating during folding
is enzymatically active despite structural heterogeneity at the
level of the active site. In addition, molecular dynamics (MD)
simulations using ®-values as restraints illustrate how this
state is made up by an ensemble of conformations displaying
native-like topology. This forces catalytic residues to be in
close proximity and allows this conformational state to retain
enzymatic activity.

Results

The partially folded state of Sso AcP populated

during folding exhibits enzymatic activity

We first monitored the folding process of Sso AcP using
intrinsic fluorescence as a spectroscopic probe. This protein
possesses one tryptophan in the N-terminal segment and
seven tyrosines at various positions along the sequence,
mainly positioned in the B-sheet (Supplementary Figure
S1). Figure 1A shows the change of intrinsic fluorescence
when one volume of Sso AcP unfolded in 5.5M guanidinium
hydrochloride (GdnHCI) is mixed with 19 volumes of refold-
ing buffer. In this trace, which is in very good agreement with
that previously reported (Bemporad et al, 2004), three phases
are observed. A first rapid increase of fluorescence, occurring
on a timescale shorter than 10 ms and escaping experimental
detection with the stopped-flow device utilized here, was
shown to correspond to the conversion of the fully unfolded
state into the partially folded state (Bemporad et al, 2004).
The following rapid decrease of fluorescence, with a rate
constant (k;_r) of 5.3+1.0 s~! and a relative amplitude of
90+2%, was shown to correspond to the conversion of this
state into the fully native conformation, whereas the second
slower decrease, with a rate constant of 0.18+0.04s ' and a
relative amplitude of 10+2%, arises from the cis-trans iso-
merization of a small fraction of protein molecules with the
Leu49-Pro50 peptide bond initially in a non-native cis con-
figuration. The downward curvature observed at low GdnHCl
concentrations in the plot reporting In(k;_ r) versus denatur-
ant concentration (Figure 1B) was shown to arise from the
formation of the partially folded ensemble in the dead time of
the stopped-flow experiment (Bemporad et al, 2004).

The time course of recovery of enzymatic activity has then
been studied in real time during Sso AcP folding. The sub-
strate BP, unlike its hydrolysis products benzoate and phos-
phate, has a significant optical absorption at 283 nm. By
measuring the decay of absorbance at 283 nm in small and
sequential time intervals At, in the presence of Sso AcP
undergoing the folding process, the time course of enzymatic
activity during folding can be reconstructed (see Materials
and methods for details). In a first control experiment, a
solution containing native Sso AcP has been mixed with the
refolding buffer containing BP and a non-denaturing concen-
tration of GdnHCl. Final conditions were 0.02mgml™" pro-
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tein, 5mM BP, 0.275M GdnHCI, 50 mM acetate buffer, pH
5.5, 37°C. The change of absorbance at 283nm has been
monitored in real time (Figure 1C) and analysed to yield the
time course of enzymatic activity (Figure 1D). In this control
experiment, the protein is expected to remain native all the
way through. Indeed, the absorbance at 283 nm arising from
BP decays linearly with time (Figure 1C) and the enzymatic
activity remains high and constant during the 20s of record-
ing (Figure 1D), as a result of ongoing catalysis.

To monitor the time course of the enzymatic activity
during Sso AcP refolding, a sample of GdnHCl-unfolded Sso
AcP has been mixed with the refolding buffer containing BP.
Final conditions were the same as in the first experiment.
Figure 1E and F show the time-dependent changes of absor-
bance at 283 nm and of the corresponding enzymatic activity,
respectively. Immediately after mixing, when the partially
folded state is maximally populated, enzymatic activity is
already present, corresponding to 79+10% of that of the
native protein under the same conditions (Figure 1F). The
activity then shows a small increase with a rate constant of
3.5+1.5s57', in good agreement with the k;_ value deter-
mined with intrinsic fluorescence for the conversion of the
partially folded state into the folded state (Figure 1F). The
time-dependent changes of intrinsic fluorescence and enzy-
matic activity in the first two seconds of recording are
summarized in Figure 1G. This figure emphasizes that at
the beginning of the folding trace, when the fraction of native
protein is equal to 0 and the protein populates the partially
folded ensemble, the activity is equal to 79% of the native
protein.

The early enzymatic activity of Sso AcP

is not contributed by the unfolded or native states

The GdnHCl-unfolded protein has been diluted into a solu-
tion containing urea to a final concentration of 7 M. Owing to
the high conformational stability of Sso AcP, these conditions
are not yet denaturing and refolding is possible. However, the
plot reporting In(k) versus urea concentration shows a down-
ward curvature in the range of 0-5M, indicating that in 7M
urea, the partially folded state is destabilized and the protein
folds according to a two-state model (Supplementary Figure
S2). The results show that enzymatic activity is absent
immediately after mixing, when only the unfolded state is
populated (Figure 1F). Upon refolding, the activity then
increases with a rate constant of 0.08+0.02 s+ (Figure 1F)
corresponding to the folding rate constant under these con-
ditions (Supplementary Figure S2).

To rule out that a substantial fraction of the native protein
is present after the dead time of the stopped-flow experiment,
when enzymatic activity is observed already, a double jump
experiment has been carried out (Supplementary Figure S3).
In this experiment, the GdnHCl-unfolded protein has been
diluted into the refolding buffer (first jump) and then, after
10 ms, transferred again to solutions containing GdnHCI at
final concentrations ranging from 4.2 to 7.0 M (second jump).
Although such final conditions promote the unfolding of
native Sso AcP and produce a single exponential change of
intrinsic fluorescence (Bemporad et al, 2004), no significant
fluorescence changes have been observed in any of these
experiments, suggesting that the native protein is not present
10ms after the folding process has been initiated
(Supplementary Figure S3). This result indicates that the
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enzymatic activity observed at 10ms does not arise from
Sso AcP adopting a native conformation.

Sso AcP refolding has also been followed using intrinsic
fluorescence in the presence of phosphate and phenyl phos-
phate, two competitive inhibitors of Sso AcP that are stable
analogues of BP. Experimental conditions were the same as
for the enzymatic-activity experiments. Neither the first nor
the second folding rate constants are affected by either
compound (Figure 1H). These findings rule out the possibility
that folding of Sso AcP is accelerated by BP and that the
enzymatic activity observed at the beginning of the folding
process is due to an early substrate-induced folding of the
protein. Taken together, these data suggest the idea that the
partially folded ensemble accumulating during folding of Sso
AcP possesses significant enzymatic activity.

The enzymatic activity observed in the Sso AcP partially
folded state is highly sensitive to mutations

The recovery of enzymatic activity during folding has also
been recorded for a set of Sso AcP mutants. Several mutants,
such as the K92A variant, show a behaviour similar to that of
the wild-type protein with enzymatic activity detected for
both the partially folded and native states (Figure 2A and B,
Table I). The traces recorded for the N48A and R30A variants
show full inactivation of their partially folded and native
states (Figure 2C and D, Table I). This result confirms the key
role of these two residues in the catalysis of the native state of
acylphosphatases and suggests their major role in the cata-
lytic mechanism of the partially folded state as well (Stefani
et al, 1997). The partially structured ensembles of the V24A
and V27A mutants do not show residual enzymatic activity
(Figure 2E and F, Table I). In the case of V24A, the enzymatic
activity increases with a rate constant of 3.2+1.0s™", a value
that is, within experimental error, similar to that measured by
following folding of the mutant using intrinsic fluorescence
(Table II). This observation indicates that the observed
recovery of enzymatic activity in the V24A variant is due to
the conversion of the partially folded ensemble into the
native state during folding. Finally, two variants with muta-
tions within the 49-52 loop have been investigated. Similarly
to V24A, both P5S0A and G52A variants display fully inactive,
partially folded states, but native structures with significant
activity that are recovered with rate constants highly consis-
tent with those measured for folding using intrinsic fluores-
cence (Figure 2G and H, Tables I and II). These data show
that the ability to hydrolyse the substrate of the partially
folded ensemble is more sensitive to mutations than the
native state and provide insight into regions of the structure
that are more important for enabling enzymatic activity.

Investigation of the partially folded and transition states
of Sso AcP using ®-value analysis

To characterize the partially folded and transition states of
Sso AcP, we have carried out a ®-value analysis using 34
single mutants (Matouschek et al, 1989, 1992). This method
introduces the ®-value for a certain mutation in the partially
folded state Z (®%) according to the equation: ®*= AAG,_y/
AAGr_y, where AAGz_y and AAGg_y represent the free
energy changes upon mutation of the partially folded and
native states, respectively. The rationale behind this approach
is that the elimination of targeted atoms from the side chain
of a residue already structured in the partially folded state Z

The EMBO Journal VOL 27 | NO 10 | 2008 1527
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Figure 2 The enzymatic activity of the partially folded state of Sso
AcP is sensitive to mutations. (A, C, E, G) BP absorbance at 283 nm
after dilution of the indicated GdnHCl-unfolded mutants into a
refolding buffer. (B, D, F, H) Development of enzymatic activity,
calculated from the traces reported in the corresponding panels on
the left (see Materials and methods), during the refolding of the
indicated Sso AcP mutants. The continuous lines represent the best
fits to Equation (1). All traces are labelled to indicate the mutants to
which they refer.

will affect the conformational stabilities of both native and
partially folded states to the same extent, resulting in a ®*
value equal to 1. Conversely, any side-chain change of a
residue unstructured in the partially folded ensemble does
not affect its conformational stability, resulting in a ®* value
equal to 0. Mutations have been chosen to probe (1) the
hydrophobic core, (2) the active site (four of the investigated
mutations, namely R30A, N48A, V24A and V27A, involve the
catalytic site and have been found here to abolish or decrease
dramatically the enzymatic activity of Sso AcP), (3) the salt
bridges that are present on the protein surface and contribute
to the enhanced structural stability of the protein (Corazza
et al, 2006).

An equilibrium GdnHCl-induced unfolding curve has been
acquired for each mutant to yield the change in conforma-
tional stability upon mutation (AAG{;Z_?: ). Conditions were
S50mM acetate buffer, pH 5.5, 37°C. Figure 3A shows repre-
sentative equilibrium unfolding curves for the wild-type

1528 The EMBO Journal VOL 27 | NO 10 | 2008

protein, the only mutant found to be stabilized relative to
the wild type (R71A), and three destabilized mutants (V20A,
A46G, L65A). All plots have been analysed with Equation (2).
The results show that several mutants are destabilized
(Table 1II).

The destabilized (or stabilized) mutants with AAGS{?
values higher than 3.2 kJmol ™! or lower than —3.2kJ mol !
have been analysed to obtain the ®-values of the correspond-
ing mutations for the partially folded and transition states.
For each of these mutants, kinetic traces for folding and
unfolding have been acquired at various denaturant concen-
trations, using intrinsic fluorescence and far-UV ellipticity as
probes for folding and unfolding, respectively. Figure 3B and
C show representative traces for folding and unfolding,
respectively. All mutants showed, at low denaturant concen-
trations, a downward curvature in the folding limb of the plot
reporting the folding/unfolding rate constant versus denatur-
ant concentration. This deviation from the two-state model is
similar to that observed for the wild-type protein (Figure 1B)
and suggests that the partially folded ensemble forms in all
mutants. For each mutant, the Kkinetic traces have been
analysed as described in the Materials and methods, to
yield the folding (kIng ) and unfolding (k];i% ) rate constants
in the absence of denaturant (kIHjCF) refers to the rate of form-
ation of the native state regardless of the on- or off-pathway
nature of the partially folded state). A list of the k|29 and kF23,
values obtained for all mutants is reported in Table II.
The thermodynamic and kinetic data have been combined
to obtain the ®-values for the partially folded and transition
states. The ®-values for the partially folded ensemble
(@) are generally lower than the corresponding ones for
the transition state (@), showing a gain of structure along the
folding coordinate (Table II).

In the partially folded state, the catalytic site does not
appear to be fully structured. The R30A and N48A variants
have not been analysed, due to their low AAGEZ_?.
Nevertheless, the ®' values obtained for the V24A and
V27A variants are close to 0, suggesting that the catalytic
22-28 loop does not display a native-like structure in this
ensemble. These data suggest that the catalytic properties of
the partially folded ensemble do not result from a native-like
structure of the active site in this state. It cannot be excluded
that the substrate directly promotes the appropriate position-
ing of the catalytic residues in the partially folded state and
hence determines a local folding of the active site.
Nevertheless, the control experiments described above
using substrate analogues indicate that substrate-induced
folding cannot involve the whole Sso AcP structure.

The analysis of all mutants used in this study enables the
folding pathway of Sso AcP to be characterized. The region
that appears most structured in the ensemble of partially
folded conformations is the interface between B-strand 1 and
a-helix 2 (Figure 4, Table II). The rest of the molecule shows
®-values close to 0. The transition state displays a more
compact structure, with generally increased ®-values
(Figure 4; Table II). In this state, the establishment of native
contacts is propagated to the B-hairpin formed by B-strands 2
and 3. Four residues (Val20, Gly52, Ala58 and Arg71) appear
to drive structure formation in the transition state ensemble
(Figure 4). Interestingly, Arg71 does not appear important for
the overall stabilization of the native structure, suggesting a
specific role for this residue in transition state formation.

©2008 European Molecular Biology Organization
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Table I Catalytic parameters for a set of Sso AcP variants measured in 50 mM acetate buffer at pH 5.5, 37°C using BP as a substrate

Variant Native state kcar (s 1) Partially folded Activity in the partially
state kcar (s™H? folded state (% of that from the native state)®

WT 222420 175+30 79+10

V24A 124410 745 5.6+10

V27A 1341 0410 0.0+10

R30A 7+1 ND ND

N48A 242 ND ND

PS0A 137+14 0410 0.0+10

G52A 178+18 6+5 3.3+10

K92A 169+ 20 111430 66+10

Values determined from the best fits of the traces reported in Figure 2 to Equation (1).

PValues obtained by combining data of columns 1 and 2.

Table II Thermodynamic and kinetic parameters of (un)folding for a set of Sso AcP mutants

Variant Co M)  mKmol "M  AAGRS (mol ™) K22 (s7Y) k2l 571 @' ol
WT 4.23+0.07 1.3+1.1 — 5.436+0.272  (6.10+0.30)-107° — —

Hydrophobic core residues
MI16A 3.10+0.07 11.0+1.1 12.59+1.13 7.179+0.359 (2.04i0.10)-1074 0.344+0.06 0.284+0.07
A18G 3.21+0.07 10.3+1.0 11.36+1.12 4.24940.212  (3.214+0.16)-107° 0.57+0.05 0.62+0.04
V20A 3.78+0.07 1.7+1.2 5.01+1.11 1.4774+0.074 (3.3+0.17)-10°° 0.64+0.09 1.314+0.08
F29L 3.58+0.07 10.9+1.1 7.24+1.11 6.421+0.321 (1.47+0.07) -107* —0.07+0.17 —0.134+0.18
142V 4.11+0.07 11.5+1.1 1.34+1.10 ND ND ND ND
A46G 3.07+0.07 9.9+1.0 12.924+1.13 0.855+0.043 (1.664_r0.083)-1074 —0.034+0.09 0.344+0.06
V54A 3.11+0.07 10.6+1.1 12.47+1.13 0.754+0.038  (1.81+0.09)-10* —0.11+0.10 0.304+0.06
AS8G 3.89+0.07 10.6+1.1 3.79+1.10 1.567+0.078  (6.14+0.31)-10°° 0.15+0.26 1.00+0.05
Y61A 4.18+0.07 14.5+1.4 0.56+1.10 ND ND ND ND
Y61L 4.18+0.07 14.0+1.4 0.56+1.10 ND ND ND ND
L65A 2.59+0.07 10.3+1.0 18.27+1.15 2.354+0.118  (2.78+0.14)-107* 0.34+0.04 0.46+0.04
L68A 2.54+0.07 10.0+1.0 18.82+1.15 1.064+0.053 (3.35i0.17)-1074 0.23+0.05 0.45+0.04
172V 3.78+0.07 11.8+1.2 5.01+1.11 4364+0.218  (2.2240.11)-10°° 0.22+0.18 0.34+0.15
P76A 3.73+0.07 12.1+1.2 5.57+1.11 5.003+0.250  (3.83+0.19)-10* —0.96+0.39 —0.92+0.38
V81A 3.134+0.07 10.0+1.0 12.25+1.12 4.761+0.238 (7.72+0.38)-107* —0.05+0.10 —0.024+0.09
V84A 3.26+0.07 10.6+1.1 10.80+1.12 4.729+0.236  (2.98+1.49)-107* 0.04+0.10 0.07+0.10
F88A 2.92+0.07 12.7+1.3 14.59+1.13 5.176+0.259  (2.01+0.10)-10* —0.03+0.08 —0.02+0.08
G93A 4.05+0.07 10.8+1.1 2.00+1.10 ND ND ND ND

Residues important in catalysis
V24A°  3.28+0.07 9.7+1.0 10.58+1.12 4290+0.214  (1.94+0.10)-107* 0.10+0.10 0.16£0.09
V27A®  3.78+0.07 11.1+1.1 5.01+1.11 6.473+0.324  (4.43+0.22)-107° 0.07+0.21  —0.02+0.23
R30A° 4.41+0.07 12.2+41.2 —2.00+1.10 ND ND ND ND
N48A 4.34+0.07 11.2+1.1 —1.23+1.10 ND ND ND ND

Salt bridge residues
R15A 3.88+0.07 1.9+1.2 3.90+1.10 3.012+0.151 (2.07+0.10) - 10°° —0.20+0.35 0.19+0.23
R19A 3.56+0.07 10.4+1.0 7.46+1.11 0.652+0.033  (2.25+0.11)-10° —0.18+0.18 0.55+0.07
E59A 3.52+0.07 12.0+1.2 791+1.11 2.343+0.117 (5.49J_r0.27)-107S 0.01+0.14 0.284+0.10
R71A 4.52+0.07 12.6+1.3 —3.23+1.10 10.090+0.504  (7.014+0.35)-10°° 0.62+0.15 1.11+0.07

Other residues
A37G 3.36+0.07 10.1+1.0 9.69+1.12 4.996+0.250 (1.4340.07)-10°* 0.14+0.10 0.16+0.10
L49A 3.734+0.07 11.2+1.1 5.57+1.11 1.422+0.071 (1.49i0.07)-1075 —0.034+0.21 0.59+0.09
P50A 4.20+0.07 11.8+1.2 0.33+1.10 ND ND ND ND
G52A 3.34+0.07 11.3+1.1 9.91+1.12 0.1814+0.009  (1.214+0.06)-107° —0.06+0.12 0.82+0.03
P77A 4.19+0.07 10.1+1.0 0.45+1.10 ND ND ND ND
S89A 4.17+0.07 11.2+1.1 0.67+1.10 ND ND ND ND
K92A 4.07+0.07 10.1+1.0 1.78+1.10 ND ND ND ND
FI98L 3.01+0.07 8.24+0.8 13.59+1.13 4.211+£0.211 (7.614+3.80) - 1074 0.044+0.08 0.084+0.08

“The AAGS{% have been calculated according to Equation (2) using the average of the m values for all mutants.
PThese residues also belong to the group of ‘hydrophobic core residues’.
“These residues also belong to the group of ‘Salt bridge residues’.

and transition states, respectively (See Materials and methods
and Supplementary data). This method has been validated in
the case of barnase where the resulting structures were used
to predict with high accuracy the results of double-mutant
cycle experiments that were not used as restraints in those
calculations (Salvatella et al, 2005). The resulting structural

Structure of the partially folded and transition states
of Sso AcP

We have used MD simulations using the experimentally
determined ®-values as restraints in the simulations
(Vendruscolo et al, 2001; Gsponer et al, 2006) to generate
two ensembles of structures representing the partially folded
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Figure 3 Thermodynamics and kinetics of (un)folding for Sso AcP variants. (A) Equilibrium unfolding curves for a set of Sso AcP variants in
50 mM acetate buffer, pH 5.5, 37°C. The continuous lines represent the best fits to the equation reported by Santoro and Bolen (Santoro and
Bolen, 1988). The obtained parameters of conformational stability are reported in Table II. (B) Folding traces recorded in 0.275M GdnHCI,
50 mM acetate buffer at pH 5.5, 37°C. (C) Unfolding traces recorded in 6 M GdnHCl, 50 mM acetate buffer at pH 5.5, 37°C. The inset shows the
first 5s of recording. In all plots, the traces refer to wild-type (black), R71A (blue), A46G (orange), L65A (red) and V20A (green) Sso AcP.
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Figure 4 Native Sso AcP color-coded to show the obtained @' (left)
and @F (right) values. Residues are shown in blue if their ®-value is
lower than 0.3, orange if the value is between 0.3 and 0.8 and red if
the value is greater than 0.8. In the latter case, the residue is labelled
and shown also in a stick representation. The two catalytic residues
(Arg30 and Asn48) are indicated in yellow. The catalytic loop 22-28
is indicated in green.

ensembles do not depend on whether the starting conforma-
tional state used in the simulations is the native or unfolded
state (Settanni et al, 2004).

From this analysis, the partially folded ensemble of Sso
AcP appears to be characterized by a significant structural
heterogeneity and by the presence of several non-native
interactions (Figure SA). The native topology is, however,
rather well preserved, as shown by the comparison of the
structures of the partially folded and native states (Figure 5B)
and by the energy maps, which provide an illustration of the
most strongly interacting regions (Figure 5C). The catalytic
site (formed by residues in a-helix 1, B-strand 2 and the loop
between B-strand 1 and a-helix 1) is very flexible in the
modelled ensemble, although the Arg30 and Asn48 residues,
which are the most important for the catalytic activity,
remain closer than 6 A to each other in more than 20% of
the structures in the ensemble. The structural flexibility
determined for the catalytic site does not result from the
absence of restraints in this region, but rather from ®-values
close to 0 determined for this region and used here as
restrains in the simulations.

Overall, the native architecture is particularly well con-
served in the region of a-helix 2 and B-strands 1 and 4. By
contrast, the regions corresponding to o-helix 1, B-strand 2,5

1530 The EMBO Journal VOL 27 | NO 10 | 2008

and 3 are much less well structured. To quantify these
observations, we have divided the protein structure in two
parts, with the first corresponding to a-helix 1, f-strands 2, 5
and 3 (catalytic region) and the second one corresponding to
a-helix 2, B-strands 1 and 4. We have then calculated the
probability distributions of the Ca-carbon root mean square
distance from the native state (Ca-RMSD) (Figure 6A and B).
The Ca-RMSD value of a given residue provides information
on the extent to which that residue in the partially folded
state is spatially distant from its position in the native state.
Low and high values of Ca-RMSD value indicate structural
similarity and conformational heterogeneity, respectively.

The results reported in Figure 6A show that the high
heterogeneity of the partially folded state is due to the
catalytic region (blue), which shows Ca-RMSD values com-
parable to those of the entire protein (black). By contrast, the
remainder of the molecule (red) virtually shows a native-like
fold, with an average distance from the native state equal to
about 2 A. We refer to the latter region as the ‘scaffold region’.
The presence of this scaffold implies that, although the
catalytic residues and the catalytic loop are highly dynamic
in the partially folded ensemble, the overall topology of the
protein is already formed in this state. This decreases the
number of its accessible conformations, that is its entropy.
Thus, the structure determination that we present here
provides a result that is not apparent from an immediate
inspection of the experimental ®-values that are all small in
this region. This analysis provides a structural basis for
rationalizing the maintenance of the catalytic activity in the
partially folded state.

For comparison, the transition state ensemble is much
more native like and comprises a particularly well-structured
region that includes parts of B-strands 1, 2, 3 and 4, a-helices
1 and 2, bearing a more folded catalytic site (Figures 5B,C and
6B). The region around the catalytic residue Asn48 is struc-
turally very different from the native state in partially folded
ensemble and becomes more native like in the transition state
ensemble (Figure 6C).

Discussion

Enzymatic activity in the presence of a highly dynamic
catalytic site

We have shown that the partially structured ensemble of Sso
AcP accumulating during folding before the major energy
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Figure 5 Structural properties of the partially folded and transition state ensembles of Sso AcP. (A) Profiles of the experimentally determined
®-values (®°*P) and those calculated from the simulations (@) for partially folded and transition state ensembles. The ensemble average
@l values of the partially folded and transition state ensembles are shown as purple squares (with red area) and cyan squares (with blue
area), respectively. ®**P values of the partially folded and transition state ensembles are indicated as green and yellow diamonds, respectively.
(B) Comparison of the structures of the four biggest clusters in the partially folded ensemble (left) and transition state ensemble (middle) with
the X-ray structure of the native state (right); the ‘scaffold region’ (residues 13-23 and 60-90) is shown in red, the region around the catalytic
site (residues 24-59) in blue; residues Arg30 and Asn48 are highlighted in yellow; the catalytic loop 22-28 is indicated in green. (C) Energy
maps of partially folded (left) and transition state (right) ensembles. The pairwise interaction energies of the native state are shown above the
diagonal, those of the partially folded and transition state ensembles below the diagonal. The interaction between Arg30 and Asn48 is

highlighted by blue squares.

barrier to the native state is enzymatically active. Control
experiments have shown that the observed enzymatic activ-
ity does not arise from a fraction of native protein present in
the sample, nor does it derive from a substrate-induced
folding of the partially folded state. The catalytic site of Sso
AcP appears to be highly heterogeneous in the partially folded
ensemble. This conclusion follows from the observation that
the two ®-values of residues in the catalytic 22-28 loop are
close to 0. The ®-value of residue 29, which is near to both
the catalytic 22-28 loop and the substrate-binding residue
Arg30, is also close to 0. Moreover, the overall structural
analysis carried out with all of the experimentally determined

©2008 European Molecular Biology Organization

®-values confirms that the catalytic site of the protein is not
yet fully structured. As the region of the catalytic site is
exhibiting significant fluctuations, the memory of the initial
structure used in the MD simulations is rapidly lost and the
interactions that we identified are not resulting from the
starting conformation. We cannot exclude that the catalytic
site becomes structured upon binding of the ligand.
Importantly, however, folding of the entire protein is not
accelerated in the presence of substrate analogues, suggesting
that no global substrate-induced folding occurs.

These findings indicate that an enzyme can be an efficient
catalyst even in the absence of its stable native conformation
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Figure 6 The structural heterogeneity of the partially folded state is due to the catalytic region. (A, B) Distribution of the Ca-RMSD values for
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transition state (B) ensembles. (C) The Ca-RMSD values of the partially folded (red) and transition state (black) ensembles from the native state

are plotted versus residue number.

and provide clues to the characterization of the structural and
dynamic features of a protein that allow the catalysis to take
place in the absence of a fully structured catalytic site.
Indeed, we have shown that the presence of a scaffold region,
whose structure is already formed in the partially folded
state, determines the topology of the entire molecule; thus,
the catalytic residues, although highly dynamic, remain in
close proximity and can hydrolyze the substrate. The activity
of the partially folded state is highly sensitive to mutations,
suggesting that, in the partially structured ensemble, a small
number of native contacts stabilize the overall structure and
enable the protein to hydrolyse the substrate; substitutions
may therefore cause a higher degree of flexibility and allow a
full inactivation of the enzyme. The importance of conforma-
tional changes and flexibility in enzyme catalysis has been
widely recognized (Osborne et al, 2001; Eisenmesser et al,
2002; Benkovic and Hammes-Schiffer, 2003; Poulsen et al,
2003; Garcia-Viloca et al, 2004). The detection of enzymatic
activity in the absence of a structured catalytic site and the
ability to determine the distribution of structures in these
non-native states represent a key step forward in the elucida-
tion of the protein dynamics that are required for enzyme
catalysis.

In addition, the identification of a highly dynamic func-
tional site in the presence of a scaffold region that restricts the
conformational space of the flexible region suggests a poten-
tially important concept in molecular biology. It has been
shown, for example, that it is possible to change the catalytic
activity of an existing protein scaffold by substituting several
loops and then introducing point mutations to tune the
enzyme activity (Park et al, 2006). Moreover, it has been
proposed that the order of formation of native contacts during
folding recapitulates the emergence of topology in molecular
evolution (Nagao et al, 2005). The fact that the catalytic site
of Sso AcP is highly heterogeneous in the partially folded
ensemble and folds afterwards—that is, concomitantly to the
formation of the native state (Figure 6)—indicates the pre-
sence of an efficient evolutionary mechanism in which the
scaffold of a protein is maintained and the regions or residues
directly involved in function (for example, in catalysis or
binding) are allowed to mutate without compromising the
overall stability of the structure. This mechanism may help to
increase the rate of development of new activities and could
explain how proteins with the same topology can possess
very different functions.

VOL 27 | NO 10 | 2008

Catalysis in the absence of a well-defined structured
fold is more common than previously thought

One question that naturally arises at this point is whether
enzyme catalysis in the absence of well-defined folded struc-
ture is a unique, strange feature of Sso AcP and possibly other
few cases, or rather a common yet unappreciated property of
enzymes. A few other systems have been shown to bear
enzymatic activity in the absence of folded structure. An
intermediate in the folding of ribonuclease T1 is character-
ized by extensive secondary and tertiary structure, a hydro-
phobic core with low solvent accessibility and partial
enzymatic activity (Kiefhaber et al, 1992). A monomeric
chorismate mutase obtained by topological redesign of a
dimeric helical bundle enzyme from Methanococcus jan-
naschii shows properties typical of a molten globule state.
Such a conformational state undergoes ordering upon addi-
tion of a substrate analogue indicating that a substrate-
induced folding can transform the protein into an enzymati-
cally active state (Vamvaca et al, 2004). In a more recent
report, it was shown that the complex between the molten
globule state and the ligand retains a considerable flexibility,
indicating that efficient catalysis can be coupled with global
conformational plasticity (Pervushin et al, 2007). In another
study, two variants of dihydrofolate reductase were shown to
adopt molten globule features; in the presence of methotrex-
ate and NADPH, they adopt a native-like structure and
become enzymatically active (Uversky et al, 1996). These
reports suggest that catalysis is not necessarily coupled to a
stable and persistent fold and that an ability to carry out
catalysis outside the native state is a characteristic more
common than previously thought. The study presented here
offers structural insight to explain how catalysis can occur in
the absence of the native state.

Enzyme catalysis in the absence of a native state:
possible biological implications

It has been proposed that a considerable fraction of eukar-
yotic proteins are either fully unstructured or contain sig-
nificant portions of their sequence—that is, regions longer
than 50 residues—in an unstructured state (Dunker et al,
2001; Fink, 2005). Intriguingly, these intrinsically disordered
polypeptide chains are mostly involved in fundamental bio-
logical processes, such as transcription, translation and reg-
ulation of the cell cycle (Nakayama et al, 2001). It has been
suggested that the high flexibility of intrinsically disordered
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proteins brings many advantages, including binding to many
substrates and targets (Dunker et al, 2005), coupling high
specificity with low affinity (Dunker et al, 2001), enlarging
interaction surfaces (Dunker et al, 2005), increasing rapid
turnover and thus rapid response to cell signaling in funda-
mental points of the protein network (Fink, 2005).

The widespread presence of intrinsically disordered pro-
teins in living organisms suggests that proteins do not have to
adopt necessarily compact globular structures to be func-
tional, at least for the molecular recognition of their targets.
Although Sso AcP is not an intrinsically disordered protein
and its partially folded state accumulating during folding is
not as disordered as a natively unfolded protein, the evidence
reported here indicates that a conformational state structu-
rally distant from the folded structure—particularly in those
loops or residues that form the substrate binding and catalytic
site—is able to bind substrates, carry out catalysis and release
products. It shows that even enzyme catalysis does not
require a fully folded state and opens new perspectives in
the exploration of the biological significance of enzymatically
active non-native states. More generally, these findings sug-
gest a re-consideration of the paradigm that biological func-
tion can only be associated with unique three-dimensional
folds.

Materials and methods

Purification of wild-type and mutant Sso AcP

The Sso AcP gene was initially inserted in a pGEX-2T plasmid
(Amersham, Little Chalfont, England) and the resulting construct
was used to transform DH5a E. coli cells (Invitrogen, Carlsbad, CA,
USA). Mutated genes were obtained using the QuickChange site-
directed mutagenesis kit from Stratagene (La Jolla, CA, USA). The
presence of the desired mutations was assessed by DNA sequen-
cing. Expression and purification of the wild-type and mutant
proteins were carried out according to the protocol of the pGEX-2T
manufacturer. Protein purity was checked by SDS-polyacrylammide
gel electrophoresis. The extinction coefficient at 280 nm (g,g0) for
each mutant was calculated as described (Gill and von Hippel,
1989).

Enzymatic activity assay

Enzymatic activity of native Sso AcP was measured in a continuous
optical test at 283 nm using BP as a substrate (Ramponi et al, 1966)
with a Lambda 4V Perkin Elmer spectrophotometer (Wellesley, MA,
USA). Experimental conditions were 2.0pugml™" Sso AcP, 5.0 mM
BP, 50mM acetate buffer at pH 5.5, 37°C. BP was synthesized as
described previously (Camici et al, 1976) and freshly dissolved
before enzymatic activity measurements.

Development of enzymatic activity during folding

A Bio-logic SFM-3 stopped-flow device (Claix, France) coupled with
an absorbance detection system and thermostated with an RTE-200
water circulating bath from Neslab (Newington, NH) was used to
measure the recovery of enzymatic activity during folding. Sso AcP
was initially unfolded at a concentration equal to 0.4mgml~" in
5.5M GdnHCI (Sigma-Aldrich), 50mM acetate buffer, pH 5.5, at
37°C. 20l aliquots of this sample were mixed with 380l of a
solution containing 5.27 mM BP, 50 mM acetate buffer, pH 5.5. Final
conditions in the assay test were 0.02 mgrnl’1 Sso AcP, 0.275M
GdnHCI, 10mM BP, 50mM acetate buffer, pH 5.5, 37°C. The
experimental dead time ranged from 4 to 20 ms. The cuvette length
was 1 cm. The signal at 283 nm (A,s3) was acquired during protein
refolding. As the decrease of this signal is proportional to the
enzyme activity, for each obtained trace, the decay rate of
absorbance at 283nm was calculated, after a smoothing on a
0.02's sliding window, as the opposite of the first-order derivative
(—dA,g3/dt). The obtained values were normalized to the activity of
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the native wild-type protein, plotted versus time and fitted to

A(t) = B+ Cexp(—kj_p - t) (1)
where t is the time, A(t) is the enzymatic activity measured during
folding, B is the activity of the native state, C is the difference
between the activities of the partially folded and the native states
and k;_,r is the main folding rate constant.

Equilibrium GdnHCI-induced unfolding curves
For each mutational variant of Sso AcP, 28 samples containing
0.2mg ml~! of the tested protein, 50 mM acetate buffer, pH 5.5, and
a GdnHCI concentration ranging from 0 to 7.2 M, were incubated for
2h at 37°C to reach equilibrium. After this time, the circular
dichroism (CD) signal at 222 nm was acquired for all samples using
a 0.1 cm path-length cuvette in a Jasco J-810 CD spectropolarimeter
(Great Dunmow, Essex, United Kingdom) thermostated with a C25P
Thermo Haake water-circulating bath (Karlsruhe, Germany). The
mean residue ellipticity was plotted versus GAnHCI concentration.
The obtained plots were fitted to a two-state transition according to
the equation described by Santoro and Bolen (Santoro and Bolen,
1988) to obtain the free energy difference between the unfolded and
the native states in the absence of denaturant (AGS{? , the
dependence of the AGy_r on GdnHCI concentration (m value) and
the midpoint of denaturation (C,). The fraction folded at each
GdnHCI concentration was calculated as described (Chiti et al,
1998). For each mutant, the change in conformational stability
upon mutation, AAGS{ r» Was calculated according to

AAGHS = (€, - Cm )
where C,, and C,, are the mid-denaturation concentrations for the
considered mutant and the wild type, respectively, and n1 is the
average m value over the wild-type and 34 mutants that were studied
here. The average m value, as opposed to the individual m values, was
used after the argument previously raised (Matouschek and Fersht,
1991). In brief, the m value obtained from a single curve is affected by
some experimental uncertainty. The m value averaged over a number
of mutants is in most cases a best estimate and leads to more accurate
values of AG;’{% for the mutants (Matouschek and Fersht, 1991). C,,
AGS{?- and individually calculated m values are reported in Table II.

Folding kinetics

Folding experiments were carried out using the Bio-logic SFM-3
stopped-flow device (Claix, France) equipped with a fluorescence
detection system and thermostated with an RTE-200 water
circulating bath from Neslab (Newington, NH). An excitation
wavelength of 280nm and a band-pass filter to monitor emitted
fluorescence above 320 nm were used. The cuvette path-length was
0.15cm. A total of 20 pl aliquots of 0.4 mgml ™' protein unfolded in
5.5M GdnHCl were mixed with 380pl of refolding buffer. Final
conditions were 0.02 mg ml! protein, 50 mM acetate buffer, pH 5.5,
a GdnHCI concentration ranging from 0.2 to 2.5M, 37°C. The
experimental dead time was 10.4ms. The obtained traces were
fitted to a double exponential equation as described previously
(Bemporad et al, 2004). The main folding rate constant was
then plotted versus the denaturant concentration to extrapolate
the folding rate constant in the absence of denaturant
(kf[ig ) according to a second-order polynomial equation.
However, k2 refers to the rate of formation of the native state
regardless of the on- or off-pathway nature of the partially folded
state. In another set of experiments, 20 ul aliquots of 0.4 mgml !
wild-type Sso AcP unfolded in 5.5M GdnHCl were mixed with
380l of refolding buffer containing different concentrations of
inorganic phosphate and phenyl phosphate. Final conditions were
0.02mg ml~! Sso AcP, 0.275 M GdnHCl, 50 mM acetate buffer, pPHS.S,
a phosphate and phenyl phosphate concentration ranging from 0.1 to
10mM, 37°C. The resulting traces were fitted to a double exponential
equation, as described previously (Bemporad et al, 2004).

Unfolding kinetics

Unfolding experiments were carried out using a Bio-logic SFM-20
stopped-flow device (Claix, France) equipped with a Jasco J-810 CD
detection system (Great Dunmow, Essex, United Kingdom) and
thermostated with a C25P Thermo Haake water circulating bath
(Karlsruhe, Germany). The signal was recorded at 230 nm with a slit
window of 4.0nm. The cuvette path-length was 0.2 cm. A total of
85 ul aliquots of 1.4mgml " protein in 1.0 M GdnHCl were mixed
with 215 pl of a solution containing 8.0 M GdnHCl, 50 mM acetate,

The EMBO Journal VOL 27 | NO 10| 2008 1533



Partially folded Sso AcP is enzymatically active
F Bemporad et al

pH 5.5. Final conditions were 0.4 mgml~! protein, 50mM acetate
buffer, pH 5.5, 6.0M GdnHCI, 37°C. The experimental dead time
was 74ms. A total of 6-10 traces were averaged and fitted to a
single exponential equation to obtain the unfolding rate cons-
tant (kp_y). The unfolding rate constant in the absence of
denaturant (kg i%) was obtained with a linear extrapolation method
using a previously obtained slope (Bemporad et al, 2004).

®-value analysis

A ®@-value analysis was carried out on the partially folded
and transition state ensembles populated during the Sso AcP
folding process. The ®-values for the transition state ensemble, of
(Matouschek and Fersht, 1991), were calculated according to

of — 1 RTIn(k H20/ky" @)
(€, — Cn)m

where C',, and C,, are the mid-denaturation concentrations for the
considered mutant and the wild type, respectively, R is the ideal gas
constant (8.314J mol ' K1), T is the temperature in K (310.15K),
ki_H,0 and k?i% are the unfolding rate constants in the absence
of denaturant for the mutant and the wild-type protein, respectively.
The ®-values for the partly folded state, ®' (Matouschek et al,

1992), were calculated according to

| RTInk o Hy OKR /K25 i Ha0) @
Cc, —Cn)m

where k| H,0 and k22 are the folding rate constants in the

absence of denaturant for the mutant and the wild-type protein,

respectively.

o' =
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