
doi:10.1016/j.jmb.2010.01.045 J. Mol. Biol. (2010) 397, 550–559

Available online at www.sciencedirect.com
Reversible Unfolding of a Thermophilic Membrane
Protein in Phospholipid/Detergent Mixed Micelles

Ernesto A. Roman1, José M. Argüello2⁎ and F. Luis González Flecha1⁎

1Laboratorio de Biofísica
Molecular, Instituto de Química
y Fisicoquímica Biológicas,
Universidad de Buenos Aires-
CONICET, Buenos Aires,
Argentina
2Department of Chemistry and
Biochemistry, Worcester
Polytechnic Institute,
Worcester, MA 01609, USA

Received 4 November 2009;
received in revised form
13 January 2010;
accepted 21 January 2010
Available online
28 January 2010
*Corresponding authors. E-mail ad
arguello@wpi.edu; lgf@qb.ffyb.uba.
Abbreviations used: GndHCl, gua

DDM, dodecylmaltoside; pNPPase,
phosphatase; ANS, 1-anilino-naphta

0022-2836/$ - see front matter © 2010 E
Folding mechanisms and stability of membrane proteins are poorly
understood because of the known difficulties in finding experimental
conditions under which reversible denaturation could be possible. In this
work, we describe the equilibrium unfolding of Archaeoglobus fulgidus
CopA, an 804-residue α-helical membrane protein that is involved in
transporting Cu+ throughout biological membranes. The incubation of
CopA reconstituted in phospholipid/detergent mixed micelles with high
concentrations of guanidinium hydrochloride induced a reversible
decrease in fluorescence quantum yield, far-UV ellipticity, and loss of
ATPase and phosphatase activities. Refolding of CopA from this unfolded
state led to recovery of full biological activity and all the structural
features of the native enzyme. CopA unfolding showed typical
characteristics of a two-state process, with ΔGw°=12.9 kJ mol− 1,
m=4.1 kJ mol−1 M−1, Cm=3 M, and ΔCpw°=0.93 kJ mol−1 K−1. These
results point out to a fine-tuning mechanism for improving protein
stability. Circular dichroism spectroscopic analysis of the unfolded state
shows that most of the secondary and tertiary structures were disrupted.
The fraction of Trp fluorescence accessible to soluble quenchers shifted
from 0.52 in the native state to 0.96 in the unfolded state, with a
significant spectral redshift. Also, hydrophobic patches in CopA, mainly
located in the transmembrane region, were disrupted as indicated by 1-
anilino-naphtalene-8-sulfonate fluorescence. Nevertheless, the unfolded
state had a small but detectable amount of residual structure, which
might play a key role in both CopA folding and adaptation for working
at high temperatures.
© 2010 Elsevier Ltd. All rights reserved.
Keywords: helical membrane proteins; thermodynamic stability; guanidi-
nium hydrochloride
Edited by C. R. Mathews
Introduction

Membrane proteins constitute a large fraction of
proteomes, and a number of pathologies appear to
be related to alterations in their folding and
stability.1 However, there is limited knowledge
on associated molecular events and forces
involved.2 The little attention that these aspects
have apparently received is likely rooted on the
experimental difficulties linked to their character-
dresses:
ar.
nidine hydrochloride;
p-nitrophenyl
lene-8-sulfonate.
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ization, such as low-yield purification, scarcity of
adequate heterologous expression systems, poor
stability in solubilization detergents, and others.3

In addition, their intrinsic physicochemical prop-
erties required for adaptation to the complexity of
the heterogeneous membrane–water environment
also appear to hamper efforts to characterize their
reversible unfolding.
Reversible solvent denaturation has been exten-

sively used to characterize the thermodynamic
stability of water-soluble proteins.4 Among various
chemical agents, urea and guanidine hydrochlo-
ride (GndHCl) have proven particularly successful.
It has been proposed that both denaturants
preferentially bind to the unfolded state, solvating
charged residues or engaging in hydrogen bonds
with the protein backbone.5 Consequently, the
folding equilibrium would be shifted toward the
d.
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Fig. 1. Unfolding kinetics of CopA. Time course of
CopA Trp fluorescence after mixing the protein with 7.5 M
GndHCl at 25 °C.
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unfolded form. The denatured state is character-
ized by an ensemble of multiple conformations
with a very low content of secondary and tertiary
structures. Indeed, the presence of long-range
contacts in this ensemble has been reported even
in the presence of high denaturant concentrations.6

Helicalmembrane proteins appear to be resistant to
chemical denaturation7 or, alternatively, treatment
with denaturant frequently leads to irreversible
unfolding.8 Nevertheless, reversible unfolding and
thermodynamic characterization have been achieved
for a few of these proteins: bacteriorhodopsin,9,10

diacylglycerol kinase,11 the KcsA potassium
channel,12 and the disulfide-bond-reducing protein
DsbB.13 Equilibrium and, in some cases, kinetic
characterization of the unfolding of these proteins
have provided an initial view of this process. For
instance, observed unfolding free energies (ΔGw°)
and their derivatives with respect to the denaturant
concentration (m) were similar to those measured in
soluble proteins of comparable size,14 with transition
states closer to the unfolded state than to the folded
form.2,10 Contrary to the energetic similarities, these
helical membrane proteins, compared to soluble
ones, seem to retain significant secondary structure
in the unfolded states.15
We hypothesized that characterizing the stability

of membrane proteins from hyperthermophilic
organisms might provide further insights on this
matter.16 To test this, we have studied Archaeoglobus
fulgidus CopA, a well-characterized Cu+-transport-
ing ATPase.17,18 CopA belongs to the subfamily of
PIB-type ATPases involved in transporting heavy
metals (Cu+, Zn2+, Cd2+, etc.) throughout biological
membranes.18 It can be heterologously expressed in
Escherichia coli, purified by affinity chromatography,
and reconstituted in dodecylmaltoside (DDM)/
asolectin micelles in functional form with maximum
activity at 75 °C.17 This single-chain 804-amino-acid-
long protein has eight transmembrane helices.18

Three transmembrane segments (TM6, TM7, and
TM8) contribute invariant residues to form two
transmembrane metal binding sites involved in
metal translocation.19 Themajor cytoplasmic regions
of the enzyme include the ATP binding loop (N-
domain and P-domain) linking TM6 and TM7, and
the actuator domain (A-domain) connecting TM4
with TM5.20,21 The N-terminal and C-terminal
regions of CopA face the cytoplasm and contain
regulatory Cu+ binding domains.18,22 The atomic-
resolution structures of cytoplasmic domains,20,21

together with whole-protein low-resolution struc-
tures, have contributed to the currentmodel of CopA
and similar P1B-type ATPases.23,24

Here, we report the study of CopA unfolding
upon treatment with GndHCl and its subsequent
refolding to yield an active enzyme that is function-
ally and structurally undistinguishable from the
native protein. The characteristics of these phenom-
ena are distinct from those observed in other
membrane proteins and provide additional insights
toward understanding membrane protein folding
and stability.
Results

Reversible denaturation of CopA

To characterize CopA unfolding, we incubated
the enzyme (isolated in DDM/asolectin micelles)
with increasing concentrations of GndHCl at 25 °C.
Structural changes upon addition of denaturant
were monitored by registering Trp fluorescence and
ellipticity. CopA contains three Trp residues—one
(Trp576) located in the ATP binding domain and
two (Trp357 and Trp678) located in its fifth and
seventh transmembrane segments—as well as a
significant content of helical structures in its
cytoplasmic domains and particularly in its trans-
membrane region.20–24 A steep decrease in spectro-
scopic signals was observed within the first seconds
(Fig. 1). No further changes were detected following
this initial decay, even after an overnight incuba-
tion. Thus, a 2-h incubation time was chosen for
equilibrium denaturation experiments. Figure 2a
shows the Trp fluorescence spectra of native and
fully denatured CopA. The fluorescence quantum
yields for the native and denatured CopA were 0.18
and 0.10, respectively. In addition to the decrease in
fluorescence intensity, the center of spectral mass
shifted from 342 nm to 350 nm, indicating a major
exposure of Trp residues to the solvent. Figure 2b
shows the circular dichroism (CD) spectra of native
and denatured CopA. The native spectrum has an
ellipticity minimum at 222 nm, which is lost upon
incubation with a high denaturant concentration. To
test the reversibility of the observed transition, we
decreased GndHCl concentration by dilution in the
same micellar system. After 2 h of incubation, both
the fluorescence spectra and the CD spectra of
CopA recovered all the features of the native state
(Fig. 2, blue lines). No further changes were
detected upon longer incubation. These results
suggest that GndHCl-induced unfolding of CopA



Fig. 2. Spectroscopic characterization of CopA unfolding. (a) Trp fluorescence of 2.5 μM CopA native (green line),
denatured in 7.5 M GndHCl (orange line) and refolded by 1:12 dilution of denaturant (blue line). (b) Far-UV ellipticity of
samples treated as in (a).
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involves significant structural changes and, remark-
ably, is fully reversible.
In addition, the effect of GndHCl on the function-

ality of CopA was also assessed, in this case by
measuring ATPase and p-nitrophenyl phosphatase
(pNPPase) activities in the presence of different
concentrations of denaturant. Figure 3 shows that
both ATPase and pNPPase activities decreased to
undetectable levels as GndHCl concentration in-
creased. GndHCl half-maximal inhibitory concen-
trations were 0.42 M (ATPase) and 0.86 M
Fig. 3. ATPase and pNPPase activities after treatment
with GndHCl. Two CopA aliquots (●,▪) were incubated
for 2 h at 25 °C with the indicated GndHCl concentrations,
and then half-diluted in the reaction medium, keeping the
GndHCl concentration constant. The other two (○,□)
were identically treated but diluted in a medium without
GndHCl, yielding a half dilution of denaturant before
activity determination. After 2 h of preincubation at 25 °C,
ATPase (●,○) and pNPPase (▪,□) activities were
measured. Lines in the figure are a guide to the eye. The
activities are represented as a function of the final
denaturant concentration and expressed relative to the
values observed in the absence of denaturant: ATPase
activity, 13.55±0.03 μmol mg−1 h−1; pNPPase activity,
76.1±0.1 μmol mg−1 h−1.
(pNPPase). These were significantly lower than
those required to induce structural changes (see
the text below). It is remarkable that, as in the case of
structural parameters (Fig. 2), both enzymatic
activities, even after exposure to 6 M GndHCl,
were fully restored following refolding of the
protein by dilution of the denaturant.

Thermodynamic analysis of equilibrium unfolding

The reversible unfolding of CopA made possible
the thermodynamic analysis of the folding process.
Unfolded fractions at various denaturant concentra-
tions were calculated from fluorescence and CD data
(Fig. 4a). The calculated thermodynamic parameters
for the reversible cooperative transition at 25 °C were
as follows: the standard Gibbs free-energy change
extrapolated to water, ΔGw°=12.9±2.8 kJ mol−1; its
derivative with respect to the denaturant concentra-
tion, m=4.1±1.2 kJ mol−1 M−1; and the denaturant
concentration at which the standard Gibbs free-
energy change is zero, Cm=3.0±0.4 M. A small
decrease in ΔGw° was observed as temperature
increased (Fig. 4b). Fitting Eq. (5) to these data
yielded a standard heat capacity change at constant
pressure, ΔCpw°=0.93±0.07 kJ mol−1 K−1. The
values obtained for the change in the thermodynamic
functions corresponding to CopA unfolding appear
lower than those expected for mesophilic soluble
proteins of similar molecular mass;14 however, the
Cm value is right shifted compared to the same set.

Structural characterization of CopA unfolded
state

Evaluating the structure of the unfolded state is
critical to understanding the folding reaction.25

Soluble quenchers of Trp fluorescence are widely
used to evaluate protein unfolded states.26 In the
native enzyme, two populations of fluorophores
were detected (Fig. 5): one, representing a 0.48±0.02
fraction, was not accesible to the quencher, while a



Fig. 4. Thermodynamics of CopA unfolding. (a) CopA (2.5 μM) was incubated with increasing concentrations of
denaturant for 2 h at 25 °C, and Trp fluorescence and ellipticity were registered. Then, samples were diluted four times
and, after 2 h of equilibration at 25 °C, Trp fluorescence and ellipticity were registered. Unfolded fractions were calculated
from Trp fluorescence (●,○) and far-UV CD (▪,□) data for unfolding (●,▪) and refolding (○,□), assuming a two-state
model. The continuous line is the graphical representation of the two-state model, with the best-fit parameter values
indicated in the text. (b) Changes in ΔGw° in the temperature range 25–65 °C calculated from Trp fluorescence data. The
line is the graphical representation of Eq. (5) fitted to the experimental data.
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fraction of accesible fluorescence (fa) of 0.52±0.02 was
quenched by NaI with a Stern–Volmer constant of
1.096±0.04 M−1. GndHCl-denatured CopA fluores-
cence was quenched, to a greater extent, by NaI. The
linear relation between the reciprocal of fluorescence
intensity and the quencher concentration suggests a
single Trp population (fa=0.96±0.02) whose fluores-
cence is quenched with a Stern–Volmer constant of
2.47±0.02 M−1. These results, together with the
redshift of the Trp fluorescence spectra (Fig. 2a),
suggest that Trp residues are largely exposed to the
solvent in the structure of the denatured CopA.
Fig. 5. NaI quenching of Trp fluorescence of CopA.
The enzyme was incubated in the absence (●) and in the
presence (○) of 7.5 M GndHCl for 2 h at 25 °C before the
addition of the indicated amount of quencher. Continuous
lines are the graphical representation of Eq. (4), with the
best-fit parameter values indicated in the text. The broken
line corresponds to the same representation with fa=1.
The size of hydrophobic patches in the native and
denatured states were explored using 1-anilino-
naphtalene-8-sulfonate (ANS), an environment-sen-
sitive fluorescent probe.27 The enzyme was incubat-
ed with increasing concentrations of GndHCl and,
after addition of ANS, the fluorescence spectra of the
probe were recorded (Fig. 6). As expected from a
process where tertiary structure is lost reducing the
hydrophobic areas in the protein, ANS fluorescence
decreased with increasing GndHCl concentration
until a value close to zero. The concentration of the
denaturant where half of the ANS fluorescence
Fig. 6. Effect of GndHCl on the fluorescence of ANS–
CopA complexes. CopA was incubated with increasing
concentrations of GndHCl for 2 h at 25 °C before the
addition of ANS (10:1 ANS:CopA mole ratio). The
continuous line is the graphical representation of the
unfolding equation for a two-state model, with thermo-
dynamic parameter values estimated from fluorescence
and CD data.



Fig. 7. Effect of GndHCl on the near-UV CD spectra of
CopA. Two CopA samples of 6 μM native enzyme (green
line) and 7.5 M GndHCl denatured enzyme (orange line)
were incubated at 25 °C for 2 h, and then ellipticity in the
range 260–320 nm was recorded.
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persisted (Cm) was similar to those observed
monitoring fluorescence and ellipticity (Fig. 4a).
Further information on the tertiary structure of
CopA after denaturation with GndHCl was ob-
tained from the near-UV CD spectra of the protein
(Fig. 7). Native enzyme ellipticity showed two major
peaks at aproximately 260 nm and 280 nm. The first
one corresponds to a structured environment
around Phe residues, while the second reports the
contibution of Tyr and Trp residues. Upon addition
of the denaturant, these peaks significantly de-
creased, indicating a major disruption of tertiary
structure.
The observed loss of the secondary and tertiary

structures of CopA likely modifies its hydrodynamic
properties. Evaluating this, native and denatured
CopAwere separated through a Superdex 200 column,
and the absorbance and light scattering of protein
fractionsweremonitored. The hydrodynamic radius at
the elution peaks showed distributions of around 6 nm
for native CopA and 11 nm for the denatured enzyme
(Fig. 8), indicating a less compact conformation.
Fig. 8. Dynamic light-scattering characterization of
CopA. Hydrodynamic radius distributions (normalized
to unit area) for native (●) and 7.5 M GndHCl denatured
(○) CopA.
Discussion

In this report, we describe that A. fulgidus CopA, a
thermophilic protein with large cytoplasmic
domains and eight α-helical transmembrane seg-
ments, can be largely unfolded by treatment with
GndHCl, and that it refolds to a fully active form
upon dilution of the denaturant. The remarkable
reversibility of this system allowed us to character-
ize the thermodynamics of the process. These
features appear distinct from those that have been
obtained for the few helical membrane proteins
previously characterized, providing a novel prece-
dent for understanding the stability of large mem-
brane proteins and the mechanisms involved in
thermostability.
GndHCl-induced unfolding of CopA

The study of unfolding and refolding processes in
α-helical membrane proteins is challenging. To date,
there are only four members of this group for which
reversible unfolding has been thermodynamically
characterized: bacteriorhodopsin,9,10 diacylglycerol
kinase,11 the potassium channel KcsA,12 and the
disulfide-bond-reducing protein DsbB.13,28 None of
them was unfolded following classical denaturing
strategies usually employed with water-soluble
proteins.4 The anionic detergent SDS has been
used to denature bacteriorhodopsin, DsbB, and
diacylglycerol kinase, while reversible unfolding of
the KcsA channel was achieved using trifluoroetha-
nol. However, membrane proteins forming inclu-
sion bodies when heterologously expressed can
occasionally be recovered by solubilization with
chaotropic agents and renatured into bicellar sys-
tems in functional form.29 Hence, attempts to
characterize the urea-driven unfolding of helical
membrane proteins have been reported. For exam-
ple, it was described that opsin loses about 50% of
tertiary structure and fluorescence upon urea
treatment.8 This behavior was attributed to the
presence of relatively large extracellular domains
that could be denatured by the chaotrope, leading to
subsequent unfolding of the transmembrane do-
main. However, urea-treated opsin was unable to
refold from this denatured state.
Chaotropic agents appear to stabilize unfolded

states of water-soluble proteins by engaging in
hydrogen bonds with charged groups and backbone
carbonyl groups.5 In this way, their inefficiency as
denaturants of helical membrane proteins has been
linked to the structural organization of transmem-
brane segments as α-helix bundles. This retains a
moderately hydrophobic core by exposing highly
hydrophobic surfaces to membrane lipids, thus
preventing the access of polar chaotropes.30 In the
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case of CopA, it might be considered that it actively
transports Cu+ across biological membranes. The
metal translocation mechanism involves the deliv-
ery of Cu+ by the corresponding Cu+ chaperone into
binding sites at the cytoplasmic side of the mem-
brane, followed by ATP-dependent ion occlusion
inside the transmembrane domain and subsequent
release at the extracellular side.18,19,31 The docking
of the Cu+ chaperone with the ATPase requires a
wide access path into transmembrane metal sites.
Then, it can be hypothesized that Gnd+ is able to
access the transmembrane metal binding sites, and
this initial step subsequently promotes the unfold-
ing of the transmembrane region. Supporting this
hypothesis, inhibition of the metal-ion-dependent
ATPase activity is observed at GndHCl concentra-
tions that do not produce significant changes in
CopA structure.
The large unfolding of CopA following the

interaction with GndHCl was evidenced by signif-
icant changes in spectroscopic properties: a large
decrease in Trp fluorescence indicating their expo-
sure to aqueous media, a shift in the center of the
spectral mass of the fluorescence spectra from
342 nm to 350 nm with a quantum yield of 0.1
characteristic of unfolded proteins,32 and a signifi-
cant loss of secondary structure with a CD spectrum
similar to that reported for soluble denatured
proteins.33 The fact that fluorescence and CD spectra
recovered the native features upon dilution of
denaturant shows that CopA unfolding is a revers-
ible phenomenon.
While the significant spectral changes stress the

large structural rearrangements occurring during
unfolding and refolding of CopA, the full
recovery of enzymatic activity highlights the
total reversibility of the process. Catalytic activity
is quite sensitive to enzyme unfolding (or mis-
folding). Examples of inactive proteins with
native-like structures are well described.34 Thus,
biochemical activity clearly reports regaining of
the fine structural features associated with the
native form of an enzyme. CopA inactivates at
GndHCl concentrations lower than those needed
to produce spectroscopic changes. This suggests
the existence of inactive CopA molecules with
native spectroscopic signatures (i.e., inactivation is
caused by small structural changes that are
invisible to spectroscopic probes). However,
CopA recovered its activity even after inactivation
with 6 M GndHCl, indicating that fine secondary
and tertiary native interactions are present. This is
a strong evidence for the proper refolding of
CopA.

Thermodynamics of CopA unfolding

CopA reversible unfolding is well described by a
two-state model allowing the estimation of de-
scriptive thermodynamic parameters. Surprisingly,
the observed values of ΔGw° and m were relatively
lower than those expected of a previous analysis of
mesophilic proteins of similar molecular masses
that unfolds according to a two-state model.35

However, the Cm value appears higher when
compared to those from the same protein set. An
approximately linear dependence of ΔGw° on the
number of protein residues is well established for
the unfolding of small soluble monomeric proteins
(smaller than 200 residues).14 Booth and Curnow
have indicated that bacteriorhodopsin, diacylgly-
cerol kinase, and the potassium channel KcsA
seem to fit within the linear relation observed for
soluble proteins.14 CopA ΔGw° does not align with
those of previously characterized membrane pro-
teins. However, there is a small number of
characterized large proteins (none of them is a
membrane protein), and only in a few cases do
they unfold following a two-state process. This set
of large soluble proteins that reversibly unfold
following a two-state model also shows unusually
low values of ΔGw° (e.g., human serum albumin
for which ΔGw° is a quarter of the value expected
according its molecular mass).36

The pseudo-atomic models of CopA structure
show five distinct structural domains or regions,
including transmembrane α-helices.18,23,24 Then, the
description of unfolding in a two-state model has its
limitations.11 For instance, the transition region is
likely to include an ensemble of unfolding interme-
diate states with closely related conformations
indistinguishable by far-UV CD and Trp fluores-
cence. Moreover, as it was pointed out above, the
region corresponding to low GndHCl concentra-
tions contains inactive enzymes with an apparent
native form, as suggested by spectroscopic charac-
terization. The presence of these nondetectable
unfolding intermediates could lead to a significant
underestimation of both m and ΔGw° values.

37

The dependence of ΔGw° on temperature, given
by Eq. (5), results in so-called protein stability
curves.38 This analysis is particularly relevant
given the thermophilic character of CopA.16,17

The protein stability curve intercepts the temper-
ature axis (ΔGw°=0) at the thermal denaturation
midpoint (Tm), and its convexity is given by the
heat capacity change upon unfolding (ΔCpw°).
Protein stability curves can be altered to give
larger Tm values in three main ways: (i) increasing
enthalpic interactions (ΔHw°), which render a
raised curve corresponding to a protein that is
more stable at all temperatures; (ii) lowering
ΔCpw°, which produces a flatter curve character-
istic of proteins with high Tm values without
increased stability; and (iii) reducing the change in
entropy for the folding transition (ΔSw°), which
shifts the stability curve to higher temperatures.39

In our case, there is only a small change in the
apparent ΔGw° for CopA unfolding between 25 °C
and 65 °C, leading to a quite low ΔCpw° (0.93 kJ
mol−1 K−1). This stabilizing mechanism was also
found for the thermophilic soluble protein RNase
H.40 Extrapolation of the CopA stability curve to
higher temperatures provides an estimated Tm
value of 376 K, which is consistent with the
hyperthermophilic nature of this protein.



The structure of CopA denatured state

Considering the significance of the denatured
state of proteins in understanding the folding
process,25 there have been increased efforts to
improve its characterization. These have logically
focused on small globular proteins. On the other
hand, given the limited set of studied helical
membrane proteins that reversibly unfolds, there is
limited knowledge of their denatured state. The
unfolded state obtained after the denaturation of the
bacteriorhodopsin DsbB and diacylglycerol kinase
with SDS conserves important amounts of second-
ary structure, although tertiary contacts seemed
mostly disrupted. Conversely, KcsA loses almost all
of its secondary structure upon denaturation with
trifluoroethanol.
CopA appears to lose most of its secondary and

tertiary structures content upon denaturation. This is
evidenced by different spectroscopic techniques. For
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Circular dichroism

Far-UV and near-UV CD spectra of CopA were
registered using a spectropolarimeter (Jasco J-810), as
described previously.16 Purified protein was 2.5 μM (for
far-UV measurements) or 6 μM (for near-UV measure-
ments) in DDM and asolectin micelles (mole ratio 1:50:50)
in a buffer containing 25 mM Tris (pH 8.0), 50 mM NaCl,
1 mM DTT, and the indicated GndHCl concentrations.
Data were collected in a 1-mm path-length cuvette for far-
UV CD and in a 1-cm path-length cuvette for near-UV CD,
using a scan speed of 20 nm min−1 with a time constant of
1 s. Far-UV CD spectrum was the average of 3 scans, and
near-UV CD spectrum was the average of 10 scans. Molar
ellipticity was calculated as described elsewhere.46

Stopped-flow fluorescence measurements

The time course of CopA fluorescence change was
explored with a stopped-flow reaction analyzer (Applied
Photophysics). One syringe of the stopped-flow device
was filled with 12 μM CopA in DDM and asolectin
micelles (mole ratio 1:50:50), in a buffer containing 25 mM
Tris (pH 8.0), 50 mM NaCl, and 1 mM DTT. The other
syringe was filled with the same buffer plus 7.5 M
GndHCl. Ten volumes of the GndHCl solution were
mixed with 1 vol of the enzyme solution using a rapid
mixer. The excitation wavelength was 295 nm, with a
bandpass of 5 nm. The emitted light was filtered through a
cutoff filter at 321 nm.

Steady-state fluorescence

Fluorescence measurements of 2.5 μM CopA in DDM
and asolectin micelles (mole ratio 1:50:50) in a buffer
containing 25 mM Tris (pH 8.0), 50 mMNaCl, 1 mM DTT,
and indicated GndHCl concentrations were performed in
a spectrofluorometer (SLM-Aminco-Bowman series2), as
previously described.47 Excitation wavelengths were
295 nm for Trp and 380 nm for ANS. The spectra were
corrected for background emission, and total intensity (F)
was calculated as:

F =
X
i

Fki ð1Þ

The wavenumber (υ) corresponding to the center of
spectral mass was determined as reported:47

υCM =

R
F υð Þ υ dυR
F υð Þ dυ

ð2Þ

The fluorescence quantum yield was calculated at 25 °C,
as described previously,48 according to:

fCopA =
FCopAfreferenceAreference

FreferenceACopA
ð3Þ

where A is the absorbance and F is the total emission
intensity, both at the excitation wavelength. These
quantities were measured for the sample and a
reference of known quantum yield (e.g., L-Trp in
water) (ϕTrp=0.14).

41

Fluorescence quenching by NaI was characterized by
adding increasing amounts of 10 M NaI and 0.02 M
SO3Na2 stock solution to the CopA-containing media. The
decrease in fluorescence intensity by the addition of the
quencher was analyzed according to the equation:

F =
fa

1 + Ka NaI½ � + 1 − fað Þ
� �

Fo ð4Þ

where fa is the fraction of the Trp fluorescence accessible to
the quencher, F° is the fluorescence in the absence of the
quencher, and Ka is the Stern–Volmer constant of the
accessible fraction.41

Dynamic light scattering

Native and denatured (7.5 M GndHCl) CopA were
subjected to size-exclusion chromatography in a Superdex
200 column (GE Healthcare) equipped with a MiniDawn
light-scattering detector (Wyatt) and an absorbance
detector (Rainin). The 90° scattered light was directed
through an optical fiber to a Quasi Elastic Light Scattering
module (Wyatt). Time-dependent fluctuations in the
intensity of the scattered light were registered and
quantified via a second-order correlation function.49

Hydrodynamic radius distributions were calculated
using the ASTRA Software (Wyatt).

Thermodynamic analysis

ΔGw° and m values were calculated from CD and
fluorescence denaturation curves, as described
previously.7,32 Enthalpy, entropy, and heat capacity
were calculated from the dependence of ΔGw° on
temperature as decribed by Privalov, selecting 298 K as
the reference temperature (To):

38

DGB
w = DHB

w − TDSBw − DCpB
w To − Tð Þ + Tln

T
To

� �� �

ð5Þ

Data analysis

At least three independent preparations of purified
CopA were evaluated for each experiment. The equations
were fitted to the experimental data using a nonlinear
regression procedure based on the Gauss–Newton
algorithm.50 The dependent variable was assumed to be
homoskedastic (constant variance), and the independent
variable was considered to have negligible error.
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