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ABSTRACT: The guanidine hydrochloride (GdnHCl) mediated denaturation pathway for the apo form of
homodimericEscherichia coliaspartate aminotransferase (eAATase) (molecular mass) 43.5 kDa/
monomer) includes a partially folded monomeric intermediate, M* [Herold, M., and Kirschner, K. (1990)
Biochemistry 29, 1907-1913; Birolo, L., Dal Piaz, F., Pucci, P., and Marino, G. (2002)J. Biol. Chem.
277, 17428-17437]. The present investigation of the urea-mediated denaturation of eAATase finds no
evidence for an M* species but uncovers a partially denatured dimeric form, D*, that is unpopulated in
GdnHCl. Thus, the unfolding process is a function of the employed denaturant. D* retains less than 50%
of the native secondary structure (circular dichroism), conserves significant quaternary and tertiary
interactions, and unfolds cooperatively (mD*aU ) 3.4 ( 0.3 kcal mol-1 M-1). Therefore, the following
equilibria obtain in the denaturation of apo-eAATase: Da 2M a 2M* a 2U in GdnHCl and Da D*
a 2U in urea (D) native dimer, M) folded monomer, and U) unfolded state). The free energy of
unfolding of apo-eAATase (Da 2U) is 36( 3 kcal mol-1, while that for the D*a 2U transition is 24
( 2 kcal mol-1, both at 1 M standard state and pH 7.5.

Protein folding and structural determinants of stability are
two of the most challenging and pursued problems in
structural biology. Most of the studies in these areas have
been on globular or small multidomain proteins (1-4) and
mainly report on the secondary and tertiary structural
organization of monomeric proteins. There have been
relatively few investigations of larger oligomeric proteins
(5), and only some of these provide thermodynamic data (6-
12). Complexities of the folding and unfolding processes
increase with protein size. Partially folded conformations (6,
9, 13-16), aggregating species (6, 16, 17), and/or off-
pathway intermediates (18, 19) are often observed for large
proteins. Rigorous thermodynamic analyses of multimeric
proteins are more complex because both subunit folding and
association reactions need to be evaluated.

Numerous quantitative reports of protein complexes
formed from native components have appeared. Examples
include barnase-barstar (20-23), antigen-antibody (24-
27), or protein ligand-receptor complexes (28-31). Obligate
oligomeric proteins differ from these systems in that their
monomeric constituents do not normally exist as stable folded
entities under physiological conditions. Detailed thermody-
namic and mutagenesis studies on multimeric proteins are
few and are generally limited to very small systems such as
coil-coil formation (32), the tumor repressor p53 tetramer-
ization domain (33), or the 10 kDa P22 Arc repressor
homodimer (34).

Important diseases such as amyloidoses owe their etiology
to protein misfolding and aggregation (35-37). In some

cases, specific mutations are correlated with the stabilities
of multimeric proteins. Examples include propionic acidemia
and propionyl-CoA carboxylase (38) or type II tyrosinemia
and tyrosine aminotransferase (39).

Escherichia coliaspartate aminotransferase (eAATase)1

is a platform of sufficient complexity and tractability to probe
the stability of a relatively large multimeric protein. It is an
87 kDa obligate homodimer with two pyridoxal 5′-phosphate
(PLP) dependent active sites situated at the subunit interface.
The monomer is composed of a large (residues 47-329) and
a small (residues 5-46 and 330-409) domain (40). Most
of the intersubunit interactions are between the two large
domains, but additional contacts are mediated by the small
domain’s N-terminal tails that wrap around the opposite large
domains. eAATase is the best characterized PLP-dependent
enzyme. Its catalytic mechanism has been studied in depth
(41-45), and a variety of crystal structures are available (40,
46-49). Site-directed mutagenesis studies have yielded
extensive information on substrate specificity (50-54),
cofactor binding (55, 56), and stability (57-60).

Herold and Kirschner (61) thoroughly investigated the
guanidine hydrochloride (GdnHCl) mediated denaturation of
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1 Abbreviations:∆G0
unf, free energy of unfolding at 0 M denaturant;

θN, normalized ellipticity signal;Cm, denaturant concentration at a
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intermediate; Den, denaturant; DTT, dithiothreitol; eAATase,Escheri-
chia coli aspartate aminotransferase;fN, normalized fluorescence
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tag; I, partially folded intermediate; IAEW, intensity-averaged emission
wavelength; M, folded monomer; M*, partially folded monomeric
intermediate; N, native state; Ni-NTA, nickel nitrilotriacetate; PLP,
pyridoxal 5′-phosphate; U, unfolded state;XD*, mole fraction of D*.

5810 Biochemistry2007,46, 5810-5818

10.1021/bi602621t CCC: $37.00 © 2007 American Chemical Society
Published on Web 04/11/2007



the apo form of eAATase and proposed the model of eq 1:

where D represents the native apoenzyme; M, a folded
monomer; M*, a partially folded monomeric intermediate
that has some of the characteristics of a molten globule; and
U, the unfolded state. Evidence for M* has also been reported
in refs57and58. M* retains 50% of the secondary structure,
is prone to aggregation, and has been considered an off-
pathway intermediate (58, 62). Kinetic investigations reveal
fast- and slow-folding species as well as multiple-folding
intermediates (13, 58, 62-64).

In this work, the stability of eAATase was studied by
equilibrium denaturation experiments with both urea and
GdnHCl. Although most protein denaturation investigations
employing these two denaturants find that the reagents
behave similarly (65-68), we report here that the pathways
and the metastable intermediates differ qualitatively for the
denaturation of eAATase.

MATERIALS AND METHODS

Cloning, Purification, and Preparation of His6 Tag Apo-
eAATase.The expression (69), purification (70), and attach-
ment of the 6-histidine tag (His6 tag) to the C-terminus of
eAATase were performed as previously described. Briefly,
eAATase was expressed inE. coli strain MG204 (a gift from
Ian Fotheringham, Nutrasweet Corp,), the cells were dis-
rupted by sonication, and the protein was purified in a single
chromatographic step using Ni-NTA Superflow resin (Qiagen,
Valencia, CA). Apo-eAATase was prepared in 20 mM
potassium phosphate buffer, pH 7.5. Holoenzyme (50µM)
(all enzyme concentrations are given as monomer concentra-
tions) was incubated with 100 mM cysteine sulfinate for 2
h at 25°C and loaded onto a Ni-NTA Superflow resin, and
the cofactor was removed by washing the column with 100
volumes of buffer at 4°C. Apo-eAATase was eluted with
250 mM imidazole and dialyzed overnight at 4°C. The
decrease of bound cofactor absorbance bands at 330, 360,
and 420 nm, as well as the loss of activity, showed that
>99% of the enzyme was converted into the apo form.

Folding and Unfolding of Apo-eAATase. (A) Urea.Native
apo-eAATase was diluted 10-100-fold into selected con-
centrations of urea in buffer A (20 mM potassium phosphate,
pH 7.5, 1 mM DTT) to final concentrations of 0.5, 2.5, or
10µM enzyme. Urea concentrations were based on refractive
index (71, 72). Unless indicated otherwise, samples were
incubated overnight at room temperature, and all measure-
ments were taken at 25°C. For the refolding experiments,
denatured protein, kept for 30 min at 7 M urea in buffer A
and 25°C, was diluted into selected concentrations of urea
and incubated as described above.

(B) GdnHCl. The incubation conditions were those re-
ported by Herold and Kirschner (61): 24 h at 4°C followed
by 1 h at 25°C in 10 mM HEPES, 5 mM DTT, 1 mM
EDTA, and 0-6 M GdnHCl at pH 7.4. The GdnHCl
concentrations were determined from the refractive index
(71).

Spectrophotometric Measurements. (A) Fluorescence.All
measurements were performed on a Perkin-Elmer LB50S
fluorometer at 25°C. Samples were excited at 280 nm and
emission spectra recorded from 300 to 400 nm. The emission

intensities at 365 and 325 nm provide large signal changes
for the low and high urea concentration dependent transitions,
respectively. For each spectrum, the intensity-averaged
emission wavelength (IAEW) was computed with eq 2:

where Fλ is the fluorescence intensity at the emission
wavelengthλ.

(B) Circular Dichroism. CD measurements were taken on
an Aviv 62DS spectrometer with a temperature-controlled
cell holder set at 25°C. The spectra were recorded from
190 to 260 nm, and the ellipticity values were calculated as
the average over 1 s nm-1. Path length cuvettes (1 and 0.1
cm) were used for samples containing 0.5 and 10µM
enzyme, respectively. eAATase has a highR-helical content
characterized by a band at 222 nm. The loss of secondary
structure during unfolding was therefore followed at that
wavelength (θ222).

The background signals in fluorescence or CD experiments
were measured at seven to nine selected concentrations of
denaturant immediately after each data set was collected. The
buffer signals, which are linearly dependent on denaturant
concentration, were subtracted from the data.

Data Analysis.Table 1 describes the mathematical treat-
ment of unimolecular two-state (67) (model I: Na U) and
three-state (73) (model II: Na I a U) denaturation models,
as well as that of a dimeric protein unfolding through a
dimeric intermediate (6, 9, 10) (model III: D a D* a 2U).
The last corresponds to the proposed denaturation pathway
of apo-eAATase in urea. For all models, the free energies
associated with each equilibrium constant were assumed to
be linearly dependent on denaturant concentration (linear
extrapolation method) (72, 74). Models I and II were used
to calculateCm values (Table 1, eq 11). CD data were treated
according to model II and fluorescence data according to
model I, because each transition was monitored at a different
emission wavelength. The intrinsic signals for all species
were assumed to be linearly dependent on denaturant
concentration. A null slope (Ri in Table 1, eq 12) was
assigned either when the associated error was greater than
the parameter value or when there were insufficient data
points to determine the parameter accurately. All models
were fitted to eq 12 by nonlinear regression analysis with
the KaleidaGraph program for models I and II and with the
NLIN program of the SAS statistical package (SAS Institute,
Cary, NC) for model III.

RESULTS

ReVersible Urea-Mediated Denaturation of Apo-eAATase.
(A) Intrinsic Fluorescence Measurements.Figure 1 shows
the dependence of tryptophan fluorescence on denaturant
concentration. The emission intensity increases slightly from
2 to 3 M urea, and the IAEW shifts from 343 to 345 nm.
The intensity decreases back to the initial level between 4
and 6 M urea, and IAEW shifts further to 348 nm (insets in
Figure 1). These observations identify an intermediate in the
urea-mediated denaturation of apo-eAATase.

Because of the small changes in emission intensity, no
single wavelength provides a sufficiently good signal-to-noise

IAEW ) ( ∑
λ)320nm

λ)370nm

Fλλ)/( ∑
λ)320nm

λ)370nm

Fλ) (2)

D a 2M a 2M* a 2U (1)
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ratio to monitor both transitions. The wavelengths 365 and
325 nm, which provide a significantly large change in
intensity, were chosen to observe the formation and disap-
pearance of the intermediate, respectively (Figure 1). Fully
unfolded apo-eAATase was diluted into selected concentra-
tions of denaturant and incubated overnight at 25°C, and
the extent of renaturation was monitored by fluorescence as
described above. Figure 1 and Table 2 show that the
unfolding and refolding curves at 10µM enzyme and their
associatedCm values are identical within experimental error.
Therefore, the extent of unfolding in these experiments does
reflect equilibrium conditions.

While the first step (Cm,DaD* ∼ 2.5 M urea) is independent
within experimental error of enzyme concentration, the
second transition clearly shifts to higher denaturant concen-
tration as the protein concentration is increased (Figure 1).
The error inCm,DaD* at 0.5 µM enzyme is(0.2 M urea;
this midpoint value does not differ significantly from those
obtained at higher protein concentrations (Table 2). Ad-
ditionally, IAEW (Figure 1, inset B) and CD (See below)
measurements clearly show that the transition at lower urea
concentrations is enzyme concentration independent. The first
step thus corresponds to a unimolecular process, and the
second measures the dimer to monomers equilibrium. The
simplest model that accommodates these results is one in
which the native dimer undergoes an initial urea-dependent

transformation to a dimeric intermediate (D*) prior to its
dissociation into two unfolded monomers at higher urea
concentrations (eq 13):

D* is the only species that is significantly populated between
3 and 4 M urea. Its tryptophans are partially solvent exposed
as only one-third of the total red shift is observed during
the D a D* transition (Figure 1, inset B) (75).

(B) Circular Dichroism.The CD data, monitored byθ222

(Figure 2), also show an enzyme concentration independent
step followed by a concentration dependent transition, in
agreement with the model of eq 13. Table 2 shows that the
Cm values obtained by fluorescence and CD are equal within
experimental error for each enzyme concentration. It is of
interest that the protein remains a dimer even after 60% of
the secondary structure is lost as indicated byθ222.

Global Fitting of Apo-eAATase Denaturation Parameters
in Urea Solutions.The dependence of the intrinsic signal
for each species on denaturant concentration (Si

0 and Ri

parameters defined in Table 1) was evaluated by fitting the
fluorescence and CD data to eq 12 for models I and II,
respectively (Figures 1 and 2). The resultantSi

0 andRi values
were fixed in eq 12 to globally fit all of the data to model
III. Table 2 reports the obtained stability parameters for apo-

Table 1: Equations Describing the Thermodynamic Treatment of Different Protein Denaturation Modelsa

a Equations 3: equilibria. Equations 4: mass conservation (PT is the total monomer concentration). Equations 5: mole fraction definitions.
Equations 7: equilibrium constants defined in mole fractions. Equations 8-10: mole fractions expressed as a function of the equilibrium constants
andPT (obtained from eqs 6 and 7). Equations 11: expressions of the equilibrium constants according to the linear extrapolation method; [Den] is
the concentration of denaturant,∆G0

jak is the free energy associated with the equilibrium constantKjak at [Den] ) 0 M, mjak is the cooperativity
parameter for thej a k transition, andCm,jak is the [Den] at the transition midpoint. Equation 12: general equation that describes the dependence
of an observable,S, on [Den].Si

0 is the intrinsicS value at [Den]) 0 M for statei, andRi represents the dependence ofSi on [Den].

D a D* a 2U (13)
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eAATase. The accuracy of the fit is illustrated in Figure 3:
at all enzyme and urea concentrations the mole fraction of
D* (XD*) was computed from the experimental data with eqs
14 and 15 (points in Figure 3) and compared with the
simulatedXD* calculated with eq 9 of model III (Table 1):

The m values reported in Table 2 clearly show that both
transitions are cooperative. The total free energy of unfolding
(∆G0

unf) of apo-eAATase is 36( 3 kcal mol-1 at 1 M
standard state. This value is comparable with those obtained

for other dimeric proteins for which dimeric intermediates
are reported. Examples include bacterial luciferase (16),
tyrosyl-tRNA synthetase (10), and organophosphorus hy-
drolase (6), whose∆G0

unf are 28, 27, and 44 kcal mol-1,
respectively.

Denaturation of Apo-eAATase in GdnHCl.All results
obtained with urea as the denaturant are consistent with the
existence of a dimeric intermediate in the denaturation of
apo-eAATase. However, Herold and Kirschner (61) showed
that the unfolding pathway of the same protein in GdnHCl
follows a reversible four-state model, where the native dimer
dissociates to folded monomers, followed by conversion to
a monomeric intermediate (M*) that unfolds to the fully
denatured state (eq 1).

The main difference in the experimental conditions is that
Herold and Kirschner (61) employed a different denaturant,
but they also incubated the enzyme for 24 h at 4°C followed
by 1 h at 25°C (10 mM HEPES, pH 7.4, 5 mM DTT, 1
mM EDTA, and 0-6 M GdnHCl). The urea denaturation
experiments reported here included overnight incubation at

FIGURE 1: Apo-eAATase fluorescence as a function of urea
concentration. eAATase samples were incubated overnight at 25
°C in buffer A containing 0-8 M urea. Emission spectra were
recorded from 300 to 400 nm (λex ) 280 nm). The normalized
emissions at 365 and 325 nm (upper and lower panels, respectively)
are shown for 0.5 ([), 2.5 (2), and 10µM [(b) unfolding; (O)
refolding] apo-eAATase. The refolding experiment was performed
by diluting completely unfolded enzyme (at 7 M urea) into buffer
A containing the indicated denaturant concentrations. The dotted,
dashed, and solid lines show the fit to eq 12, model I (Table 1),
for the data obtained at 0.5, 2.5, and 10µM enzyme, respectively.
Inset A shows the emission spectra of 10µM enzyme at the
specified urea concentrations, and inset B shows the dependence
of IAEW on urea concentration at 0.5 [unfolding ([)] and 10µM
[unfolding (b) and refolding (O)] apo-eAATase. IAEW fits were
computed with eq 12, model II (Table 1).

XD* )
S- (SD

0 + RD[urea])

(SD*
0 + RD*[urea])- (SD

0 + RD[urea])

[urea]< 3.2 M (14)

XD* )
S- (SU

0 + RU[urea])

(SD*
0 + RD*[urea])- (SU

0 + RU[urea])

[urea]g 3.2 M (15)

Table 2: Cm, m, and∆G0 Values Describing the Denaturation of the
Apo-eAATase Dimera

probe
[enzyme]

(µM)
Cm,DaD*

(M)
Cm,D*a2U

(M)

fluorescence 10 2.61 (0.03) 5.19 (0.04)
fluorescence 10b 2.60 (0.03) 5.26 (0.04)
fluorescence 2.5 2.5 (0.1) 4.9 (0.1)
fluorescence 0.5 2.3 (0.2) 4.6 (0.1)
CD 10 2.50 (0.03) 5.24 (0.06)
CD 0.5 2.53 (0.05) 4.6 (0.2)

Global Fitc

standard
state

∆G0
DaD*

(kcal mol-1)

mDaD*

(kcal mol-1

M-1)
∆G0

D*a2U

(kcal mol-1)

mD*a2U

(kcal mol-1

M-1)

1 M 12 (2) 4.8 (0.8) 24.4 (0.8) 3.4 (0.2)
1 µM 12 (2) 4.8 (0.8) 16.2 (0.6) 3.4 (0.2)

a The fluorescence and CD parameters were obtained from eq 12
(Table 1), models I and II, respectively.b Renaturation experiment.
c Obtained from globally fitting all of the data to eq 12 of model III
(Table 1).

FIGURE 2: Molar ellipticity of apo-eAATase in urea. The normal-
izedθ222 values of 0.5 ([) and 10µM (b) apo-eAATase samples
following overnight incubation at 25°C in buffer A at the indicated
concentrations of urea are shown. The dotted and solid lines show
the fit to eq 12, model II (Table 1), for the data obtained at 0.5 and
10µM enzyme, respectively. The inset shows illustrative CD spectra
of 10 µM enzyme incubated at different urea concentrations.
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25 °C (20 mM potassium phosphate, pH 7.5, 1 mM DTT,
and 0-8 M urea). Additionally, the enzyme used in the
present study contains a C-terminal His6 tag. A combination
of one or more of the experimental variations is thus
responsible for the qualitatively distinct intermediates de-
scribed in eqs 1 and 13.

To attempt to discover the reason(s) for the differing
results, 0.1 and 4µM His6-tagged apo-eAATase was
incubated in GdnHCl under the conditions reported in ref
61. The extent of unfolding was followed by fluorescence
at 335 nm with excitation at 280 nm. Figure 4 compares the
denaturation curves obtained with the His6-eAATase (Figure
4, data points) vs those obtained in ref61 (Figure 4, lines).

The data sets are very similar and appear to show three
transitions. The decrease of the emission intensity from 0 to
0.5 M GdnHCl is enzyme concentration dependent and
corresponds to the Da 2M dissociation process. The second
transition, characterized by an increase of the emission
intensity from 0.5 to 1 M GdnHCl, corresponds to the
formation of M*. Finally, the gradual decrease of fluores-
cence between 1 and 4 M GdnHCl reports the unfolding of

M*. Therefore, the His6 tag is not responsible for the differing
denaturation pathways.

Effect of Temperature on the Apo-eAATase Unfolding
Pathway. The temperature effect on the urea-mediated
denaturation of 10µM apo-eAATase was evaluated after
incubation at 4°C (24 h) and 25°C (12 h) in 0-8 M urea
in buffer A. The effects of these single incubations or their
combinations, low temperature followed by high temperature
and vice versa, are shown in the fluorescence-monitored
denaturation curves of Figure 5. The low-temperature
samples were incubated for 5 min at 25°C prior to
fluorescence measurements.

The renaturation curves at 4°C (Figure 5) and 25°C
(Figure 1) are almost identical to the corresponding dena-
turation curves, thus proving that equilibrium was established
at both temperatures. While the first denaturation step is
independent of the incubation temperature, the midpoint of
the second transition decreases from 5.2 M at 25°C to 4.5
M urea at 4 °C (Figure 5). Although the incubation
temperature has an effect on the dissociation step, it does
not alter the unfolding mechanism of apo-eAATase (eq 13).

To test the interconvertibility between the 4 and 25°C
equilibria, the effects of combining the two denaturation
conditions were investigated. Incubation at 25°C of samples
that had reached the 4°C equilibrium yielded a denaturation
curve in agreement with the 25°C equilibrium (Figure 5).
However, the curve obtained after incubation at 4°C of
samples that had reached the 25°C equilibrium point is
superimposable to the one obtained after a single 25°C
incubation. Thus samples in the D* state at 25°C are
kinetically trapped when transferred at 4°C and cannot reach
the unfolded state, which is a more stable conformation at
that temperature (see Discussion).

These results show that the urea denaturation pathway is
the same at 4 and 25°C (eq 13). Thus, the two distinct
partially folded intermediates observed for apo-eAATase are
a function of the chemical denaturant only and are not

FIGURE 3: Mole fraction of the dimeric intermediate,XD*, as a
function of urea and enzyme concentration.XD* calculated from
the CD (1, 9) and fluorescence data (eqs 14 and 15) at 0.5 ([,
1), 2.5 (2), and 10µM (b, 9; O, refolding) are compared to the
calculatedXD* from the∆G0 andmvalues reported in Table 2 with
eq 9 of model III (Table 1).

FIGURE 4: GdnHCl denaturation of 0.1 (1) and 4µM (b) His6-
tagged apo-eAATase in GdnHCl monitored by fluorescence emis-
sion at 335 nm (λex ) 280 nm). Samples containing 0-6 M GdnHCl
were incubated 24 h at 4°C followed by 1 h at 25°C in 10 mM
HEPES, 5 mM DTT, and 1 mM EDTA at pH 7.4. The lines show
the denaturation curves reported by Herold and Kirschner (61) under
the same incubation conditions for 0.09 (dotted line), 0.39 (dashed
line), and 3.9µM (solid line) enzyme.

FIGURE 5: Dependence of the urea-mediated denaturation curve
on incubation temperature. 10µM apo-eAATase was incubated at
low (4 °C, 24 h) and/or high (25°C, 12 h) temperatures in buffer
A. The IAEW and molar fraction of dimeric intermediate,XD*
(inset), are shown for the following incubation schedules: 24 h at
4 °C [([) denaturation; (]) renaturation], 12 h at 25°C (b), 24 h
at 4°C followed by 12 h at 25°C (2), and 12 h at 25°C followed
by 24 h at 4°C (9). XD* was calculated from eqs 14 and 15 as
explained in Materials and Methods. The individual data sets were
fitted to eq 12 of model II (Table 1).
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significantly perturbed by either the incubation temperature
or the His6 tag. The effect of temperature on GdnHCl
denaturation could not be studied due to the formation of an
aggregating intermediate at 25°C (61).

DISCUSSION

Nature of the Dimeric Intermediate.The urea-mediated
equilibrium denaturation of apo-eAATase reveals the pres-
ence of a dimeric intermediate that retains only 40% of the
native secondary structure. Additionally, themvalues (Table
2) indicate that∼50% of the buried surface area is exposed
upon D* formation. Dimeric intermediates in unfolding have
only been reported for a handful of proteins: bacterial
luciferase (9, 16, 18), histone-like HU protein (76), pro-
caspase-3 (14), glutathione transferase (15), 3-isopropyl-
malate dehydrogenase (77), and human growth hormone (78).
Others appear to be directly linked to amyloid formation
(79-81). An intermediate similar to the one described here
has been reported for organophosphorus hydrolase (6) and
SecA (17).

The denaturation curves of apo-eAATase in urea show
two well-defined cooperative transitions, indicative of two
independently unfolding structural regions with unequal
stabilities. As the dissociation step takes place at higher urea
concentrations, D* must retain the key intersubunit contacts.
The eAATase dimeric interface is composed of interactions
across the two large domains as well as contacts between
the N-terminal tails and the large domains [PDB entry 1ASN
(40)]. A truncated eAATase construct lacking the small
domain forms a compact inactive monomer that still binds
PLP (19). Thus, the N-terminal tails are probably essential
for dimer formation and might be part of the structural region
that unfolds at higher urea concentrations.

The ∆G0 values (Table 2) calculated for a 1 M standard
state indicate that the D*a 2U transition accounts for two-
thirds (24.4 kcal mol-1) of ∆G0

unf (36 kcal mol-1). At a more
realistic 1µM standard state,∆G0

D*a2U is 16.2 kcal mol-1

and the total∆G0
unf is 28 kcal mol-1.

The Denaturant Determines the Unfolding Pathways.The
traditionally accepted view of the equivalence of urea and
GdnHCl as denaturants is based predominantly on experi-
ments performed on monomeric globular proteins (65-67),
whose hydrophobic cores account for most of their stability.
However, other denaturant-dependent unfolding pathways
have been documented. In most cases, the unfolding mech-
anisms change from two-state in urea to three-state in
GdnHCl (82-87). Stabilization of a partially folded state
(83), or relaxation of the native conformation through specific
binding of guanidinium ions to negatively charged pockets,
and/or shielding of repulsive electrostatic interactions (84-
86) are some of the proposed explanations for the appearance
of an additional intermediate. Additionally, Monera et al.
(88) showed that, in contrast to urea, measurements obtained
from GdnHCl-mediated denaturation do not reflect the
contribution of electrostatic interactions to the stability of
coiled coils. The unequal ability of urea and guanidinium
ion to disrupt electrostatic interactions has also been noted
(89-91).

Interactions with low concentrations of GdnHCl prefer-
entially destabilize the apo-eAATase dimer, and/or stabilize
M*, leading to the accumulation of the latter, while those

with urea unveil a partially structured dimer. The present
results differ from those described above in that each
denaturant stabilizes a structurally differentiated intermediate.
The CD data reported by Herold and Kirschner (61) show
that M* retains 50% of the secondary structure observed in
the native form; however, D* has even less secondary
structure (40%). Further, as judged by the changes inλmax

(Figure 1, inset A), the tryptophans are more exposed to the
solvent in D* than in M* (one-third vs one-fifth of the total
red shift, respectively). Finally, M* has some molten globule
characteristics and unfolds less cooperatively than does D*,
which retains significant tertiary and quaternary interactions.
These structural differences make it very unlikely that these
two intermediates could coexist in the same unfolding
pathway.

Protein interfaces contain more polar interactions than do
the interiors of monomeric proteins. Therefore, the mecha-
nisms by which the two denaturants perturb quaternary
structure are likely to differ. Indeed, several studies on
multimeric proteins have reported significantly different
stability results that depend on the nature of the denaturant
(6, 12, 82, 85, 92). Eighty-five percent of the eAATase
interactions (defined by a 4 Åcutoff) across the large domain
side chains are hydrogen bonds or salt bridges, while 43%
of the N-terminal arm’s intersubunit contacts are hydropho-
bic. Thus, the predominance of polar interactions might
explain why an ionic denaturant like GdnHCl is more
effective at disrupting the apo-eAATase interface than is urea.

Bypassing the Dimeric Intermediate during Unfolding.The
effect of temperature on the denaturation of apo-eAATase
(Figure 5) shows that at intermediate urea concentrations (ca.
4.5-5 M) U and D* are the most stable species at 4 and 25
°C, respectively. D*, which is populated at 4-5 M urea and
25 °C, becomes trapped in this state as dropping the
temperature to 4°C does not shift the transition to that
observed when the entire denaturation process is carried out
at 4 °C (Figure 5).

These observations are illustrated by the reaction coordi-
nate profiles shown in Figure 6 for 10µM apo-eAATase in
5 M urea. Under the above-described incubation conditions,
a solution of native dimer (D) transferred to 5 M urea at 25
or 4°C populates the most thermodynamically stable species,
i.e., D* and U, respectively. The unfolded monomer obtained
at 5 M urea and 4°C reverts to D* when transferred to 25
°C. However, reducing the temperature at 5 M urea from 25
to 4 °C does not produce the D*f U reaction as would be
expected. The barriers for reverting to D or U are too high,
and D* is trapped as a kinetically stable but thermodynami-
cally unstable species (Figure 6, right panel). The native
dimer placed in 5 M urea at 4°C bypasses D* and proceeds
directly to 2U (Figure 6).

In summary, these experiments demonstrate that the type
of denaturant may qualitatively change the nature of the
partially folded populated intermediates in unfolding path-
ways. In the case of eAATase, GdnHCl disrupts quaternary
interactions more strongly than does urea. Given the com-
plexities of the folding and assembly processes of oligomeric
proteins, the use of an alternative denaturant may populate
intermediates that are not otherwise observed or thermody-
namically favor one or more of the multiple partially folded
species present in a rugged energetic landscape of a protein
folding funnel (3). For example, the stabilization of D* by
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urea might allow the monitoring of the so far elusive
dimerization step during eAATase folding.
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