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ABSTRACT: Organophosphorus hydrolase (OPH, EC 8.1.3.1) is a homodimeric enzyme that catalyzes the
hydrolysis of organophosphorus pesticides and nerve agents. We have analyzed the urea- and guanidinium
chloride-induced equilibrium unfolding of OPH as monitored by far-ultraviolet circular dichroism and
intrinsic tryptophan fluorescence. These spectral methods, which monitor primarily the disruption of
protein secondary structure and tertiary structure, respectively, reveal biphasic unfolding transitions with
evidence for an intermediate form of OPH. By investigating the protein concentration dependence of the
unfolding curves, it is clear that the second transition involves dissociation of the monomeric polypeptide
chains and that the intermediate is clearly dimeric. The dimeric intermediate form of OPH is devoid of
enzymatic activity, yet clearly behaves as a partially folded, dimeric protein by gel filtration. Therefore,
we propose an unfolding mechanism in which the native dimer converts to an inactive, well-populated
dimeric intermediate which finally dissociates and completely unfolds to individual monomeric polypeptides.
The denaturant-induced unfolding data are described well by a three-state mechanism with∆G for the
interconversion between the native homodimer (N2) and the inactive dimeric intermediate (I2) of 4.3 kcal/
mol while the overall standard state stability of the native homodimer relative to the unfolded monomers
(2U) is more than 40 kcal/mol. Thus, OPH is a remarkably stable protein that folds through an inactive,
dimeric intermediate and will serve as a good model system for investigating the energetics of protein
association and folding in a system where we can clearly resolve these two steps.

Equilibrium denaturation studies have provided detailed
knowledge concerning the structure, stabilization, and folding
of small, monomeric proteins. A general understanding of
the forces involved in protein stability will require investiga-
tions of multisubunit proteins, where additional modes of
stabilization are available at the quaternary structural level.
These studies will also enhance our knowledge concerning
energetic and structural aspects of oligomer formation. The
structures of intermediates that form on the folding pathway
will provide valuable information about folding pathways.
There are numerous examples of monomeric intermediates
that are significantly populated during the equilibrium
denaturation of a dimer (1-8); however, dimeric intermedi-
ates are rare (9-11). To date, the best structural information
and thermodynamic data concerning dimeric folding inter-
mediates come from studies of bacterial luciferase (10), and
theEscherichia coli Trprepressor (11).
We have begun to study the folding of bacterial organo-

phosphorus hydrolase (OPH),1 a dimeric metalloenzyme (Mr

) 72 000dimer) from Pseudomonas diminutawhich contains
336 residues per monomer (12-13) (Figure 1). This enzyme

has received considerable attention focusing on its use as a
bioremediation agent. OPH has broad substrate specificity.
It can catalyze the breakdown of several insecticides
(paraoxon, parathion, coumaphos) with surprisingly high
rates (104 s-1 for paraoxon) and nerve agents such as soman,
sarin (14-15), and VX [O-ethylS-(2-diisopropylaminoeth-
yl)methylphosphonothiolate] (16). The active site of OPH
consists of a binuclear metal center that can bind several
metals, including Zn2+, Co2+, Mn2+, Cd2+, or Ni2+ (17).
These metals are involved in catalysis and structural func-
tions. The gene encoding OPH has been cloned and the
protein expressed inEscherichia coli(18). The purification
procedure for OPH has also been reported (17) and is
modified in this report (see Experimental Procedures). In
addition, recent crystallographic investigations have provided
structural and functional details concerning the enzymatic
mechanism of this enzyme (19-21).
OPH is unique among other organophosphate degrading

enzymes because it can hydrolyze phosphofluoridates, such
as soman and sarin, and the phosphothioates such as VX,
which constitute the major chemical warfare deterrents
stockpiled by the United States and the Former Soviet Union.
Development of an efficient and safe detoxification procedure
for organophosphorus nerve agents and various environmen-
tal pollutants will be of great value.
Practical applications for bioremediation will require

enzymes with enhanced structural stability and improved
catalytic efficiency. Significant improvement of the activity
and substrate specificity has been achieved through site-
directed mutagenesis of histidinyl residues affecting the metal
content and modifying the boundaries of the active site.
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Individual enzymes have demonstrated dramatic improve-
ment in activity against various organophosphorus neuro-
toxins (22-24). Many of these modified enzymes retain
excellent catalytic activity and specificity for preferred
substrates, despite the loss of one of the two molecules of a
metal present in each subunit. These results demonstrated
that only a single metal is required for enzymatic function
and suggested that the changes in catalytic metal geometries
are associated with the alteration of substrate specificities.

OPH utility in the remediation of hazardous compounds
is compromised by our limited understanding of its stability
and how the enzyme would behave in environments most
typical of where it would be used. Since OPH is insoluble
in organic solvents which are suitable for solubilization of
nerve agents, enzyme-based detoxification of bulk nerve
agents (for instance in an existing war head or a concentrated
spill of pesticide) must often rely on the use of OPH in
biphasic mixtures. This fact points to the first challenge:
In order to efficiently function in detoxification of bulk nerve
agents, OPH must be stable in the presence of organic
solvents. In order to increase the productivity of the process,
we must immobilize the enzyme in the most effective way
currently available. This points to the next challenge: OPH
must have the highest possible stability under adverse
conditions. Key to the realization of this goal is a detailed
analysis of the thermodynamic stability of OPH.

We report here the urea- and guanidinium chloride-induced
unfolding of Zn-containing OPH monitored at equilibrium
using spectroscopic methods that are sensitive to protein
secondary and tertiary structure. Fluorescence emission was
monitored after excitation at 278 nm, allowing excitation of
both tyrosinyl and tryptophanyl residues. Each subunit of
OPH has four tryptophanyl residues (Figure 1) and four
tyrosinyl residues. One of these, Trp 69, is located at the
subunit interface. Trp 302, Trp 131, and Tyr 239 are located
near the active site “histidine cluster” (19). As a result,
fluorescence spectroscopy should be a powerful tool to
monitor conformational changes of this enzyme, even at the
active site. We also monitored circular dichroism at 230
nm and enzymatic activity. These data demonstrate that the
unfolding of OPH occurs by a three-step process that includes
an inactive dimeric intermediate. The conformational stabil-

ity determined in this study is the highest for any dimeric
protein reported so far.

EXPERIMENTAL PROCEDURES

Materials. Ultra-pure urea and all buffer components were
purchased from Sigma, St. Louis, MO. Ultra-pure guani-
dinium chloride (GdmCl) was purchased from USB, Cleve-
land, OH. Tryptone and yeast extract were purchased from
Fisher Scientific, Pittsburgh, PA. Phosphoglucose isomerase,
carbonic anhydrase, and glutathione transferase were pur-
chased from Sigma. Bacterial organophosphorus hydrolase
was expressed fromEscherichia coli DH5R (supE44
∆lacU169 [Φ80 lacZ∆M15] hsdR17 recA1 endA1 gryA96
thi-1 relA1) carrying the plasmid pUC19-opd as described
previously (26).
Protein Purification. E. coliDH5R cells with pUC19-

opd were grown in enriched media containing 24 g of yeast
extract/L, 12 g of tryptone/L, 100 mM K2HPO4/KH2PO4,
pH 7.0, 0.4% glycerol, and 1 mM CoCl2 for 40 h at 30°C
and supplemented with 50µg/mL ampicillin. Cells were
harvested and resuspended in 10 mM phosphate buffer, pH
6.9 (40 g was resuspended in 160 mL of buffer). All buffers
used during the purification contained 50µM zinc acetate.
Cells were disrupted by sonication on ice, and the cell-free
extract was subjected to 1% streptomycin sulfate precipitation
to remove bulk nucleic acids. This was followed by 45%
ammonium sulfate precipitation. The protein precipitate was
resuspended in∼40 mL of phosphate buffer and dialyzed
against the same buffer. This dialysate was loaded onto a
100 mL SP-Sepharose column at a flow rate of 1 mL/min
equilibrated in phosphate buffer. The column was washed
extensively until the optical density at 280 nm was<0.05,
at which time a linear potassium chloride gradient (500 mL)
from 0 to 0.5 M in 10 mM phosphate buffer, pH 6.9, was
initiated. OPH begins to elute at around 125 mM KCl. OPH-
containing fractions were pooled and dialyzed against 10 mM
Tris, pH 8.3, and loaded onto a 10 mL DEAE-Sephacel
column at a flow rate of 2-3 mL/min equilibrated in the
same buffer (this step can be performed at room temperature
with little effect on activity). Under these conditions, OPH
passes directly through the column. OPH-containing frac-
tions were pooled, concentrated to 2 mg/mL, and used

FIGURE 1: Ribbon drawing of OPH. The drawing was generated from the crystal structure of OPH (19) using MOLSCRIPT (25). The two
halves of the dimer are shaded differently, and in the subunit with lighter shading, the four Trp residues per monomer are shown. The
crystallographic 2-fold rotational axis is perpendicular to the plane of the page.
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immediately in protein folding studies. Remaining protein
was stored at-20 °C in the presence of 30% glycerol. The
purity of OPH was determined by SDS-polyacrylamide gel
electrophoresis with Coomassie Blue staining. Zinc content
was determined by flame atomic absorption spectrophotom-
etry on a Perkin-Elmer 2380 atomic absorption spectropho-
tometer.
Stock Solutions.Urea and GdmCl stock solutions (ap-

proximately 10 M and 4 M, respectively) were prepared as
described by Paceet al. (27) in a buffer of 10 mM Tris, pH
8.3. The denaturant concentrations of each stock solution
were calculated by weight and by refractive index (27). These
solutions were used in subsequent experiments only if the
difference between these two values was less than 1%.
Equilibrium Unfolding CurVes. All equilibrium unfolding

experiments in denaturant were performed as described by
Paceet al. (27). Stock protein solutions were prepared in
Tris buffer to be 16 times the desired final protein concentra-
tion. Buffer, urea, or GdmCl from the concentrated stocks
and 200µL of stock protein solution to give a final volume
of 3.2 mL were added to disposable 12× 75 mm borosilicate
glass tubes (Fisher Scientific). The final urea and GdmCl
concentrations ranged from 0 to 9 M and from 0 to 4 M,
respectively. The final protein concentrations were as
indicated in the figure legends. All denaturation curves were
done in duplicate. Each sample was mixed gently im-
mediately after adding protein by inverting the tube 4-5
times. All samples were then incubated in a water bath at
25 °C for a minimum of 24 h. This was shown to be
sufficient time to reach equilibrium. To test for reversibility,
a solution of protein in the posttransition region of the
denaturation curve was diluted with protein and buffer in
the pretransition region, and fluorescence intensity was then
measured directly. Enzyme activity was also used as a
measure of reversibility.
We used 278 nm as the excitation wavelength for

fluorescence spectroscopy allowing excitation of both ty-
rosinyl and tryptophanyl residues. The emission wavelength
was 320 nm, where the maximum difference in fluorescence
between the native and denatured protein occurred. The
fluorescence emission at each denaturant concentration was
measured using an SLM-Aminco 8000C spectrofluorometer.
The signal was averaged for 39 s. All measurements were
corrected for background signals contributed by either buffer
or denaturant. Circular dichroism was measured using an
Aviv 62DS spectropolarimeter. The CD signal was averaged
for 60 s. Both instruments were equipped with thermostatted
cell holders, and the temperature was held constant at 25
°C.
Data Analysis.For a two-state unfolding transition, only

the folded and unfolded conformations are present at
significant concentrations for any of the points shown on a
denaturation curve from low denaturant concentration to a
high concentration. Therefore, the fraction of folded protein
plus the fraction of unfolded protein will be equal to 1. The
fraction of folded and unfolded protein can then easily be
determined based on the observed values of the spectroscopic
signal along the curve, and the values associated with the
folded and unfolded forms. Knowing the fraction of each
species present at each denaturant concentration, the equi-
librium constant,K, and the free energy change,∆G, can be
calculated (28). It has been shown for many proteins (29,
30) that∆G varies linearly with denaturant concentration,

at least in the transition region. The simplest method of
estimating the conformational stability is to assume that the
linear dependence continues to zero denaturant concentration
and to use a least-squares analysis to fit the data to the
equation:

where∆GW is the conformational stability without denaturant
andm is a measure of the dependence of∆G on denaturant
concentration. It has been shown that them value is a
measure of the ability of the denaturant to unfold a protein
(28) and is proportional to the amount of protein surface
area exposed upon unfolding (31). One unifying equation
is used to analyze an entire denaturation curve (28, 32), and
the unknown parameters are determined by a nonlinear least-
squares program.
Our experimental unfolding data could not be reconciled

to a simple two-state mechanism. There are two separate
transitions: one from the native dimeric protein to an
intermediate and the second from the intermediate to
completely unfolded subunits. Analysis of a three-state
unfolding mechanism obviously requires more parameters.
In addition, since OPH is a homodimer, some reactions are
not unimolecular, and the equilibrium populations of folded
and unfolded protein are dependent on protein concentration.
For the case where a single homodimeric intermediate is in
equilibrium with the native enzyme and the unfolded
subunits:

a three-state model developed by Clarket al. (10) can be
employed. This model assumes that the protein is either in
the native homodimeric state (N2), in an inactive dimeric
state (I2), or in the unfolded monomeric state (U). If we set
the molar concentration of the native homodimer [N2] ) [P]T
when all the protein is native, we can define the mole fraction
of each species as

where fN ) mole fraction in the native state,fI ) mole
fraction in the intermediate homodimeric state, andfU ) mole
fraction in the denatured state. Therefore

We can now relate the equilibrium constants for the unfolding
reaction (K1 andK2) to the mole fraction of each species
present and the total protein concentration [P]T by the
equations:

and

wherefN, fI, andfU represent the fraction of the protein that
is in each form at equilibrium.

∆G) ∆GW - m[denaturant]

N2 S I2 S 2U (1)

f N ) [N2]/[P]T (2)

fI ) [I 2]/[P]T (3)

fU ) [U]/[P]T (4)

fN + fI + fU ) 1 (5)

K1 ) fI/fN (6)

K2 ) [P]TfU
2/fI (7)
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By rearranging and combining eqs 5 and 6, the following
is obtained:

It is now possible to solve for the mole fraction of each
species at equilibrium in terms of the total protein concentra-
tion, [P]T, and the two equilibrium constants (K1 andK2).
Substituting eq 8 into eq 7 and solving forfU give the
equation:

Substituting eq 9 into eq 8 gives the equation:

Finally, we can substitute eq 10 into eq 6, giving us the
equation:

From eqs 6, 7, and 9-11 and the relationship

whereR is the gas constant andT is the temperature in
degrees kelvin, we may now calculate the equilibrium
constant and the value of∆G at each denaturant concentra-
tion. We assumed the free energy change for each step in
the reaction to be linearly dependent on denaturant concen-
tration as described above:

and

where∆G1W and∆G2W are the free energy changes in the
absence of denaturant corresponding to stepsK1 and K2,
respectively, andm1 andm2 are the denaturantm values.
Alternative methods for the analysis of solvent denaturation
curves, which include those that describe a nonlinear
dependence of∆G on the molar concentration of denaturant,
require additional parameters. Here we elect to use the
simplest expression, the linear extrapolation method, to
minimize the total number of parameters needed to describe
our data.
The amplitude of the spectroscopic signal determined at

each urea concentration was assumed to be a linear combina-
tion of the fractional contribution from each species:

whereYN, YI, andYU are the amplitudes of the signals for
the respective species. The amplitudes associated with the
native and unfolded forms of the protein were also assumed
to be linearly dependent on urea concentration such that

and

whereYN° andYU° are the amplitudes of the signals in the
absence of denaturant for the native and unfolded proteins,
respectively, andb1 andb2 are the slopes that describe the
dependence of the amplitudes for native and unfolded protein,
respectively, on denaturant concentration. Again to minimize
the total number of parameters needed, we have assumed
that YI (and for the CD data,YU) does not vary with
denaturant concentration.
Nonlinear least-squares fitting of the above equations to

the data employed a Macintosh version ofNonlin (Robelko
Software, Carbondale, IL;33) to determine the nine unknown
parameters:∆G1W and∆G2W (conformational stabilities of
the first and second unfolding transitions, respectively),m1

and m2 (m values for the first and second unfolding
transitions, respectively),b1 andb2 (slopes for the pre- and
posttransition base lines, respectively), and YN°, YU°, andYI
(spectroscopic signals contributed by the native, unfolded,
and intermediate forms of the protein). For the CD data,
we were also able to perform a global analysis of the
denaturation data collected over the range of protein con-
centrations, using protein concentration as an additional
constant in the analysis. A global analysis of the fluores-
cence data could not be performed, since our fluorescence
measurements only give relative changes in intensity, not
absolute changes, and this varies for each experiment and
also depends on the total amount of protein present in the
cell.
Enzymatic ActiVity Measurements.Enzymatic activity was

measured by monitoring the change in absorbance at 400
nm when 1.0 mM paraoxon was hydrolyzed to diethyl
phosphate andp-nitrophenolate anion (ε400 ) 17 000 M-1

cm-1) in 20 mM CHES buffer, pH 9.0, at 25°C (22) using
a Gilford Response UV-VIS spectrophotometer. Paraoxon
was purified as described previously (22).
Thermal Denaturation Monitored by Circular Dichroism.

Circular dichroism measurements were performed using a
Jasco J600A spectropolarimeter. Thermal denaturation was
monitored by measuring circular dichroism at 230 nm in 1.0
°C steps. The samples equilibrated for 1 min at each
temperature, and the signal was recorded for 30 s. This rate
of heating was adequate to achieve equilibrium at each
temperature. OPH unfolding was only partially reversible
under these conditions, so no attempt was made to obtain a
thermodynamic characterization of the thermal unfolding.

RESULTS

Equilibrium Unfolding of OPH. In general, for dimeric
proteins, the overall unfolding reaction must start with the
folded dimer (N2) and end with two unfolded monomers
(2U). There are, however, several possible ways this can
occur:

In this case, one expects monophasic unfolding curves,
superimposable for all spectroscopic probes used to monitor
unfolding at a fixed protein concentration. The basis for
the thermodynamic analysis is the assumption that only two

fI ) K1(1- fU)/(1+ K1) (8)

fU ) -K1K2 +

x(K1K2)
2 + 4[P]T(1+ K1)(K1K2)/2[P]T(1+ K1) (9)

fI ) K1{2[P]T(1+ K1) + K1K2 -

x(K1K2)
2 + 4[P]T(1+ K1)(K1K2)/2[PT](1+ K1)

2} (10)

fN ) 2[P]T(1+ K1) + K1K2 -

x(K1K2)
2 + 4[P]T(1+ K1)(K1K2)/2[PT](1+ K1)

2 (11)

∆G) -RT ln Keq (12)

∆G1 ) ∆G1W - m1[denaturant] (13)

∆G2 ) ∆G2W - m2[denaturant] (14)

Y) YNfN + YIfI + YUfU (15)

YN ) YN° + b1[denaturant] (16)

YU ) YU° + b2[denaturant] (17)

Case 1: N2 S 2U
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states, the native dimer and denatured monomers, exist at
equilibrium (34, 35):

The situation is quite different for cases 2 and 3. Here, one
expects biphasic unfolding curves and/or nonsuperimposable
transitions if the spectral probes (CD or fluorescence) used
are differentially sensitive to the various species. In these
instances, a general three-state model of equilibrium dis-
sociation and unfolding would involve a native dimer (N2),
unfolded monomer (U), native monomer (N), and either a
monomeric (I) or a dimeric (I2) intermediate. The ability to
distinguish between case 2 and case 3 depends on which
step is protein concentration-dependent, and hence bimo-
lecular. If the first step is bimolecular, subunit dissociation
is occurring, and the intermediate is monomeric. However,
if the second step is protein concentration-dependent, subunit
dissociation occurs only after formation of the dimeric
intermediate. The dependence of the unfolding behavior on
protein concentration is the unique characteristic of coupled
denaturation and dissociation of oligomeric protein systems
and is used as a definitive criterion for assigning the
unfolding mechanism as well as for evaluating the thermo-
dynamic parameters (36).

The equilibrium unfolding of OPH was investigated by
monitoring the changes in the intrinsic tryptophan fluores-
cence at 320 nm and the circular dichroism at 230 nm, using
GdmCl as denaturant. Figure 2A shows typical unfolding
curves for OPH at the highest protein concentration used in
these experiments (125µg/mL). Four separate denaturation
curves were performed from different protein preparations,
demonstrating the reproducibility of these data. The pro-
nounced plateau near 1.6 M GdmCl observed for both
spectroscopic probes clearly indicates the presence of a
folding intermediate. However, in some experiments, we
observed that the protein tends to precipitate at low GdmCl
concentrations. This problem did not occur when urea was
used as the denaturant, so we used urea for all of the
subsequent experiments that were used to determine the
stability of the enzyme.

The equilibrium unfolding curves using urea as denaturant
are shown in Figure 2B. With fluorescence, the reduction
in tertiary structure was clearly biphasic. However, this was
not as obvious in the unfolding curves followed by CD. The
noncoincidence of the transitions monitored by fluorescence
and CD is clearly evident, indicating that OPH unfolding is
not a simple two-state process. The reversibility of the urea-
induced unfolding transition was shown spectroscopically
and by quantitative (>85%) recovery of enzyme activity
following refolding by dilution (data not shown).

Fluorescence Spectra.The spectral changes associated
with the denaturation of OPH were studied by fluorescence.
Figure 3A shows the fluorescence emission spectra of native
OPH (in 0 M GdmCl), the folding intermediate (in 1.6 M
GdmCl), and denatured OPH (in 4 M GdmCl). The
fluorescence maximum was shifted under these conditions
from 331 nm, to 337 nm, and finally to 353 nm, respectively.
The fluorescence emission spectra with urea as denaturant
were not significantly different (data not shown). The

fluorescence data indicated that OPH was largely unfolded
in the presence of 4 M GdmCl, (or 8 M urea) 10 mM Tris,
pH 8.3, and was complete within 12 h with no further change
in the spectrum observed.
Circular Dichroism Spectra.The molecular architecture

of the native enzyme is a distortedR/â barrel with 8 parallel
â-strands forming the barrel and linked on the outer surface
by 14 R-helices (19). The far-UV CD spectrum of native
OPH displayed a double minimum around 210 and 222 nm,
typical of a protein with highR-helical content (Figure 3B),
consistent with the known three-dimensional structure. Upon
complete denaturation in 4 M GdmCl, there was a large
decrease in CD intensity, indicating loss of secondary
structure. The folding intermediate (in 1.6 M GdmCl)
possesses about 50% of the native CD spectral amplitude at
222 nm. The CD spectra with urea as denaturant were not
significantly different (data not shown).
Effect of OPH Concentration on the Unfolding Transition.

Since OPH is a homodimer, we determined the concentration
dependence of the unfolding process. We observed that the
biphasic nature of unfolding was more pronounced at the
highest protein concentration when unfolding was followed
by fluorescence (Figure 4). As the protein concentration
increased, there was a shift in the position of the midpoint
of the second unfolding transition to higher urea concentra-
tions. The fluorescence results suggest that subunit dis-
sociation was occurring in the second step of the unfolding
process. No concentration dependence was observed be-
tween 0 and 4 M urea. These results support the three-state

FIGURE 2: GdmCl-induced unfolding of OPH and noncoincidence
of equilibrium unfolding data. (A) GdmCl-induced unfolding of
OPH (125µg/mL) was measured by fluorescence emission (b) at
320 nm with excitation at 278 nm and by CD (O) at 230 nm. (B)
Urea-induced unfolding of OPH (125µg/mL) was measured by
fluorescence emission (b) at 320 nm with excitation at 278 nm
and by CD (O) at 230 nm. Theoretical curves for (B) were
calculated using the appropriate thermodynamic parameters in Table
1. These parameters were obtained from a nonlinear least-squares
fit of the equations shown under Experimental Procedures to the
indicated data.

Case 2: N2 S 2N (or 2I)S 2U

Case 3: N2 S I2 S 2U
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mechanism:

in which a homodimeric intermediate is well-populated. If
this model provides a reasonable thermodynamic description
of the denaturation reaction, then we expect the same value

for the conformational stability from experiments performed
at different protein concentrations, irrespective of the probe
used to monitor the transition(s). In the analysis of the
separate denaturation experiments, we find that∆GW values
that are nearly identical over the protein concentration range
used in these experiments (Table 1) regardless of which probe
is used to monitor the transitions. Furthermore, a global
analysis of the unfolding data as monitored by CD for the
entire range of protein concentration revealed identical
parameters to those found from the individual analyses (Table
1), supporting the model employed. The free energy change,
∆G1W, and the denaturantm value,m1, associated with the
first step in urea denaturation were 4.3 kcal/mol and 0.95
kcal mol-1 M-1, respectively. No subunit dissociation seems
to occur in this first phase of unfolding. The second step in
unfolding involves subunit dissociation of OPH and the
transition from a stable, partially-folded dimeric intermediate
to two unfolded subunits. The free energy change,∆G2W,
and the denaturantm value, m2, of this step were also
relatively constant over the protein concentration range used.
These values were 37.8 kcal/mol and 4.5 kcal mol-1 M-1,
respectively.
The dimeric nature of the intermediate was also confirmed

by gel filtration (data not shown). At urea concentrations
where the intermediate is well-populated, OPH elutes from
the column at the correct size for a dimer, suggesting that
higher order species are not contributing to the equilibrium
unfolding of OPH. This result is consistent with the analysis
of the unfolding transitions observed by our spectroscopic
probes.
Loss of Enzymatic ActiVity upon Unfolding. We used

enzymatic activity to monitor the denaturation of OPH in
addition to the spectroscopic methods. Assays were done
on the same samples that were used in the folding experi-
ments. These data illustrate that the intermediate is not active
when paraoxon is used as substrate in the assay (Figure 5).
An analysis of data such as these led to the results in Table
2. The midpoint of the denaturation curve occurred at about
3.77 M urea and was independent of protein concentration.
The values of∆GW andm, for a two-state transition, were
4.3 kcal/mol and 1.14 kcal mol-1 M-1, respectively, in good
agreement with the parameters for the first step in unfolding
determined from spectroscopic measurements (Table 1). The
experiments support the idea that the intermediate is a dimer
and that it is inactive.
Thermal Denaturation of OPH.In addition to the urea

and GdmCl denaturation, we used temperature to induce the
denaturation of OPH (data not shown). Unfortunately,
thermal denaturation was not reversible due to protein
aggregation at high temperatures. However, the relatively
high apparentTm observed (≈75 °C) confirmed that OPH is
a very heat-stable protein.

DISCUSSION

The nonsuperimposable transitions observed with different
spectroscopic probes and the biphasic nature of the unfolding
denaturation curve (Figure 2) are consistent with the exist-
ence of a stable folding intermediate. At the OPH concen-
trations used in this work, native OPH is dimeric. The
remaining question was whether the unfolding intermediate
was monomeric or dimeric. The first unfolding transition
from native dimer to intermediate (0-4.5 M urea) was

FIGURE 3: Fluorescence and circular dichroism spectra of native
OPH, the folding intermediate, and denatured OPH. (A) Fluores-
cence spectra at 25°C of 125µg/mL native OPH in 10 mM Tris,
pH 8.3 (thin solid line), 10 mM Tris, pH 8.3, 1.6 M GdmCl (heavy
solid line), and 10 mM Tris, pH 8.3, 4 M GdmCl (dashed line).
(B) CD spectra at 25°C of 125µg/mL native OPH in 10 mM Tris,
pH 8.3 (O), 10 mM Tris, pH 8.3, 1.6 M GdmCl (4), and 10 mM
Tris, pH 8.3, 4 M GdmCl (0).

FIGURE4: Dependence of equilibrium unfolding of OPH on protein
concentration. (A) Unfolding was monitored by fluorescence
emission at 320 nm with excitation at 278 nm at protein concentra-
tions of 12.5µg/mL (]), 34 µg/mL (9), 68 µg/mL (4), and 125
µg/mL (b). (B) Unfolding was monitored by CD at 230 nm at
protein concentrations of 12.5µg/mL (]) and 125µg/mL (b).
Theoretical curves were calculated using the appropriate thermo-
dynamic parameters in Table 1. These parameters were obtained
from a nonlinear least-squares fit of the equations shown under
Experimental Procedures to the data.

N2 S I2 S 2U
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protein concentration-independent (Figure 4). The second
unfolding transition (4.5 M-8 M urea) was strongly con-
centration-dependent, suggesting that subunit dissociation
occurred in this transition. Clearly, this step was bimolecular
and the intermediate formed prior to subunit dissociation;
our model involving a dimeric intermediate is consistent with
these data.
The results of our data analysis were consistent from both

spectral methods, and at different protein concentrations
(Table 1). The parameters that govern the thermodynamic

distribution of three species, native enzyme, intermediate,
and denatured subunits, at each urea concentration are shown
in Table 1, and the distributions are plotted in Figure 6,
where, for clarity, only the lowest and the highest protein
concentrations are shown. The fraction of protein in the
intermediate form is largest for the highest protein concentra-
tion, about 93% at 6 M urea and 125µg/mL. This shows
that the intermediate is well-populated at equilibrium and is
sufficiently stable to allow spectroscopic analysis.
Themvalues obtained in our study (Table 1) can be related

to the global changes occurring during unfolding of OPH in
urea. Denaturantmvalues, the dependence of the free energy
of unfolding on denaturant concentration, were collected for
a large set of proteins (31). In that study, them value was
found to correlate strongly with the amount of protein surface
exposed to solvent upon unfolding. We used this relationship
to estimate the change in accessible surface area,∆ASA,
during the first and second unfolding transitions of OPH
based on our observedm values,m1 ) 0.95 kcal mol-1 M-1

andm2 ) 4.55 kcal mol-1 M-1. The ∆ASA’s were 5400

Table 1: Thermodynamic Parameters Obtained from Urea Equilibrium Denaturation of OPHa

[OPH]
(µg/mL) methodb

∆G1W
(kcal/mol)

∆G2W
(kcal/mol)

m1

(kcal mol-1 M-1)
m2

(kcal mol-1 M-1) YN° YU° YI b1 b2

125 Fl 4.25( 0.08 34.0( 4.3 0.90( 0.18 4.07( 0.58 310( 5 170( 100 239( 5 5( 2 -8( 12
68 Fl 4.11( 0.14 35.9( 0.9 0.95( 0.02 3.95( 0.17 311( 7 140( 50 216( 7 12( 4 -4( 5
34 Fl 4.20( 0.25 34.6( 1.2 0.98( 0.05 4.80( 0.13 293( 4 110( 60 173( 12 18( 3 0( 1
13 Fl 4.11( 0.26 33.8( 1.7 1.13( 0.06 3.88( 0.19 280( 5 90( 70 132( 9 25( 3 3( 7
125 CD 4.40( 0.10 37.8( 1.3 0.91( 0.06 3.99( 0.06 7700( 200 1700( 200 2500( 300 80( 20 0
68 CD 4.55( 0.17 36.5( 0.8 0.94( 0.05 4.39( 0.02 7900( 300 1600( 200 2700( 200 70( 20 0
34 CD 4.83( 0.09 36.9( 0.8 1.09( 0.08 4.62( 0.09 7700( 300 1600( 400 2500( 300 -100( 80 0
13 CD 4.09( 0.10 39.0( 1.4 0.97( 0.08 4.69( 0.09 7300( 400 1900( 300 2500( 600 120( 200 0

averagec Fl + CD 4.32( 0.26 36.1( 1.9 0.98( 0.08 4.30( 0.37 - - - - -
globald CD 4.33+ 0.03 37.8( 2.1 0.95( 0.02 4.55( 0.04 7600( 300 1800( 300 2600( 500 80( 100 0

a The data sets from each of the protein denaturation curves were analyzed individually as described in the text to afford measures of the cardinal
thermodynamic parameters (∆GW andm) for each of the two transitions. In addition, the five parameters describing the spectroscopic signal (Yx)
and the denaturant dependence to that parameter (bx) are given. Errors are determined from the nonlinear least-squares analysis (see text for details).
For the fluorescence-monitored transitions, the last five parameters are relative fluorescence intensities whereas for the transitions monitored by
circular dichroism, the spectroscopic values are absolute measures of the mean residue ellipticity at 230 nm, expressed in deg cm2 dmol-1. b Fl,
fluorescence; CD, circular dichroism.c The average and standard deviation of the eight individual analyses of the urea denaturation curves listed
above.dResults from the “global analysis” of the four CD-monitored denaturation curves. See the text for details and additional information.

FIGURE 5: Relationship between equilibrium unfolding followed
by fluorescence and enzymatic activity. Urea-induced unfolding
of OPH (125µg/mL) was measured by fluorescence emission (b)
at 320 nm with excitation at 278 nm and by enzymatic activity
(O). Theoretical curve for fluorescence emission was calculated as
described in the legend for Figure 4. Theoretical curve for enzymatic
activity was obtained from a least-squares fit of a two-state
unfolding transition (Pace & Scholtz, 1996) to the data using an
IBM version of Origin.

Table 2: Thermodynamic Parameters Obtained from Measurements
of Loss of Enzymatic Activitya

[OPH]
(µg/mL)

∆GW

(kcal/mol)
m (kcal

mol-1 M-1)
[urea1/2]
(M)

125 4.3 1.10 3.90
68 4.6 1.21 3.85
34 3.5 0.98 3.60
13 4.8 1.28 3.75

average 4.3( 0.5 1.14( 0.13 3.77( 0.13
a The analysis assumed a simple two-state denaturation process as

described in the text. The errors on the individual values arem, (0.10
kcal mol-1 M-1; [urea1/2]; (0.05 M.

FIGURE 6: Fractions of N2, I2, and U as a function of urea
concentration. The fractions of native (N2), intermediate (I2), and
unfolded (U) protein were calculated as a function of urea
concentration for protein concentrations of 12.5µg/mL (A) and
125 µg/mL (B) using data in Table 1 and equations found under
Experimental Procedures: (O) native OPH; (0) dimeric intermedi-
ate; (]) unfolded OPH.
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and 36 000 Å2, respectively, for the two transitions. This is
consistent with the observation that subunit dissociation and
the conversion of the intermediate to denatured monomers
occurred in the second transition, where the most exposure
of surface area would be expected. Based on them values
and the relative∆ASA, only 15-20% of the total change
occurs in the N2 S I2 transition. This is substantially smaller
than the absolute changes in the fluorescence and CD signals.
Therefore, the N2 S I2 conformational change results in less
than 20% change in the accessible surface area, but a
significantly larger change in Trp exposure andR-helix
content. We hope to characterize the structure of I2 more
completely in future studies.
The fluorescence emission spectrum of the intermediate

form in 1.6 M GdmCl shifted slightly to a longer wavelength
(Figure 3A) than native OPH. Both the fluorescence
intensity andλmax values differ for the three states. Theλmax
values indicate that the Trp residues are, on average, in a
more polar environment in the intermediate and that the Trps
are completely exposed to solvent in the unfolded state (37).
The circular dichroism of the intermediate in the far-UV (222
nm) is decreased by about 50%, suggesting partial unfolding,
and disruption of considerable secondary structure (Figure
3B). This decrease may represent a local loss of secondary
structure in an exposed part of the protein, perhaps in the
R-helices (Figure 1). However, the change in CD from N2

to I2 may not reflect just secondary structure content, since
aromatic residues also contribute to the CD in this region.
Therefore, without further structural characterization, it is
not possible to contribute the loss of CD signal to the
disappearance of any secondary structure elements. It is
quite amazing, however, that OPH remains a dimer with such
a large change in the far-UV CD.
There is an entropic cost paid to form a dimer, but it is

clear that this is more than offset by the gain in stability
from forming the dimer interface. Using information from
crystal structures, and experimentally determined∆G values
for subunit association, both Horton and Lewis (38) and
Nussinov’s group (39, 40) have considered the energetics
of subunit associations in detail. For most protein associa-
tions, the hydrophobic effect makes the dominant contribu-
tion to the stability, and this is also true with OPH. Using
the crystal structure and Lee and Richard’s algorithm (41),
we estimate that 2200 Å2 of nonpolar surface is buried on
forming the dimer. [The corresponding burial of polar
surface is≈990 Å2, so about 11% of the monomer surface
is involved in the intersubunit interface (19).] Karplus (42)
recently suggested that a value of 25 cal mol-1 Å-2 of
nonpolar surface should be used to estimate the contribution
of nonpolar group burial to stability, and this is the same
value recommended by Horton and Lewis (38). This leads
to an estimate of 55 kcal/mol for the contribution of the
hydrophobic effect to OPH dimer stability. Based on the
estimates of Horton and Lewis (38) and more recent
estimates (43), the eight hydrogen bonds and the single salt
bridge at the interface probably contribute about 15 kcal/
mol to the stability, considerably less than the hydrophobic
effect. In contrast, Horton and Lewis estimate that the
entropic cost of the loss of translational and rotational degrees
of freedom is only 6.2( 2.2 kcal/mol. Thus, these rough
estimates suggest that intersubunit interactions probably make
a net contribution of more than 60 kcal/mol to the stability
of OPH. This is greater than the overall conformational

stability that we observe,≈40 kcal/mol. Taking this into
account, it is less surprising that the dimer can remain intact
when a sizable portion of the OPH molecule is unfolding.
Our data show that OPH is a very stable protein with a

total standard state free energy change for dissociation and
subunit unfolding of≈40 kcal/mol, and a apparentTm of
≈75°C. This is the greatest conformational stability reported
for any dimeric protein. Several of the dimeric proteins
reported by Neet and Timm (36) have standard state
stabilities in the range of 20-30 kcal/mol, and Trp repressor,
a homodimer, and bacterial luciferase, a heterodimer, have
stabilities of≈24 kcal/mol (10, 11). As discussed above,
OPH probably gains more than 60 kcal/mol in stability by
forming a dimer. Thus, it is now clear that oligomeric
proteins (36, 38, 39) are generally more stable than mono-
meric proteins, and that the stability that they gain from
intersubunit interactions is more than enough to offset the
entropic cost of forming the oligomeric state. In addition,
OPH probably gains considerable stability from the metals
that are bound by the folded protein. This is currently being
investigated in our laboratory.
We have established conditions that allow a more exten-

sive investigation of the conformational stability of OPH.
The existence of a stable, dimeric intermediate will allow
direct investigations into the structural aspects of OPH dimer
formation and denaturation. Detailed information about the
structure of the interface and the stability of the OPH dimer
can be useful in engineering novel proteins with desirable
characteristics for bioremediation and for enhancing their
stability under a variety of environmental conditions impor-
tant in remediation technology.
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