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ABSTRACT:. The guanidine hydrochloride (GdnHCI) mediated denaturation pathway for the apo form of
homodimeric Escherichia coliaspartate aminotransferase (eAATase) (molecular magk3.5 kDa/
monomer) includes a partially folded monomeric intermediate, M* [Herold, M., and Kirschner, K. (1990)
Biochemistry 291907-1913; Birolo, L., Dal Piaz, F., Pucci, P., and Marino, G. (2002Biol. 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
GdnHCI. 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 cooperativelyd—y = 3.4 &+ 0.3 kcal mott M~1). Therefore, the following
equilibria obtain in the denaturation of apo-eAATase=E2M == 2M* == 2U in GdnHCI and D= D*

= 2U in urea (D= native dimer, M= folded monomer, and 3= unfolded state). The free energy of
unfolding of apo-eAATase (B= 2U) is 364 3 kcal mof1, while that for the D*= 2U transition is 24

=+ 2 kcal mol?, both & 1 M standard state and pH 7.5.

Protein folding and structural determinants of stability are cases, specific mutations are correlated with the stabilities
two of the most challenging and pursued problems in of multimeric proteins. Examples include propionic acidemia
structural biology. Most of the studies in these areas have and propionyl-CoA carboxylas&®) or type Il tyrosinemia
been on globular or small multidomain proteiris-@) and and tyrosine aminotransferasg9.

mainly report on the secondary and tertiary structural Escherichia coliaspartate aminotransferase (eAATéase)
organization of monomeric proteins. There have been js a platform of sufficient complexity and tractability to probe
relatively few investigations of larger oligomeric proteins the stability of a relatively large multimeric protein. It is an
(5), and only some of these provide thermodynamic data (87 kDa obligate homodimer with two pyridoxakphosphate
12). Complexities of the folding and unfolding processes (PLP) dependent active sites situated at the subunit interface.
increase with protein size. Partially folded conformatiod®s ( The monomer is composed of a large (residues32R) and
9, 13-16), aggregating species,(16, 17), and/or off- 3 small (residues-546 and 336-409) domain 40). Most
pathway intermediated 8, 19) are often observed for large  of the intersubunit interactions are between the two large
proteins. Rigorous thermodynamic analyses of multimeric domains, but additional contacts are mediated by the small
proteins are more complex because both subunit folding anddomain’s N-terminal tails that wrap around the opposite large
association reactions need to be evaluated. domains. eAATase is the best characterized PLP-dependent
Numerous quantitative reports of protein complexes enzyme. Its catalytic mechanism has been studied in depth
formed from native components have appeared. Examples(41—-45), and a variety of crystal structures are availadi@ (
include barnasebarstar 20—23), antigen-antibody @4— 46-49). Site-directed mutagenesis studies have yielded

27), or protein ligane-receptor complexe28-31). Obligate  extensive information on substrate specificit§O£54),
oligomeric proteins differ from these systems in that their cofactor binding %5, 56), and stability 7—60).

monomeric constituents do not normally exist as stable folded  aro1d and Kirschner 1) thoroughly investigated the

entities under physiological conditions. Detailed thermody- 4 anidine hydrochloride (GdnHCI) mediated denaturation of
namic and mutagenesis studies on multimeric proteins are

few and are generally limited to very small systems such as — :
coil—coil formation @2), the tumor repressor p53 tetramer- 1 Abbreviations: AG%, free energy of unfoldingt®) M denaturant;

. . On, normalized ellipticity signal,C, denaturant concentration at a
ization domain 83), or the 10 kDa P22 Arc repressor ysition midpoint; D, native dimeric state; D, partially folded dimeric

homodimer 84). intermediate; Den, denaturant; DTT, dithiothreitol; eAATaBsgheri-
Important diseases such as amyloidoses owe their etiologychia coli aspartate aminotransferask;, normalized fluorescence

; ; ; : emission intensity; GdnHCI, guanidine hydrochloride; HEPES2-
to protein misfolding and aggregatio8X-37). In some hydroxyethyl)piperazing¥'-2-ethanesulfonic acid; Hjsag, 6-histidine

tag; |, partially folded intermediate; IAEW, intensity-averaged emission
T This work was supported NIH Grant GM 35373. wavelength; M, folded monomer; M*, partially folded monomeric
* To whom correspondence should be addressed. Telephone: (510)intermediate; N, native state; Ni-NTA, nickel nitrilotriacetate; PLP,

642-6368. Fax: (510) 642-6368. E-mail: jfkirsch@berkeley.edu. pyridoxal 8-phosphate; U, unfolded stat¥-, mole fraction of D*.
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the apo form of eAATase and proposed the model of eq 1: intensities at 365 and 325 nm provide large signal changes
for the low and high urea concentration dependent transitions,
D<=2M=2M* =2U 1) respectively. For each spectrum, the intensity-averaged

. emission wavelength (IAEW) was computed with eq 2:
where D represents the native apoenzyme; M, a folded

monomer; M*, a partially folded monomeric intermediate A=370nm A=370nm
that has some of the characteristics of a molten globule; and IAEW = ( FA)( gﬁ F) (2)
U, the unfolded state. Evidence for M* has also been reported 2=520nm A=5820nm

in refs57 and58. M* retains 50% of the secondary structure,
is prone to aggregation, and has been considered an off-where F; is the fluorescence intensity at the emission
pathway intermediatébg, 62). Kinetic investigations reveal  wavelengthi.
fast- and slow-folding species as well as multiple-folding  (B) Circular Dichroism CD measurements were taken on
intermediates 13, 58, 62—64). an Aviv 62DS spectrometer with a temperature-controlled
In this work, the stability of eAATase was studied by cell holder set at 25C. The spectra were recorded from
equilibrium denaturation experiments with both urea and 190 to 260 nm, and the ellipticity values were calculated as
GdnHCI. Although most protein denaturation investigations the average ovel s nnil. Path length cuvettes (1 and 0.1
employing these two denaturants find that the reagentscm) were used for samples containing 0.5 and /M
behave similarly §5—68), we report here that the pathways enzyme, respectively. eAATase has a highelical content
and the metastable intermediates differ qualitatively for the characterized by a band at 222 nm. The loss of secondary

denaturation of eAATase. structure during unfolding was therefore followed at that
wavelength @227).
MATERIALS AND METHODS The background signals in fluorescence or CD experiments
Cloning, Purification, and Preparation of HisTag Apo- were measured at seven to nine selected concentrations of

eAATaseThe expressions9), purification (70), and attach- denaturant immediately aftgr each data set was collected. The
ment of the 6-histidine tag (Higag) to the C-terminus of buffer 5|gngls, which are linearly dependent on denaturant
eAATase were performed as previously described. Briefly, concentration, were subtracted from the data.
eAATase was expressed coli strain MG204 (a gift from Data Analy5|s.TabIe 1 describes the mathematical treat-
lan Fotheringham, Nutrasweet Corp,), the cells were dis- Ment of unimolecular two-stat&{) (model I: N= U) and
rupted by sonication, and the protein was purified in a single three-state?3) (model Il: N==I = U) denaturation models,
chromatographic step using Ni-NTA Superflow resin (Qiagen, S Well as that of a dimeric protein unfolding through a
Valencia, CA). Apo-eAATase was prepared in 20 mM dimeric intermediateq, 9, 10) (model lll: D= D* = 2U).
potassium phosphate buffer, pH 7.5. Holoenzyme(5f) The last correspo_nds to the proposed denaturation path\_/vay
(all enzyme concentrations are given as monomer concentra®f @Po-eAATase in urea. For all models, the free energies
tions) was incubated with 100 mM cysteine sulfinate for 2 associated with each equilibrium constant were assumed to
h at 25°C and loaded onto a Ni-NTA Superflow resin, and be Imearly dependent on denaturant concentration (linear
the cofactor was removed by washing the column with 100 €xtrapolation method)7@, 74). Models | and Il were used
volumes of buffer at £#C. Apo-eAATase was eluted with [0 calculateCy values (Table 1, eq 11). CD data were treated
250 mM imidazole and dialyzed overnight at°€. The according to model Il and f_IL_Jorescence (_Jlata accord_lng to
decrease of bound cofactor absorbance bands at 330, 36dpodel I, because each transition was monitored at a different
and 420 nm, as well as the loss of activity, showed that emission wavelength. The intrinsic signals for all species
>99% of the enzyme was converted into the apo form. ~ Were assumed to be linearly dependent on denaturant
Folding and Unfolding of Apo-eAATase. (A) Urddative concentration. A null slopeof in Table 1, eq 12) was
apo-eAATase was diluted HL00-fold into selected con- assigned either when the associated error was greater than
centrations of urea in buffer A (20 mM potassium phosphate, thg parameter vglue or when there were insufficient data
pH 7.5, 1 mM DTT) to final concentrations of 0.5, 2.5, or points to determine the parameter accurately. All mod(_als
104M enzyme. Urea concentrations were based on refractive Were fitted to eq 12 by nonlinear regression analysis with
index (71, 72). Unless indicated otherwise, samples were the KaleidaGraph program for models | and Il and with the
incubated overnight at room temperature, and all measure-NLIN program of the SAS statistical package (SAS Institute,
ments were taken at 2. For the refolding experiments, €&y, NC) for model 1il.
denatured protein, kept for 30 mih @ M urea in buffer A RESULTS
and 25°C, was diluted into selected concentrations of urea
and incubated as described above. Reversible Urea-Mediated Denaturation of Apo-eAATase.
(B) GdnHCI The incubation conditions were those re- (A) Intrinsic Fluorescence Measuremenigure 1 shows
ported by Herold and Kirschne6l): 24 h at 4°C followed the dependence of tryptophan fluorescence on denaturant
by 1 h at 25°C in 10 mM HEPES, 5 mM DTT, 1 mM  concentration. The emission intensity increases slightly from
EDTA, and 6-6 M GdnHCI at pH 7.4. The GdnHCI 2 to 3 M urea, and the IAEW shifts from 343 to 345 nm.
concentrations were determined from the refractive index The intensity decreases back to the initial level between 4
(7). and 6 M urea, and IAEW shifts further to 348 nm (insets in
Spectrophotometric Measurements. (A) Fluorescefite.  Figure 1). These observations identify an intermediate in the
measurements were performed on a Perkin-Elmer LB50S urea-mediated denaturation of apo-eAATase.
fluorometer at 25C. Samples were excited at 280 nm and  Because of the small changes in emission intensity, no
emission spectra recorded from 300 to 400 nm. The emissionsingle wavelength provides a sufficiently good signal-to-noise
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Table 1: Equations Describing the Thermodynamic Treatment of Different Protein Denaturation Models

Model | Model I Model llI
Eq
*
KN:LJ:M Kn=1 :ﬂ', K=y _ Kp=p= - ]; Kpszauy _or 3
[N] [N] 1 D] [D*]
Pr=[N] +[U] Pr=[N]+[] +[U] Pr=2[D] + 2[D*] + [U] 4
o Ny O |y N, 0y _[U x, 2Dl o 2D U] S
) Py Py P, P, P; P; P;
ZXi =1 6
X X X 2
Kn=yu = —u Kn=1 = —I', Ki=y = U Kp=p* = &; Kpr=sy = ZRFA 7
Xy Xy X; D D*
1 1 4 Pr(1+ Kp=ps) + Kp=p« KL)*:ZU—\/( Kp=ps Kpreap) +8 PrKpaps Koy (14 Kpape)
Xn= XN= Xp= 8
1+ Kn=u 1+KN?I +Kn=1Ki=y 4 Pr(1+ sz[)x)z
Kn=u Kn=1 4 Pr(1+ Kp=ps) + Kp=p+ KD*:ZU’\/( Kp=ps Kpezou)+8 PrKpeps: Kpee oy (14 Kp=ps)
Xy= X = Xp« = (Kp=p*) o
1+ Kn=u 1+Kn=1 +Kn=1 Ki=y 4-Pr-(1+ KD:Dx)z
Ky=1 Ki=y - Kp=p« Kp+= 2U+\/( Kp=p+ Knr:zu)2+3'PT Kp=p+ Kps=ay (14 Kp=p+)
Xu= Xy= 10
1+Kn=1 +Kn=1 Ki=y 4 P (1+ Kp=p+)
K j=x = exp (mj= ([Den] - Cpj=x)/RT) K j=k = exp (-(4G’ = - mj= [Den] )/ RT ) 11
S=Z(S:’ +ui[Den]) Xi 12

aEquations 3: equilibria. Equations 4: mass conservatidnig the total monomer concentration). Equations 5: mole fraction definitions.
Equations 7: equilibrium constants defined in mole fractions. Equatieri®8 mole fractions expressed as a function of the equilibrium constants
andPr (obtained from egs 6 and 7). Equations 11: expressions of the equilibrium constants according to the linear extrapolation method; [Den] is
the concentration of denaturamG%=y is the free energy associated with the equilibrium constant at [Den]= 0 M, m= is the cooperativity
parameter for th¢ = k transition, andCnj=« is the [Den] at the transition midpoint. Equation 12: general equation that describes the dependence
of an observableS, on [Den].SC is the intrinsicS value at [Den]= 0 M for statei, ando; represents the dependenceSobn [Den].

ratio to monitor both transitions. The wavelengths 365 and transformation to a dimeric intermediate (D*) prior to its
325 nm, which provide a significantly large change in dissociation into two unfolded monomers at higher urea
intensity, were chosen to observe the formation and disap-concentrations (eq 13):

pearance of the intermediate, respectively (Figure 1). Fully
unfolded apo-eAATase was diluted into selected concentra-
tions of denaturant and incubated overnight at°€5 and

the extent of renaturation was monitored by fluorescence asD* is the only species that is significantly populated between
described above. Figure 1 and Table 2 show that the 3 and 4 M urea. Its tryptophans are partially solvent exposed
unfolding and refolding curves at 1M enzyme and their ~ as only one-third of the total red shift is observed during
associate®, values are identical within experimental error. the D= D* transition (Figure 1, inset B)75).

Therefore, the extent of unfolding in these experiments does (B) Circular Dichroism.The CD data, monitored b2,
reflect equilibrium conditions. (Figure 2), also show an enzyme concentration independent
While the first stepCn p=p- ~ 2.5 M urea) is independent  step followed by a concentration dependent transition, in
within experimental error of enzyme concentration, the agreement with the model of eq 13. Table 2 shows that the
second transition clearly shifts to higher denaturant concen-C, values obtained by fluorescence and CD are equal within
tration as the protein concentration is increased (Figure 1).experimental error for each enzyme concentration. It is of
The error inCpp=p+ at 0.5uM enzyme is+0.2 M urea; interest that the protein remains a dimer even after 60% of

this midpoint value does not differ significantly from those the secondary structure is lost as indicated®bys.

obtained at higher protein concentrations (Table 2). Ad- Global Fitting of Apo-eAATase Denaturation Parameters
ditionally, IAEW (Figure 1, inset B) and CD (See below) in Urea Solutions.The dependence of the intrinsic signal
measurements clearly show that the transition at lower ureafor each species on denaturant concentrati§h gnd a;
concentrations is enzyme concentration independent. The firsjparameters defined in Table 1) was evaluated by fitting the
step thus corresponds to a unimolecular process, and thdluorescence and CD data to eq 12 for models | and II,
second measures the dimer to monomers equilibrium. Therespectively (Figures 1 and 2). The result§fanda; values
simplest model that accommodates these results is one inwere fixed in eq 12 to globally fit all of the data to model
which the native dimer undergoes an initial urea-dependentlll. Table 2 reports the obtained stability parameters for apo-

D=D*=2U (13)
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1.2 Table 2: Cy, m, andAGP Values Describing the Denaturation of the
1 Apo-eAATase Dimetr
[enzyme] Cin.p=p Cim,p=2u
038 probe (M) (M) (M)
0.6 - fluorescence 10 2.61 (0.03) 5.19 (0.04)
f fluorescence 10 2.60 (0.03) 5.26 (0.04)
04 . fluorescence 25 2.5(0.1) 4.9 (0.1)
fluorescence 0.5 2.3(0.2) 4.6 (0.1)
0.2 CcD 10 2.50 (0.03) 5.24 (0.06)
CcD 05 2.53(0.05) 4.6 (0.2)
f 3
° Global Fit
-0.2 Mp=p= Mpr=2y
6 o5 1 15 2 25 3 35 4 standard AG%=p+  (kcalmol!  AG%»=p  (kcal mol?
[UREA] (M) state  (kcal mol?) M-1) (kcal mot?) M-1)
1.2 . M 12 (2) 48(0.8) 244(08) 34(0.2)
.0 e 348 1uM 12 (2) 4.8(0.8) 16.2 (0.6) 3.4(0.2)
g7 2The fluorescence and CD parameters were obtained from eq 12
0.8 g“ﬁ (Table 1), models | and Il, respectiveyRenaturation experiment.
o 345 ¢ Obtained from globally fitting all of the data to eq 12 of model IlI
0.6 3 (Table 1).
f Y ‘\ 3430. ‘1‘ .2 3 4 5 6 7 8
0.4- % [UREA] (M) 1 1.2
\‘ *
0.2~ . > 1+
o § 325nm = MR o
N o ¢ '
-0.2 £
3 4 5 6 7 8 § 0.6 |
[UREA] (M) oz oa =
Ficure 1: Apo-eAATase fluorescence as a function of urea al _§
concentration. eAATase samples were incubated overnight at 25 0.2 1
°C in buffer A containing 8-8 M urea. Emission spectra were ’ S,
recorded from 300 to 400 nmid = 280 nm). The normalized 0e 3
emissions at 365 and 325 nm (upper and lower panels, respectively) Y . * o om0 20 20 2 20 20|
are shown for 0.5€), 2.5 (&), and 10uM [(®) unfolding; ©) A (nm)
refolding] apo-eAATase. The refolding experiment was performed 0.2 0 1 2 3 “‘ 5 é 7
by diluting completely unfolded enzymet(a M urea) into buffer [UREA] (M)

A containing the indicated denaturant concentrations. The dotted, o )
dashed, and solid lines show the fit to eq 12, model | (Table 1), FIGURE 2: Molar ellipticity of apo-eAATase in urea. The normal-
for the data obtained at 0.5, 2.5, and4 enzyme, respectively. ~ ized 6,2, values of 0.5 #) and 10uM (®) apo-eAATase samples
Inset A shows the emission spectra of AM enzyme at the following overnight incubation at 2%C in buffer A at the indicated

specified urea concentrations, and inset B shows the dependencg&oncentrations of urea are shown. The dotted and solid lines show

of IAEW on urea concentration at 0.5 [unfoldin®)] and 10uM the fit to eq 12, model Il (Table 1), for the data obtained at 0.5 and
[unfolding (@) and refolding Q)] apo-eAATase. IAEW fits were 10uM enzyme, respectively. The inset shows illustrative CD spectra
computed with eq 12, model Il (Table 1). of 10 uM enzyme incubated at different urea concentrations.

AAT Th f the fit is ill din Fi 3. for other dimeric proteins for which dimeric intermediates
eAATase. The accuracy of the fitis lllustrated In Figure 3: 5.0 yaported. Examples include bacterial luciferas), (

at all enzyme and urea concentrations the mole fraction of

; X tyrosyl-tRNA synthetasel(Q), and organophosphorus hy-
D* (Xp+) was computed from the experimental data with eqs dyrolaze 6) WhgseAGounf zﬁ)e 28 27gandp44 kF::aI mdl y
14 and 15 (points in Figure 3) and compared with the respective’ly. Y

simulatedXp- calculated with eq 9 of model Il (Table 1): Denaturation of Apo-eAATase in GAnHGONI results

obtained with urea as the denaturant are consistent with the
_ S— (% + aplurea]) existence of a dimeric intermediate in the denaturation of
(%* + o [urea]) — (% + ap[urea)) apo-eAATase. However, Herold and Kirschn@.‘_l)(showed
[urea]< 3.2 M (14) that the unfolding pathway of the same protein in GdnHCI
' follows a reversible four-state model, where the native dimer

D*

dissociates to folded monomers, followed by conversion to
S— + oyy[urea '
o = (Sf’ atl D a monomeric intermediate (M*) that unfolds to the fully
(Sg* + ap.[ureal]) — (SfJ + ayfurea]) denatured state (eq 1).
[urea]= 3.2 M (15) The main difference in the experimental conditions is that

Herold and Kirschnergl) employed a different denaturant,
The m values reported in Table 2 clearly show that both but they also incubated the enzyme for 24 h &C4ollowed
transitions are cooperative. The total free energy of unfolding by 1 h at 25°C (10 mM HEPES, pH 7.4, 5 mM DTT, 1
(AG%ry) of apo-eAATase is 36t 3 kcal moft at 1 M mM EDTA, and G-6 M GdnHCI). The urea denaturation
standard state. This value is comparable with those obtainedexperiments reported here included overnight incubation at
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x 06
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X, E [UREA] (M)
0.4 < 345 .
0.2 344
0 343 i
0.2 ‘ 342 ! ‘
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
[UREA] (M) [UREA] (M)
FIGURE 3: Mole fraction of the dimeric intermediatép-, as a FiGURE 5: Dependence of the urea-mediated denaturation curve

function of urea and enzyme concentratio®: calculated from  on incubation temperature. 1M apo-eAATase was incubated at
the CD (v, W) and fluorescence data (egs 14 and 15) at @5 ( low (4 °C, 24 h) and/or high (25C, 12 h) temperatures in buffer
V), 2.5 (a), and 10uM (@, W; O, refolding) are compared to the A, The IAEW and molar fraction of dimeric intermediatiép-
calculatedXp- from the AG® andmvalues reported in Table 2 with  (inset), are shown for the following incubation schedules: 24 h at
eq 9 of model Il (Table 1). 4 °C [(#) denaturation; <) renaturation], 12 h at 25C (@), 24 h

at 4°C followed by 12 h at 25C (a), and 12 h at 25C followed

1.2 by 24 h at 4°C (m). Xp- was calculated from eqgs 14 and 15 as
£.335nm o 1, \ explained in Materials and Methods. The individual data sets were
N 1 WT!,‘:/ . \ fitted to eq 12 of model Il (Table 1).
L
0.8 . \ M*. Therefore, the Histag is not responsible for the differing
0.6 * denaturation pathways.
0.4 v?\ Effect of Temperature on the Apo-eAATase Unfolding
) ;\ Pathway. The temperature effect on the urea-mediated
0.2 = denaturation of 1Q«M apo-eAATase was evaluated after
0 ¥ Y . incubation at £°C (24 h) and 25C (12 h) in 6-8 M urea
0 1 2 3 4 5 in buffer A. The effects of these single incubations or their
[GdnHCI] (M) combinations, low temperature followed by high temperature
FiGURE 4: GdnHCI denaturation of 0.1w) and 4xM (®) Hiss and vice versa, are shown in the fluorescence-monitored
tagged apo-eAATase in GdnHCI monitored by fluorescence emis- denaturation curves of Figure 5. The low-temperature
sion at 335 NmAe, = 280 nm). Samples containing@ M GdnHCI samples were incubated for 5 min at 2& prior to

were incubated 24 h at 4C 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 UCTE€SCENCe measurements.

the denaturation curves reported by Herold and KirsctBrnder The renaturation curves at C (Figure 5) and 25C
the same incubation conditions for 0.09 (dotted line), 0.39 (dashed (Figure 1) are almost identical to the corresponding dena-
line), and 3.9uM (solid line) enzyme. turation curves, thus proving that equilibrium was established

at both temperatures. While the first denaturation step is

25 °C (20 mM potassium phosphate, pH 7.5, 1 mM DTT, independent of the incubation temperature, the midpoint of
and 0-8 M urea). Additionally, the enzyme used in the the second transition decreases from 5.2 M at@3o 4.5
present study contains a C-terminal ¢tisg. A combination M urea at 4°C (Figure 5). Although the incubation
of one or more of the experimental variations is thus temperature has an effect on the dissociation step, it does
responsible for the qualitatively distinct intermediates de- not alter the unfolding mechanism of apo-eAATase (eq 13).
scribed in egs 1 and 13. To test the interconvertibility between the 4 and X5

To attempt to discover the reason(s) for the differing equilibria, the effects of combining the two denaturation
results, 0.1 and 4uM Hise-tagged apo-eAATase was conditions were investigated. Incubation at’®50f samples
incubated in GdnHCI under the conditions reported in ref that had reached the°€ equilibrium yielded a denaturation
61. The extent of unfolding was followed by fluorescence curve in agreement with the Z& equilibrium (Figure 5).
at 335 nm with excitation at 280 nm. Figure 4 compares the However, the curve obtained after incubation atQ of
denaturation curves obtained with the &H$\ATase (Figure ~ samples that had reached the 25 equilibrium point is
4, data points) vs those obtained in 64f (Figure 4, lines). superimposable to the one obtained after a singlee@5

The data sets are very similar and appear to show threeincubation. Thus samples in the D* state at 25 are
transitions. The decrease of the emission intensity from 0 to kinetically trapped when transferred at@ and cannot reach
0.5 M GdnHCI is enzyme concentration dependent and the unfolded state, which is a more stable conformation at
corresponds to the B> 2M dissociation process. The second that temperature (see Discussion).
transition, characterized by an increase of the emission These results show that the urea denaturation pathway is
intensity from 0.5 6 1 M GdnHCI, corresponds to the the same at 4 and 25C (eq 13). Thus, the two distinct
formation of M*. Finally, the gradual decrease of fluores- partially folded intermediates observed for apo-eAATase are
cence between 1 d¥ M GdnHCI reports the unfolding of  a function of the chemical denaturant only and are not
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significantly perturbed by either the incubation temperature with urea unveil a partially structured dimer. The present
or the Hig tag. The effect of temperature on GdnHCI results differ from those described above in that each
denaturation could not be studied due to the formation of an denaturant stabilizes a structurally differentiated intermediate.

aggregating intermediate at 2& (61). The CD data reported by Herold and Kirschnét)(show
that M* retains 50% of the secondary structure observed in
DISCUSSION the native form; however, D* has even less secondary

structure (40%). Further, as judged by the changeknin
(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

Nature of the Dimeric Intermediat&he 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, tevalues (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 {6), pro-
caspase-31(), glutathione transferaself), 3-isopropyl-
malate dehydrogenasgédj, and human growth hormoneés).
Others appear to be directly linked to amyloid formation
(79—81). An intermediate similar to the one described here

has been reported for organophosphorus hydrolgsar(d multimeric proteins have reported significantly different

SecA 7). . . stability results that depend on the nature of the denaturant
The denaturation curves of apo-eAATase in urea show (6, 12, 82, 85, 92). Eighty-five percent of the eAATase
two well-defined cooperative transitions, indicative of tWo . iaractions (definedyba 4 A cutoff) across the large domain

independently unfolding structural regions with unequal gjge chains are hydrogen bonds or salt bridges, while 43%
stabilities. As the dlssouatlon step take; place at _hlgher Uré&f the N-terminal arm’s intersubunit contacts are hydropho-
concentrations, D* must retain the key intersubunit contacts. i Thus. the predominance of polar interactions might

The eAATase dimeric interface is composed of interactions explain why an ionic denaturant like GdnHCI is more

across the two large domains as well as contacts betweeryeciive at disrupting the apo-eAATase interface than is urea.
the N-terminal tails and the large domains [PI?B entry 1ASN Bypassing the Dimeric Intermediate during Unfoldifige
(40)]. A truncated eAATase construct lacking the small oteor of temperature on the denaturation of apo-eAATase

domain forms a compact inactivg monomer that still biqu (Figure 5) shows that at intermediate urea concentrations (ca
PLP (19). Thus, the N-terminal tails are probably essential 4 5" ¢ M) U and D* are the most stable species at 4 and 25

for dimer formation and might be part of the structural region o~ respectively. D*, which is populated a5 M urea and

that unfolds at higher urea concentrations. 25 °C, becomes trapped in this state as dropping the
The AG® values (Table 2) calculatedrfa 1 Mstandard  temperature to #C does not shift the transition to that
state indicate that the D*> 2U transition accounts for two-  gpserved when the entire denaturation process is carried out
thirds (24.4 kcal mott) of AG%y¢ (36 kcal mot?). At a more at 4°C (Figure 5).
realistic 14M standard stateAG"p-—y is 16.2 kcal mot* These observations are illustrated by the reaction coordi-
and the totalAG%n is 28 kcal mot™. nate profiles shown in Figure 6 for 1M apo-eAATase in
The Denaturant Determines the Unfolding Pathwase 5 M urea. Under the above-described incubation conditions,
traditionally accepted view of the equivalence of urea and a solution of native dimer (D) transferred 5 M urea at 25
GdnHCI as denaturants is based predominantly on experi-or 4°C populates the most thermodynamically stable species,
ments performed on monomeric globular protes<67), i.e., D* and U, respectively. The unfolded monomer obtained
whose hydrophobic cores account for most of their stability. at 5 M urea and 4C reverts to D* when transferred to 25
However, other denaturant-dependent unfolding pathways°C. However, reducing the temperatutésaV urea from 25
have been documented. In most cases, the unfolding mechto 4 °C does not produce the D* U reaction as would be
anisms change from two-state in urea to three-state inexpected. The barriers for reverting to D or U are too high,
GdnHCI @2—87). Stabilization of a partially folded state and D* is trapped as a kinetically stable but thermodynami-
(83), or relaxation of the native conformation through specific cally unstable species (Figure 6, right panel). The native
binding of guanidinium ions to negatively charged pockets, dimer placedn 5 M urea at £C bypasses D* and proceeds
and/or shielding of repulsive electrostatic interactio¥— directly to 2U (Figure 6).
86) are some of the proposed explanations for the appearance |n summary, these experiments demonstrate that the type
of an additional intermediate. Additionally, Monera et al. of denaturant may qualitatively change the nature of the
(88) showed that, in contrast to urea, measurements obtainedartially folded populated intermediates in unfolding path-
from GdnHCl-mediated denaturation do not reflect the ways. In the case of eAATase, GAnHCI disrupts quaternary
contribution of electrostatic interactions to the stability of interactions more strongly than does urea. Given the com-
coiled coils. The unequal ability of urea and guanidinium plexities of the folding and assembly processes of oligomeric
ion to disrupt electrostatic interactions has also been notedproteins, the use of an alternative denaturant may populate
(89-91). intermediates that are not otherwise observed or thermody-
Interactions with low concentrations of GdnHCI prefer- namically favor one or more of the multiple partially folded
entially destabilize the apo-eAATase dimer, and/or stabilize species present in a rugged energetic landscape of a protein
M*, leading to the accumulation of the latter, while those folding funnel @). For example, the stabilization of D* by
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5M Urea, 25 °C

5M Urea, 4 °C

2U

D*

Reaction Coordinate
Ficure 6: D*, formed at 25°C in 5 M urea, is kinetically trapped
at 4°C. Reaction coordinate profiles of 1M apo-eAATase in 5
M urea (buffer A) at 25 and 4C are shown in the left and right

panels, respectively. The absolute heights of the transition states
are arbitrary, but the relative heights in each panel are qualitatively
significant. The solid lines represent the simplest unfolding
trajectories that include D* as an on-pathway intermediate. Although
the D* = 2U equilibrium becomes favored at°€, that and the

D* — D kinetic barriers cannot be traversed in 24 h. The dashed
line shows an alternative pathway from-B U that bypasses D*
and thus reaches the most stable species°&. 4

urea might allow the monitoring of the so far elusive
dimerization step during eAATase folding.
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