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ABSTRACT. The reversible folding of an endoglucanase (EGIII) from the filamentous fufigalsoderma
reeseiwas investigated by activity, tryptophan fluorescence, and peptide CD measurements. Equilibrium
stability was determined by urea denaturation at various pH and temperature values. Unfolding and
refolding rates were measured over a range of urea concentrations. The data from the equilibrium and
kinetic studies fit a simple two-state model, except at lower urea concentrations, where the folding kinetics
indicate a transient intermediate. Unfolding is very slow, with a half-life of about 2 h in 8 M urea at pH
5.5 and 25°C. Comparison of the urea dependence of the folding kinetics and equilibrium indicates the
protein undergoes 93% of its total change in solvent exposure on going from the unfolded state to the
transition state. Thus, the transition state is quite compact. The presence of dithiothreitol destabilized
the protein by 7 kcal/mol, indicating the presence of an unusually strong disulfide linkage between the
two cysteines in the molecule. Protein stability is dramatically reduced at alkaline pH values; this can be
attributed to a titratable shift gy = 7.8) in the slope of the urea dependence of unfolding.

Cellulases are a class of inducible extracellular enzymes positions 4 and 32. These residues form a disulfide linkage
produced by a variety of bacteria and fungi. The substrate in the homologous enzyme from. acleatus(Hata et al.,
for these enzymes, cellulose, is heterogeneous in supra-1994).
molecular structure, and hence its degradation requires | order to enhance the utility of EGIII, either by chemical
enzymes with widely differing properties and mechanisms qification or by genetic engineering, a basic understanding
of action. For example, endoglucanases preferentially of the molecular properties of the enzyme is important.
hydrolyze the interngf(1—4) linkages of amorphous cel- g rthermore, because cellulases, including EGIII, are widely
lulose, while exoglucanases, which act synergistically with ,seq in industrial applications where the lifetime under

endoglucanases, hydrolyze crystalline cellulose by cleavage, ocess conditions is an important issue, studies on the
of cellobiose from the chain ends (Begiun & Aubert, 1994). folding and stability of the protein are essential.

The treatment of cellulose has drawn the attention of not
only biotechnologists interested in the hydrolysis of this
abundant bioresource but is also of fundamental researc o =0 X _ )
interest, because of the diversity in the structtfenction equilibrium and kinetic studies are in good agreement with
relationships between the multiple cellulases produced by €ach other and fit a simple two-state model. The urea

an organism and its heterogeneous substrate (Begiun gdependence of the kinetics relative to the equilibrium
Aubert, 1994). indicates that, during unfolding, the enzyme undergoes only

a 7% increase in solvent exposure on going from the native

state to the transition state (normalized to the increase in

solvent exposure for complete unfolding). We demonstrate

that the enzyme has a disulfide linkage which provides about
' 7 kcal/mol in stability to the protein, and we show that EGIII
stability is dramatically reduced at alkaline pH values, arising
from a shift in the slope of the urea dependence of unfolding
which fits a titration curve with alg, value of 7.8.

In this paper, we analyze the urea-mediated unfolding and
prefolding of this f-sheet protein. The data from both

Endoglucanase Il (EGIIHfrom the cellulolytic fungus
Trichoderma reesdielongs to cellulase family H (Ward et
al., 1993). Itis a small protein (25 kDa), with a near-neutral
pl (7.4). Unlike almost all other known endoglucanases
including the other endoglucanases frdmreesei(endo-
glucanases |, Il, and V), EGIIl does not have a cellulose
binding domain or a linker region; it consists solely of a
catalytic domain. This simplification makes EGIIl an
attractive model for studying cellulase folding and stability.

EGIIl has 56% identity in amino acid sequence with the EXPERIMENTAL PROCEDURES

endoglucanase frorAspergillus acleatusan enzyme com-  waterials

posed of thre@-sheets and a smalthelix (Ooi et al., 1990).

EGIll has 218 amino acid residues, with cysteines at The cloning and expression of EGIII have been described
(Ward et al., 1993). EGIII was purified by crystallization

* Author to whom correspondence should be addressed. Tele- from quture media (H' Gros, Genencor International, Inc.,
phone: (415) 846-7507. Fax: (415) 845-6510. unpublished results). Ultrapure urea was purchased from

® Abstract published iridvance ACS Abstractéugust 15, 1996. ICN Biochemicals. o-Nitrophenyl 5-p-cellobioside was

1 Abbreviations: EGIII, endoglucanase Il fromrichoderma reesei i ;
CD, circular dichroism; UV, ultraviolet; DSC, differential scanning purchased from Sigma. Al other chemicals and reagents

calorimetry; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic gsed were of Analytical grade and were purchased from
acid. igma.
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Methods 400 ¢

(1) Enzyme AssaysThe activity of the enzyme was 300 £

measured by an end point assay in microtiter plates, in 100
mM sodium acetate buffer, pH 5.5 at 40. The concentra-
tion of the substrate-nitrophenyls-p-cellobioside was 10 . E
mM in a total volume of 10QL. The concentration of the 0 300 400 500
enzyme was 4680 ug/mL. The reaction was initiated by Wavelength (nm)
the addition of the substrate and was incubated &Cibr 0 g
10 min. The reaction was terminated with the addition of
100uL of 50 mM glycine buffer, pH 10, and the absorbance
at 405 nm was measured in a microtiter plate reader from
Molecular Devices.

(2) Equilibrium Folding and Unfolding. (a) Fluorescence so e
MeasurementsAll fluorescence measurements were made 200 210 220 230 240 250
in a Perkin-Elmer LS50B luminescence spectrometer. Typi- Wavelength (nm)
cally, for unfolding experiments, the enzyme was diluted into FiGure 1: Top panel: Fluorescence spectra of native (N) and
100 mM sodium acetate buffer, pH 5.5 at @5, containing unfolded (U) endoglucanase lll. Fluorescence intensity was mea-

: . - sured with excitation at 280 nm in 100 mM sodium acetate buffer,
different concentrations of urea{@0 M) unless specified pH 5.5 at 25°C. The concentration of the enzyme was 3.

otherwise. The enzyme (6-3.5 uM) was unfolded by  The spectrum of the unfolded enzyme was obtained after unfolding
incubation for at least 16 h, and the fluorescence at 340 nmthe enzyme overnight in 8 M urea. Bottom panel: Far-UV CD
(excitation at 280 nm) was measured. For refolding experi- spectra of native (N) and unfolded (U) endoglucanase Ill. The
ments, EGIII (36-50 «M) was first unfolded in 8 M urea in Z{’egrf‘cwe{ﬁemggﬁgéi?rggigr? 00?1 mesiﬂﬁymiciﬁtsefg&ﬁe{ﬁ >
100 mM sodium acetate buff_er, pH 5.5 atZs, _for at least spectrum of the unfolded enzyme was taken after unfolding the
16 h and then refolded by diluting 100-fold into the same enzyme overnight in 8 M urea.

buffer containing various concentrations of urea-8M).

All urea solutions were fresh or were from frozen stocks.  (b) CD MeasurementsCD experiments were carried out
The fluorescence data for the urea titrations were fit to in an Aviv Model 62A DS circular dichroism spectropho-
the equation discussed below using nonlinear regression withtometer. The urea titration data were analyzed using GraFit
the program GraFit (Erithacus Software). Denaturation is with the equations discussed in the previous section. A
observed to be linearly dependent on the urea concentration:1-mm path length cell was used for the CD measurements.

(c) DSC MeasurementdDSC measurements were carried
AG, ;= AGu_fH2° —m,_¢urea]= —RTInK, (1) out in a differential scanning calorimeter from MicroCal Inc.
The protein concentration was 1 mg/mL. The data were
where AG, is the free energy change upon unfolding in analyzed using the software provided by MicroCal (version

200

Fl Intensity

100 E

Ellipticity (m°)

urea,AG,{'C is the free energy of unfolding in waten,_; 2.1).
is a constant, anld, is the equilibrium constant for unfolding (3) Kinetics of Unfolding and RefoldingFor unfolding
where experiments, EGIII was rapidly mixed with buffers (100 mM
. ) . sodium acetate, pH 5.5 at 2&) containing different urea
K, = fraction unfolded/fraction native (2)  concentrations (59 M), and the change in fluorescence at

) _ 340 nm was monitored (excitation at 280 nm). The data
The above equatlonS can be transformed to the fO”OW|ng aSWere fitto a Sing'e_exponentia| equation using the program

explained by Clarke and Fersht (1993): GraFit. Similarly, for refolding experiments, EGIII that had
. been unfolded in 8 M urea in 100 mM sodium acetate buffer,
F= pH 5.5 at 25°C, for at least 16 h was rapidly diluted into
[ay + by[urea] + (a, + by[urea] exgm,_g([urea] — the same buffer containing different urea concentration$(2
[urealyo)/RTH/[1 + exp{m,_g([urea] — [ureaky,)/RT}] M). The change in fluorescence was monitored at 340 nm
©) (excitation at 280 nm). The kinetic traces were fit to a single-

exponential equation.
whereF is the observed fluorescenag, is the fluorescence
of the native protein in watethy is the linear change in ~ RESULTS
fluorescence of the native protein with the concentration of (1) Reversibility of Urea-Mediated Actity Loss. Enzyme

urea,ay is the fluorescence of the unfolded protein in water, activity was measured by the hydrolysismhitrophenyl3-p-
by is the linear change in fluorescence of the unfolded protein .g|iobioside. The enzyme loses all activity in 8 M urea in

with the concentration of urean,—r is the slope foAGy-¢ 100 mM sodium acetate buffer, pH 5.5. However, refolding
vs [urea], [ureaj is the concentration of urea where 50%  the enzyme by dilution into pH 5.5 sodium acetate buffer
of the protein is denatured® is the gas constant, aridis results in the recovery of over 90% of the activity. The

the absolute temperature. Fitting the fluorescence as ayjyity of the native enzyme control was measured at the
function of urea directly to this transformation provides gsme final urea concentration (0.04 M) as the refolded
values of [urea}y and my_¢ and their standard errors. enzyme.
AG,- can then be calculated from eq 4: (2) Equilibrium Folding and Unfolding.Figure 1 shows
H,0 the fluorescence (top panel) and far-UV CD (bottom panel)
AG, 77 = my_slureal, (4) spectra of the native and unfolded forms of EGIIl. The
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FicurRe 2: Urea dependence of the fluorescence intensity of FIGURE 3: Urea dependence of the far-UV CD spectrum of
endoglucanase I11. The fluorescence intensity at 340 nm (excitation &ndoglucanase lll. The ellipticity at 222 nm was measured at 25
at 280 nm) was measured in 100 mM sodium acetate buffer, pH C in the same buffer described in Figure 1. The concentration of
5.5, at 25°C. The concentration of the enzyme was O\3. The the enzyme was 4@M (unfolding) and 12.5M (refolding). Closed
closed circles (panel A) are results obtained upon refolding the Circles (Panel A) are results obtained upon refolding the protein
protein for at least 16 h after unfolding for at least 16 h in 8 M for at least 16 h after unfolding for at least 16 h in 8 M urea, and
urea, and open circles (panel B) are results obtained upon unfoldingth€ open circles (Panel B) are results obtained upon unfolding the
the protein for at least 16 h. The solid line is the fit which is Protein for at least 16 h. The solid line is the fit which is described

described under Methods. Panel C shows the data replotted ag/Nder Methods. The increased scatter in panel A is due to the lower

fraction native protein vs [urea], demonstrating reversibility and Protein concentration. Panel C shows the data replotted as fraction

absence of hysteresis. native vs [urea], demonstrating reversibility and absence of
hysteresis.

Table 1: Summary of Parameters and Their Standard Errors

Derived from Analysis of Equilibrium and Kinetics of EGIII state equilibrium between the native (N) and the unfolded

Folding and Unfolding (V) forms Qf the enzyme. _ -
m AG._ o As protein fluorescence is only sensitive to the tryptophan
method (kcal mol M%) Usoos (M) (kc;l;;nol) environment, urea-mediated unfolding of the peptide back-
- bone was monitored by far-UV CD. Consistent with the
El;lg)rescence 2_2443& 8:%2 j;gﬁ 8:8‘21 ﬂg% 2:23 fluorescence data, the dependence of the ellipticity at 222
kinetics 2.54+ 0.51 4.97+0.99 12.65+ 2.53 nm on the urea concentration (Figure 3) suggests a simple

two-state equilibrium between the native and unfolded forms

. C e of the protein. Table 1 summarizes the good agreement for
unfolded enzyme has an intact disulfide linkage (see below), the vaIFL)Jes folsoos, M, andAG,. measureg by flugrescence

and the fluorescence and CD spectra of the enzyme are

nsistent with the retention of some residual structure. Th and CD.
consisten € retention of some residual structure. the (3) Kinetics of Folding and UnfoldingUnfolded or native
enzyme in the native state has a fluorescence emission

g 340 S 280 EGIlh GlIl was mixed in 100 mM sodium acetate buffer contain-
maximum at 340 nm upon excitation at 280 nm. S ing different urea concentrations<% M for folding and
nine tryp';ophan reS|du1_es, and the transfer. of the tryp.tophan5_9 M for unfolding, respectively). The changes in
side chains from relatively nonpolar environments in the forescence intensity at 340 nm (excitation at 280 nm) were
native state to an aqueous environment upon unfolding resultsyonitored with time.” The kinetic traces fit well to a single-
in the expected loss of fluorescence intensity. The trough exponential equation. The natural logarithms of the observed
at 217 nm in the CD spectrum and its relatively weak rate constants are plotted as a function of urea concentration

magnitude (mean residue ellipticity —4000 degcn/dmol)  in Figure 4 (top panel). The enzyme unfolds very slowly
are consistent with a predominance/téheet structure in  even at high urea concentrations (the half-life is 2 h in 8 M
EGIII (Yang et al., 1986). urea), and the rate of unfolding is only weakly dependent

Figure 2 shows the dependence of the fluorescenceon the concentration of urea. However, refolding is relatively
intensity at 340 nm (excitation 280 nm) on the concentration rapid, and the rate of folding is strongly dependent on the
of urea. The fluorescence of the native and the denaturedurea concentration. The linear portions of the observed rate
forms of the protein is linearly dependent on the concentra- constants in the folding and the unfolding pathway were fit
tion of urea, and the enzyme fluorescence undergoes a@S Shown below:
sigmoidal cooperative transition upon unfolding. The data

: - In k, = Ink,"° + m[urea] (5)
were fit to eq 3 as discussed undéethods and theAG for m,
unfolding (11.6 kcal/mol) was calculated from eq 4 (Table _ H.0
1). The data suggest a single transition and a simple two- Ink; = In k™" + m{urea] (6)
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FiGUrRE 4: Top panel: Urea dependence of the first-order rate w 0 e Rytont
constants for the unfolding (open circles) and refolding (closed 0 5 4 6 8
circles) of endoglucanase lll. The rate constants were measured in
100 mM sodium acetate, pH 5.5, at Z5. The solid lines are linear [Urea] M

fits of the data. Bottom panel: The solid lineAsS, calculated g re 5: Equilibrium refolding transition for endoglucanase il
from the kinetic data, assuming a simple two-state equilibrium. Data it a reduced disulfide bond (closed circles, panel A) and with
from the transition region on the far-UV CD equilibrium unfolding  an intact disulfide bond (open triangles, panel B). Fluorescence
(open circles) and refolding (filled circles) are plotted as well as jntansity at 340 nm (excitation at 280 nm) was measured in 100
fluorescence equilibrium data for unfolding (open triangles) and 1\ sodium acetate buffer, pH 5.5, 26. The protein concentration
refolding (filled triangles). was 0.7uM. The concentration of EDTA was 1 mM, and DTT

. . concentration was 500M (added only to the reduced enzyme).
wherek, is the observed rate constant for the unfolding The solid line is the fit to the equation described under Methods.

reaction and is the observed rate constant for the folding This was a different preparation of enzyme than was used in Figure
reaction. The ratio of the slopes for unfolding kinetics vs 2, and it gave a different base line slope at high [ur&lajs, was

: e : virtually unchanged in the absence of DTT, an&G,—+ and m
urea relative to equilibrium unfolding vs ureRT x 0.28/ differed by less than 20%. An increase in th€, _; value of about

2.36) indicates the e”ZYme undergoes a_ 7% increase Nz cai/mol was calculated for the stability provided by the disulfide
solvent exposure on going from the native state to the |inkage.

transition state (hormalized to the total increase in solvent

exposure for unfolding) (Tanford, 1970). Thus, the transition the unfolded enzyme into 100 mM sodium acetate buffer,
state is very compact. The kinetic data suggest, consistentoH 5.5, containing different concentrations of urea, 500

with the equilibrium data, that the native and the unfolded DTT, and 1 mM EDTA. The tubes were flushed with argon
forms are the only significantly populated states, except at and incubated at 25C overnight. A control sample was
low urea concentrations where a transient intermediate isprepared in parallel in the absence of DTT. The fluorescence
suggested by the deviation of the linear dependence lgf In  €mission at 340 nm (excitation at 280 nm) was measured.

on urea concentration (Figure 4, top panel). As shown in Figure 5, the reduction of the disulfide linkage
AG, ¢ was calculated from the linear fits of the kinetic results in the loss of about 7 kcal/mol in stability.
data (Table 1) from eq 7: (B) Effect of pH. Figure 6 shows that EGIII dramatically
loses stability at elevated pH values but remains folded in
AG,_; = —RTIn (k/k) (7) the absence of denaturant, at least up to pH 9.5. The loss in

stability is due to a decrease in both timevalue andUsgy,

Shown in Figure 4 (bottom panel, solid line) is the plot of Unfolding above pH 9.5 could not be analyzed due to a large
AG,—¢ as a function of urea concentration which results from decrease im values. As tham value is thought to reflect
the kinetic data. The data points in Figure 4 &6, ¢ the increase in solvent exposure upon unfolding (Tanford,
calculated (egs 1 and 2) from the equilibrium folding and 1970), this indicates the unfolded state is more compact at
unfolding experiments measured by fluorescence and far-high pH, and/or the native enzyme is partially unfolded.
UV CD. This plot displays a reasonable concordance However, peptide CD spectra of the native and unfolded
between data from the equilibrium and kinetic analysis, and protein were not altered from pH 5 to 9 (data not shown).
strongly suggests a simple two-state equilibrium between the The decrease in stability can be fit to a titration curve with
native and unfolded states in the transition region @M a K, of 7.5 (Figure 6, panel A). WheAG,—; is broken
urea). down into its parameters, it is found thle, decreases

(4) Stability of EGIII. (A) Disulfide Linkage EGIII was monotonically (Figure 6, panel B), while the effect of pH
unfolded overnight at 25C in 100 mM sodium bicine buffer,  on them value can be fit to a titration curve with &p of
pH 8.5, containing 7.5 M urea, 5 mM DTT, and 1 mM 7.8 (Figure 6, panel C). This may indicate the ionization of
EDTA. The tube was flushed with argon to minimize air a histidine residue. EGIII has two histidines, at positions
oxidation of the thiols. Refolding was carried out by diluting 45 and 108. His-108 is conserved in EGIIl and the
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Ficure 6: pH dependence of the equilibrium unfolding transition
of endoglucanase lll. M enzyme was unfolded at various urea
concentrations at 25C in 25 mM sodium acetate (pH-3%) or 25
mM ethylenediamine buffer (pH-610). The ionic strength in the
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Urea
unfolding

Delta G (kcal/mol)

1 I 1

280 300 320
Temperature (°K)

FiIGurRe 7: Temperature dependence of endoglucanase 1l stability.
1 uM enzyme was unfolded at various urea concentations in 100
mM sodium acetate, pH 5.5, buffer at 25, 30, 35, 40, and@5
The data were fit to the equation discussed under Meth®d@s. ¢

was calculated from the data and is shown plotted as a function of
temperature. The filled circles are data obtained from urea-mediated
unfolding, and the filled triangle indicates the melting temperature
obtained from DSC. The solid line is the fit to eq 9, yielding the
thermodynamic parameters given in Table 2.

Table 2: Summary of Thermodynamic Parameters for EGIII
Unfolding Derived from DSC and Urea-Mediated Unfolding (cf.
Figure 7)

parameter value
AHn 169 kcal/mol
AS, 0.51 kcal mot* K1
AC, 3.2 kcal mott K1

59.0°C

m

buffers was adjusted to 100 mM with NaCl. The data were fit to the absolute temperature, adC, is the change in heat

the equation discussed under Methods. Panel A shows the calculate
AG, values plotted as a function of pH. The solid line is a titration
curve fit to the data, yielding aia value of 7.5. Panel B shows
the concentration of the denaturant at which half the protein is
unfolded Usgy) plotted as a function of pH. Panel C is the slope
of AG,—¢ vs urea concentrationr(value) plotted as a function of
pH. The solid line is a titration curve fit to the data, yieldingk&,p
value of 7.8.

homologous endoglucanase fréxapergillus acleatuéward

et al., 1993; Ooi et al., 1990). The tertiary structure of the
endoglucanase fronA. acleatuswas studied by X-ray
crystallography (2.3 A resolution) and was found to be very
similar to the xylanase frorBacillus pumiluswith which it

‘éapacity upon unfolding. We assume thg, is a constant

over the temperature range of the experiment (Privalov,
1979). In addition:

AS,= AH /T, (9)
whereAS,; is the entropy change for unfolding &. The
thermodynamic values that gave the best fit to the data are
given in Table 2. The predicted temperature for optimal
stability is about 10°C. Due to irreversible unfolding of
EGIIl at higher temperatures, urea titrations above°@5
were not carried out.

shares 19% homology (Okada, 1991; Hata et al., 1994). TheDISCUSSION

enzyme fromA. acleatushas three3-sheets and a single
o-helix. Sequence comparison with the publisBegpumilus

xylanase structure suggests that EGIII also has a single

a-helix, and His-108 is located very close to its C-terminal
(S. Wu, personal communication); perhaps the protonated
form of His-108 is stabilized by the helix dipole, resulting
in an elevated K, and decreased conformational stability
of EGIII at alkaline pH. Why this putative deprotonation
leads to a dramatic shift im value is more difficult to
speculate upon.

(C) Effect of Temperaturé&igure 7 shows the loss of EGIII
stability with increasing temperature. The melting temper-
ature [Tm, whereAG,—¢+ = 0), measured by DSC, was 59.2
°C. The data from equilibrium urea unfolding at different
temperatures and the DSC data were fit to the Gibbs
Helmholtz equation:

AG, =AH (1 - T/T,) —AC[(T,—T) +
TIn (T/T)] (8)

whereAH, is the enthalpy change for unfolding Bt, T is

Cellulases are an important and ubiquitous class of
enzymes, and fundamental studies on their biophysical
properties contribute to our knowledge of biodegradation of
cellulose, a major world resource. In addition, systematic
studies on the folding and stability of these enzymes are
important, because the industrial applications in which they
are used often require them to function under extremes of
pH and temperature. Although several workers have studied
the irreversible inactivation of cellulases at higher temper-
atures (Baker et al., 1992; Dominguez et al., 1992), little
research has been published on the reversible folding of this
class of enzymes; this is the focus of the studies presented
in this paper.

The two major endoglucanases frarrichoderma reesei
are endoglucanase | (EGI) and endoglucanase Il (EGII). In
addition to their catalytic domains, EGI and EGII also
possess cellulose binding domains and linker regions which
add complexity to folding studies. EGIIl is a small endo-
glucanase and has no linker or cellulose binding domain
(Ward et al., 1993). Thermal unfolding of EGIII, similar to
EGI, EGII, and cellobiohydrolases (Jimenez et al., 1995;
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Dominguez et al.,, 1992; Baker et al.,, 1992), results in expected that the two cysteines in EGIIlI would exist as a
irreversible aggregation of the protein. However, urea- disulfide bridge, as they do in th&spergillusenzyme (Hata
mediated unfolding of EGIIlI is reversible>@0%) as etal., 1994). We confirmed this by reducing EGIII and using
monitored by activity, fluorescence, and peptide CD mea- urea denaturation to measure the resulting destabilization
surements. Under the conditions of these studies, the folded(Figure 5). The disulfide linkage provides a remarkable
protein is about 12 kcal/mol more stable than the unfolded degree of stabilization to the protetabout 7 kcal/mol. This
state (Table 1). This value is well within the common range is considerably more stabilization than the 3.6 kcal/mol
for globular proteins (Schellman, 1987). calculated for the statistical effect on the entropy of the

The loss of EGIII activity (hydrolysis af-nitrophenyls-p- unfolded state brought about by cross-linking the protein
cellobioside) occurs at much lower concentrations of urea [AS.onformationa= 2.1 + (3/2)R In n, wheren is the number
(Usos = 1 M) than protein unfolding as monitored by of residues between the cross-linked side chains (Pace et al.,
tryptophan fluorescence or peptide CD. This resultis similar 1988)]. This purely entropic mechanism of disulfide stabi-
to observations regardiny reesecellobiohydrolase | made |ization has been called into question by Doig and Williams
by Woodward et al. (1990a,b). The authors showed that (1991), who argue that the entropic destabilization brought
guanidinium chloride is a competitive inhibitor of cellobio-  ahout by cross-linking the unfolded state is more than offset
hydrolase | and hypothesized that an interaction between thepy the entropic cost of a diminished hydrophobic effect. Doig
positively charged guanidinium group and the active site and williams showed that the effect of a disulfide actually
glutamate residue results in this inhibition. Complete arises from enthalpic destabilization of the unfolded state.
unfolding of cellobiohydrolase | requires a significantly |t js reasonable to conclude that the high degree of stabiliza-
higher concentration (4 M) of guanidinium chloride (Wood-  tjon of EGIII provided by its disulfide is probably due to a
ward et al., 1990a). The underlying mechanisms for EGIII'S compination of entropic and enthalpic destabilization of the
differences in sensitivity to urea with regard to activity and nfolded state and enthalpic stabilization of the native state.
conformational stability are still unknown. However, EGIIl gy represents a potentially valuable model for protein
clearly retains secondary and tertiary structure above 1 M engineering, structural, and thermodynamic studies to un-
urea, when it has lost activity (cf. Figures 2 and 3). derstand disulfide stabilization.

We have shown that EGIII unfolds very slowly, with a
half-life of 2 h in 8 M urea at 25C. This is not without
precedent; for example, the RNA binding protein, ROP, has
also been shown to unfold and refold slowly and takes at
least 48 h to completely unfold (Munson et al., 1994).
Interestingly, the proteins are very dissimilar in structure;
ROP is a four-helix bundle, and EGIIl has predominantly
pB-sheet structure [based on its high homology to the M
endoglucanase frospergillus acleatusan enzyme com- reflects a titration (_)f than value, becausél;;o% decree'lsgs'
posed of thregs-sheets and a smatt-helix (Ooi et al., monotonically. '_r_hls _suggests depr_otonatlon of a hlst_ldlne
1990)]. This demonstrates that bathhelical ands-sheet leads to Qestablllzgtlon of the native state by creatmg' a
proteins can have extremely slow unfolding kinetics. The smaller difference in solvent exposure bgtween the native
slow rate of EGIII unfolding is only weakly dependent on and unfolded states. Indeed, the urea titration curves become

the urea concentration (see Figure 4). However, the rate oftoo shallow for analysis beyond pH 9.4. However, inspection
refolding is relatively rapid, and this rate is strongly of the fluorescence and far-uv C_D spectra of the native and
dependent on the urea concentration. The great disparity indenatured states of the protein revealed no significant
dependence of the rates on urea concentration indicates thélifferences between pH 5 and 9. In addition, the native
transition state undergoes only a small fractional increase in€nzyme showed no binding of ANS (anilinonaphthalene-
solvent exposure upon unfolding and thus is very close to Sulfonic acid) at either pH 5.5 or pH 10, suggesting the
the native state in solvent exposure. absence of molten globule character at elevated pH (data
At all urea concentrations, the kinetic data for unfolding notshown). Thus, any pH-dependent conformational changes,
and refolding fit well to a single exponential. The single although implied by the urea titrations, have yet to be
exponential phase displayed by the refolding data indicatesobserved directly.
that the four prolines of EGIII do not form incorrect imide The temperature dependence of urea denaturation quanti-
isomers in the unfolded, disulfide-bonded form (or X-Pro fies the decrease in stability of EGIII with increasing
imide isomerization is not rate-limiting). The logarithm of temperature and predicts maximum stability at@at pH
the rate of refolding at urea concentrations below 3 M 55 Fitting the data to the Gibb$lelmholtz equation yields
deviates from linearity with respect to urea concentration. reasonable values fdtHy, ASy, andAC, (Table 2), lending
Because only one kinetic phase is observed, the most likelyadditional support to the two-state nature and reversibility
interpretation is that a transient folding intermediate becomes of EGIII unfolding.
populated at these urea concentrations, and the observed rate
is its conversion to the native form. This is analogous to ACKNOWLEDGMENT
the behavior observed with barnase, for example, where the
existence of a kinetic intermediate has been confirmed by We thank our colleagues from Genencor International who
site-directed mutagenesis (Matouschek et al., 1990) and NMRcontributed to this work, including Drs. Alisha Jarnagin,
spectroscopy (Bycroft et al., 1990). Colin Mitchinson, and Scott Power for suggestions and
Given the extracellular nature of EGIIl and its homology support, Haan Gros for supplying crystalline EGIII, Dr.
with the endoglucanase fromspergillus acleatuswe Barbara Swanson for providing the EGIIl activity assay

Trichoderma reeseis an acidophilic fungus, and the
cellulases it secretes have evolved to function optimally in
low-pH environments. This is evident in the loss of EGIII
stability at alkaline pH (Figure 6). This is due to a decrease
in both themvalue andJspy,. The change iM\G_¢H2° with
pH fits reasonably well to a titration curve with &pof
7.5, and the stability changes by almost 10 kcal/mol. This
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protocol, and Dr. Shan Wu for sharing her structural
modeling data.
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