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ABSTRACT. Triosephosphate isomerase (TIM) is a dimeric enzyme formed by two iderfticas parrels.

In this work, we compare the unfolding and refolding of the TIMs freBmtamoeba histolyticéEhTIM)

and baker’s yeast (yTIM). A monomeric intermediate was detected in the GdnHCI-induced unfolding of
EhTIM. The thermodynamic, spectroscopic, catalytic, and hydrodynamic properties of this intermediate
were found to be very similar to those previously described for a monomeric intermediate of yTIM observed
in GdnHCI. Monomer unfolding was reversible for both TIMs; however, the dissociation step was reversible
in yTIM and irreversible in EhTIM. Monomer unfolding induced by high pressure in the presence of
GdnHCI was a reversible proces&Gunr, AVuns, and Py, were obtained for the 0-71.2 M GdnHCI

range. The linear extrapolation of these thermodynamic parameters to the absence of denaturant showed
the same values for both intermediates. Th&)n,0 Values calculated for EnTIM and yTIM monomeric
intermediates are the same within experimental errd&7(+ 10 and—76 + 14 mL/mol, respectively).
TheseAVuns 120 Values are smaller than those reported for the unfolding of monomeric proteins of similar
size, suggesting that TIM intermediates are only partially hydrgi&¥yn| increased with denaturant
concentration; this behavior is probably related to structural changes in the unfolded state induced by
GdnHCI and pressure. From the thermodynamic parameters that were obtained, it is predicted that in the
absence of denaturants, pressure would induce monomer unfoléing~ 140 MPa) prior to dimer
dissociation P, ~ 580 MPa). Therefore, dimerization prevents the pressure unfolding of the monomer.

A central theme regarding oligomeric proteins is the role decrease of the protetrsolvent system, as predicted by Le
of subunit association in the function, stability, and structure Chatelier’s principle. Chemical denaturants have been used
of the complex {, 2). The thermodynamic description of in combination with pressure to study the volume changes
the folding mechanism of proteins has been investigated of folding intermediates27, 32—34), to characterize stable
using temperature, chemical denaturants, and pressure aproteins 23, 32), and to study the dissociation of oligomeric
perturbantsZ—10). Pressure has been shown to be a useful proteins 22, 35). In this work, we used high pressure and
method for characterizing the differences in stability and guanidinium hydrochloride (GdnHCI) to characterize the
volume that accompany protein dissociation and unfolding unfolding—refolding mechanism of the monomeric interme-
reactions {1-16). The effect of pressure seems to be diates observed in the refolding of the dimeric enzyme
strongly dependent on the particular properties of the proteintriosephosphate isomerase (TIM). TIM is the prototype of
under study. Upon pressurization, proteins might unfa®j ( (8/a)s barrels. In mesophiles, this glycolytic enzyme is built
17-21) or remain unaffected2@, 23). In the study of by two identical subunits of 2628 kDa. The structure and
noncovalent protein complexes formed by the association catalytic properties of TIMs have been explored thoroughly
of complementary fragment&%), pressure has been shown  (36-42). wild-type TIMs are active only in their native
as an alternative to characterize unfolding in the absence ofgimeric form. Monomeric folding intermediates characterized
chemical denaturants. Folding intermediates may be stabi-jn kinetic 43—46) and equilibrium 47—49) studies as well
lized or destabilized when pressure is appli€d—«27); as monomers obtained through chemical derivatization are
pressure promotes refolding&—30) but in other cases leads  jnactive 60). Moreover, genetically engineered monomeric

to aggregation31). All these apparently contradictory or  forms of TIM present, at best, a catalytic activity 100 times
unrelated effects of pressure are governed only by the volumejgwer than that of wild-type TIM §1—53).

The denaturant-induced unfolding of human and rabbit
T This work was partially supported by grants from CONACYT TIM (hTIM and rTIM, respectively) $4—56) has been
(43592-Q and 41328-Q). . described as a two-state process under equilibrium conditions.
To whom correspondence should be addressed. E-mail: fdaniel@ N thel . d di ic int diat includ
servidor.unam.mx. Telephone: 52 55 56 23 22 59. Fax: 52 55 56 16 |NEVEINEIESS, monomeric and dimeric intermediates, includ-

24 19. ing complex reversible and irreversible schemes, have also
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been reported4(7, 49, 57—60). In addition, deterministic ~ spectrophotometer with a multicell device kept at 25
behavior has been proposed for the dissociation of rTIM 0.1 °C. The dilution protocol previously reported 7, 48)
induced by pressuré() or GdnHCI 65, 62). Although the was used to determine the catalytic activity of samples
folding behavior of TIM seems to be diverse, it is clear that incubated in GdnHCI.

association accounts for most of the stability of the enzyme  Size-exclusion chromatography experiments were per-
(48, 49, 54, 55). In the case of TIM from the yeast formed on a Superdex 75 HR 10/30 column coupled to a
Saccharomyces cersiae (yTIM), unfolding and refolding Pharmacia (Uppsala, Sweden) FPLC system. Protein elution
studies using GdnHCI4g, 63), urea @8), or temperature  was monitored with an integrated absorbance detector, using
(64, 65) lead to the following folding mechanism: & 2M a wavelength of 280 nm. The incubated enzymes were loaded
= 2U. The bimolecular step was assigned on the basis of onto the filtration column, equilibrated with TED solutions
the displacement of reactivation curves to lower GdnHCI containing the appropriate amount of GdnHCI. Samples were
concentration as the yTIM concentration was decreased.eluted at a flow rate of 0.4 mL/min. Stokes radi) were
Kinetic studies were compatible with the aforementioned calculated from elution volumes and a calibration curve.
mechanism&4). The monomeric intermediate (M) of yTIM Circular dichroism experiments (2@0@/mL EhTIM) were
characterized in GdnHCl is inactive and expanded and retainscarried out in a JASCO J-715 spectropolarimeter, thermo-
considerable secondary structure, while its aromatic residuesstated at 23C with a Peltier device. Ellipticity was followed
seem to be partially buriedt8). Even though TIM structure  at 222 nm using a cell with a path length of 0.1 cm. The
is quite conserved, the top and bottom loops forming the values reported were the average of 10 min scans recorded
barrel present interesting differences among species. Forevery 20 s. Reference samples without protein were sub-

example, when compared with yTIM, the TIM froEnta- tracted in all measurements.
moeba hystolyticdEhTIM) presents 14 insertions mainly All fluorescence measurements were taken on an ISS
located in the loops connectitghelices withj strands $0). (Champaign, IL) PC1 spectrofluorimeter. The temperature

The unfolding mechanism of EnTIM has not been character- of the cells was maintained at 26 0.1 °C. Fluorescence
ized. In this work, we characterized a monomeric intermedi- measurements were carried out at an excitation wavelength
ate found in the GdnHCI-induced unfolding and refolding of 280 nm (4 nm bandwidth), and emission was monitored
of EnTIM. This intermediate was then compared with the from 300 to 400 nm (8 nm bandwidth). The fluorescence
yTIM intermediate previously found at very similar denatur- spectral center of mass (SCM) was calculated from intensity
ant concentrations. Finally, both monomers were further data () obtained at different wavelengthd)(using the
characterized by means of high-pressure perturbation in therelationship SCM= (3 1,)/(3 15) (68). Tryptophan anisotropy

presence of GdnHCI. measurements (11@y/mL) were obtained using 295 nm as
the excitation wavelength and 340 nm as the emission
MATERIALS AND METHODS wavelength G factors were calculated for each sample and

. were consistent throughout all the measureme@tgattor
Glycerol-3-phosphate dehydrogenase (GDPH) and guani-_ 2.61-+ 0.02). Anisotropy () is defined asl( — I)/(1; +
dinium hydrochloride (GdnHCI) were purchased from Boe- 210) (69).

hr_inger—Mannhelim. All other.reagents were pL_Jrchased from Acrylamide Quenching of Tryptophario calculate the
S_lgma. Production, expression, and purification of recom- Stern—Volmer constantis,), fluorescence emission spectra
Elrr;?/?otugl-{/lg/les(gr?t)e%ndUrllzlg;rs!'\gth%Z\)Ni;v: rs?at%%rfﬂz?oelginzsandaex = 295 nM; fem = 305-405 nm) of TIM samples

; ' (110 ug/mL) were obtained; thereafter, small volumes of a

refolding experiments were carried out atZ5in solutions concentrated solution of acrylamide (6.67 M) were added.

cr:).ntammkg varlqble arpol%%ts OIf\AGdnHr?I' Tlhe k_)ufferllcj)sedl\;ln The final volume of added acrylamide was less than 10% of
this work consists o mM triethanolamine, m the final solution volume. Fluorescence intensities were

EDTA, and 1 mM dithiothreitol (DTT), pH 7.4 (TED buffer). corrected for dilution. Fluorescence intensities in the absence

GdnHCI-Induced Unf0|d|ng and Refoldln'glM solutions (FO) or presencem of a given quencher concentration ([Q])
were incubated in 4.0 M GdnHCIl for 1 h, this led to Complete were obtained at the Wa\/e|ength of maximum emission
unfolding of TIM as indicated by the complete inactivation opserved for each TIM/GdnHCI solution. Acrylamide con-
of the enzyme, a far-UV CD spectrum characteristic of centrations ranged from 0 to 150 mM. All samples exhibited
unfolded proteins, a decrease in the quantum yield, and ajinear behavior in this range of quencher concentrations.
red shift of the fluorescence spectrum. After this step, Experimental points were fitted to the equatiegiF = 1 +
refolding was induced by dilution of the unfolded proteinto K  [Q] (68).
lower GdnHCI concentrations and a final TIM concentration  a high-pressure cell system (ISS) coupled to an automated
of 110 ug/mL. To achieve equilibration during refolding  pressure pump (APP) was used to increase pressure in TIM
Conditions, these Samples were incubated for 24 h. Thesamp|es‘ An automatized protoco] was used to obtain
conformational properties of TIM were then followed at fluorescence Spectrdﬁ‘< = 280 nm;lem = 300-400 nm)
atmospheric or high pressure as described in what follows. after pressure jumps of 17 MPa up to 172 MPa and then

Catalytic activity was determined with a coupled enzyme every 34 MPa up to 345 MPa. The same pressure-jump
assay. Reaction cells (1 mL) were prepared in TED contain- scheme was applied for depressurization measurements.
ing 2.6 mMpb-glyceraldehyde 3-phosphate, A0 of a-glyc- Fluorescence spectra obtained at high pressures were re-
erolphosphate dehydrogenase, and 0.2 mM NADH. The corded at different times after each pressure jump. All the
reaction was started by the addition of 2 ng of EhTIM. pressure data presented were obtained after incubation for
Reaction rates were determined from the decrease in absor30 min, since no further change in the spectral properties
bance at 340 nm as a function of time in a Beckman DU7500 was observed after incubation for 60 or 90 min.
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Data Fitting. The pressure-induced unfolding of the
monomeric intermediate was analyzed using a two-state
model.

MU (1)
where M is the monomeric intermediate and U the unfolded
monomer. The change in Gibbs energy for monomer
unfolding at a given pressurdGp) was expressed a87,

33
AGp = —RTIn K= —RTIN(X; — Xy)/(Xy — Xp)  (2)
whereXp is the spectral center of mass at a given pressure
and Xy is the spectral center of mass of the monomeric
intermediate. It is known that pressure has an intrinsic red
shift effect on the fluorescence spectra of tryptophan residue
(69). Therefore, in eq 2, it was assumed that the spectral
center of mass of the unfolded monomef ) changes
linearly with pressureR) according to the relationshify

= Xup=0) T bP, whereXyr=g) is Xy at atmospheric pressure
andb is 6(Xy)/oP.

A constant standard volume change/)) was used; i.e.,
no change in compressibility between the monomeric
intermediate and unfolded monomers was assumed. There
fore, according to Le Chatelier’s principlaGe changes with
pressure as follows26, 61):

AGp = AGp_, + PAV,, ¢ ©)

where AGp— is the change in free energy at atmospheric
pressure. Equations 2 and 3 were rearranged as

Xp - {XM + [XU(P=O) + bp]e_(AGP:O+PAVUnf)/RT} M1+
e_(AGp:(H—PAVUnf)/RT] ( 4)

Xp values were calculated from emission spectra obtained
after a 30 min equilibration at a given pressure. The
parameters\Ge=o, AVyns, b, Xu, andXye=g) were fitted to
SCM versus pressure data using eq 4.

The AGp—g and AVy,¢ values thus obtained were used to
calculate the pressure of half-transitiddyf) according to
eq 5.

~AGp_/ AV ®)

P =
For the analysis of the GdnHCI-induced unfolding of TIM
at atmospheric pressuré)( AGyn values for a two-state
transition were calculated from normalized values using the
following equation:
o= 1/[1 _|_ e*(AGHZOJFITT“[GdnHC”)/RT] (6)
wherea = [y(X) — yO)])/[y(x=0) — y(X)], X is the denaturant
concentration for complete unfolding of the monomer, and
y is SCM, Ks,, molar ellipticity, orr. Equation 6 assumes a
linear dependence &Gy with GdnHCI concentrationg).
Thermodynamic parameterdGurns, AVunt, Or Py) ob-
tained from pressure experiments in the-0172 M GdnHCI
range were also assumed to vary linearly with denaturant
concentration

J=13, 0+ m[GdnHCI] @)
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Ficure 1: Unfolding and refolding of EhTIM followed by catalytic
activity. EnTIM samples (g/mL) were incubated for 24a( and

s2), 48 @ andO) 144 (@ and<) or 288 h @ andO) in unfolding

or refolding experiments (filled and empty symbols, respectively).
Catalytic activity was determined as described in Materials and
Methods.

wherem; is 6(J)/0([GdnHCI]) andJ = AGuyns, AVunt, OF Py
AVp,0 Was also calculated as the meam\fy, values, i.e.,
assumingAV is independent of denaturant concentration.

RESULTS AND DISCUSSION

Unfolding and Refolding of EhTIM in GdnHQOChanges
in the functional properties of EhTIM induced by GdnHCI
were studied in unfolding and refolding experiments
(Figure 1). Hysteresis was observed between unfolding and
refolding experiments. The activity of refolding samples
increases with time (data not shown). The maximum activity
in these samples was obtained after refolding for 24 h and
remained constant for up to 144 h, and longer incubation
times resulted in complete inactivation of the enzyme (empty
symbols in Figure 1). On the other hand, in unfolding
samples (filled symbols in Figure 1), nearly constant values
were obtained for unfolding times of 24 and 48 h. However,
activity decreased at longer incubation times, where visible
aggregation of the protein was observed. This aggregation
may explain the severe decay of catalytic activity observed
in unfolding and refolding conditions after long incubation
times. The maximum degree of reversibility, observed for
EhTIM after refolding in 50 mM GdnHCI for 24 h, was 26%
of the original catalytic activity (Figure 1).

EhTIM samples were then followed by fluorescence SCM
measurements over a broad range of GdnHCI concentrations.
Refolding samples reached constant values within 1 h. In
contrast, unfolding samples required nearly 24 h to achieve
steady values (data not shown). After incubation for 24 or
48 h, SCM values were coincident for unfolding and
refolding samples (Figure 2). SCM values were nativelike
from 0 to 0.75 M GdnHCI, indicating that SCM is insensitive
to the transition detected by catalytic activity, and showed a
single transition from 0.750t2 M GdnHCI (Figure 2). No
further changes in SCM or in other spectroscopic techniques
were detected at higher concentrations of denaturant (see
below), indicating that EhTIM is completely unfolded in
2.0 M GdnHCI. The coincidence of SCM values between
unfolding and refolding EhTIM samples throughout the 0
2 M GdnHCI range suggests that this spectral property
follows a reversible process that is at equilibrium under the
conditions shown in Figure 2. The midpoint of the transition
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Ficure 2: Unfolding and refolding of EhTIM followed by fluorescence SCM. (A) EnTIM samples (@d/nL) were incubated for 24a(
anda) or 48 h @ andO) in unfolding or refolding experiments (filled and empty symbols, respectively). Fluorescence emission spectra
were then obtained. (B) EhTIM samples [5®)(or 430 ug/mL (®)] were incubated for 24 h in unfolding experiments. Fluorescence

emission spectra were then recorded.
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Ficure 3: Refolding of EhTIM followed by several spectroscopic methods. EhTIM samples were incubated for 24 h under refolding
conditions. Afterward, the following measurements were taken: circular dichroism at 222 n#),(fluorescence anisotropyr( A),
spectral center of mas$>( B), and Sterr-Volmer constant for acrylamidetryptophan quenching(, B) (see Materials and Methods).

Data were normalized in panel C as follows: = [y(x) — y(X)])/[y(x=0) — y(x')], whereX is the denaturant concentration for complete
unfolding of the monomer. Dashed lines in panel C are fits of each data set to a two-state model (eq 6). The solid line is a global fit of all
data. Fitting parameters are listed in Table 2.

detected by SCM was insensitive to an 8.6-fold increase in therefore, experiments were carried out in the refolding
protein concentration, suggesting that this transition is direction after a 24 h incubation period. Figure 3 shows such
a refolding profile followed by several spectroscopic tech-

Taken together, Figures 1 and 2 suggest the presence ohjques.
an intermediate. The transition between the native dimer and

unimolecular (Figure 2B).

the intermediate (60.7 M GdnHCI) was not detected by
SCM and seems irreversible regarding catalytic activity. A

higher denaturant concentrations (620 M GdnHCI), SCM

Two transitions were observed by most techniques,
t confirming the presence of a folding intermediate. The first
transition, clearly detected by catalytic activity (Figure 1),

changes detected the unimolecular and reversible transition@nisotropy, circular dichroism, and acrylamide quenching
between the intermediate and the unfolded protein. The time (Figure 3A,B), was observed from 0 to 0.7 M GdnHCI. The

courses of fluorescence anisotropy and SCM changessecond transition (from 0.7 to 2.4 M GdnHCI) was observed
indicated that equilibrium values are reached faster in by all the spectroscopic techniques (Figure 3A,B). The values
refolding than in unfolding experiments (data not shown); of SCM (352.5 nm), anisotropy & 0.049),Ks, (10.74 M),
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Table 1: Comparison of EhTIM and yTIM Monomers in 0.7 M GdnHCI

EhTIM yTIM
native 0.7 M GdnHCI native 0.7 M GdnHCI

Keat (S71) 1.45x 10° inactive 1.58x 1072 inactivet
SCM (nm) 343.2 343.2 332.0 346.5
CD at 222 nm 100 50 108 52

(% of native signal)
fluorescence 0.169 0.111 0.112 0.109

anisotropy ()
Stern—Volmer 1.65 3.79 3.06 3.70

constant (M%)
Stokes radius (A) 31.2 31.2 36.0 30.

aData from ref48.

and circular dichroism observed in 2.4 M GdnHCI are Table 2: Thermodynamic Properties Obtained from Refolding Data

characteristic of unfolded proteing§, 70—72). for EnTIM®

The intermediate exhibits 50% of the total change in the AGunt (kJ/mol) mg (kJ moFtM~1) Cy2 (M)
CD signal (Figure 3A) and-25% of the total change inthe gcm 155+ 1.6 —123+1.2 1.25
Stern-Volmer constant (Figure 3B), which reflects a con- anisotropy 124 1.8 -10.9+1.3 1.17
siderable loss of secondary structure and some gain ofCD 19.9+£25 -157+1.9 1.26

acrylamide quenching  17#1.8 —-145+1.4 1.22
global fit 16.2+ 1.1 —13.2+0.9 1.23

a Fitting parameters were obtained from normalized data using the
0.7-2.4 M GdnHCI range (Figure 3C) and eq 6.

accessibility of acrylamide to tryptophan residues, strongly
suggesting an expansion of the enzyme. To gain further
insight into the association state of the intermediate, the
Stokes radii of EhTIM in the presence of 0 and 1.0 M
GdnHCI were determined. A single peak with a similar yTIM and EhTIM can be adequately described by a three-
elution volume was detected under both conditions (data notstate model with a monomeric intermediate. In yTIM, the
shown); therefore, thBs values of the intermediate and the first step is reversibled@), whereas in EhTIM, this transition
native dimer are similar [31.2 A (Table 1)]. TheRevalues is irreversible (Figure 1). The second transition is reversible
are incompatible with the intermediate being an expandedfor both enzymes (Figure 2 and ref8). To make a
dimer and suggest the presence of an expanded monomercomprehensive comparison of both intermediates, Table 1
The unusually high anisotropy of EhTIM in the absence of presents EnTIM data, anisotropy, and tryptophan quenching
denaturanti = 0.169 (Figure 3A)] indicates the existence experiments conducted for yTIM in this work as well as
of a high-quantum vyield tryptophan residue with a long previous results obtained for yTIMA8). yTIM has three
lifetime in the native enzyme. Half of the anisotropy change tryptophan residues per monomer, whereas EhTIM has five;
was observed through the first transition  0.110 in this accounts for the different SCM, anisotropy, and the
0.7 M GdnHCI (Table 1)], suggesting dimer dissociation and/ Stern-Volmer constants of native EhTIM and yTIM.

or a considerable rearrangement of the environment sur-Considering these facts, a thorough molecular interpretation
rounding tryptophan residues. Such a changesrpredicted of fluorescence data is not feasible. Nevertheless, the
for dimer dissociation according to Perrin’'s equation (as- properties of both intermediates are strikingly similar
suming no change in the lifetime of the highest-quantum (Table 1). Both of them are inactive, and according to CD
yield fluorophore) 68). In addition, this intermediate is spectroscopy, they show a considerable loss of secondary
inactive as reported for other monomeric folding intermedi- structure. In agreement, size exclusion chromatography
ates 43, 44, 47, 48), monomers obtained by chemical experiments indicate that both monomers present dimerlike
derivatization $0), and monomeric mutants of TINb{, 52). Rsvalues; i.e., they are expanded. With regard to fluorescence
All this evidence led us to propose that the intermediate properties in both intermediates, tryptophan residues exhibit
observed in EhTIM refolding is an expanded monomer. The partial accessibility to acrylamide quenching. SCM values
unimolecular nature of the second transition was further suggest that aromatic residues have, on average, a compa-
confirmed by the pressure experiments presented below.rable exposure to solvent molecules. With concern for
Hence, the first transition corresponds to the irreversible anisotropy,r values for both monomers are quite close,
dissociation of the native dimer (N- 2M), while the second  perhaps indicating a similar correlation time. To further
reversible transition should report on the unfolding and explore the thermodynamic properties of these monomeric

refolding of the monomeric intermediate (2= 2U). intermediates, pressure unfolding experiments were per-
Consequently, we propose the following folding mechanism formed.
for EhTIM in GdnHCI: N— 2M = 2D. Thermodynamic Pressure Unfolding and Refolding of EhTIM and yTIM.

parameters were calculated only for the second transition,Native EhTIM and yTIM were subjected to hydrostatic
fitting data obtained from 0.7 to 2.4 M GdnHCI to a two- pressure jumps up to 350 MPa. A gradual red shift of up to
state model (Table 2). Figure 3C shows the normalized data;4 nm (EhTIM) and 2 nm (yTIM) in the SCM was observed
a global fit including all techniques gives the following: (Figures 4 and 5, respectively), indicating that the dissociation
AGynt = 16.2 + 1.1 kJ/mol andmg = —13.2 4+ 0.85 kJ and/or unfolding transition detected is not complete within
mol* ML, this pressure range. A series of refolded EhTIM (0.7
Comparison of the Folding Mechanisms of EhTIM and 1.2 M GdnHCI) and yTIM samples (0-71.1 M GdnHCI)
yTIM. The GdnHCI-induced unfolding and refolding of both were subjected to a high-pressure cycle. According to
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M GdnHCI (@ andO) were incubated for 24 h. Samples were then subjected to pressurization (A) and depressurization (B). SCM was
calculated from emission spectra taken 30 min after each pressure jump. Solid lines are fits to eq 4; fitting parameters are listed in

Table 3.
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Ficure 5: Effect of pressure on yTIM. Native yTIMa( and A) and yTIM samples refolded in 0. M(andd), 0.9 @® and<), or 1.1 M
GdnHCI @ andO) were incubated for 24 h. Samples were then subjected to pressurization (A) and depressurization (B). SCM was calculated
from emission spectra taken 30 min after each pressure jump. Solid lines are fits to eq 4; fitting parameters are listed in Table 4.

Table 3: Thermodynamic Properties of EhTIM Unfolding and Refolding by Pressure

pressurization depressurization
[GdnHCI] AGyns (kdJ/mol) AVyns (mL/mol) P12 (MPa) AGyns (kJ/mol) AVuyn (ML/mol) P12 (MPa)
0.7 5.2+ 0.2 —86+ 2 60 49+0.2 —89+2 55
0.8 444 0.2 —96+ 2 45 45+0.3 —98+14 46
0.9 3.7£0.3 —104+5 35 3.1+ 0.3 —97+4 32
1 42+0.6 —-117+9 36 2.5+ 0.3 —100+ 4 26
11 24+0.8 -111+1 21 1.3+ 0.1 —110+4 12
1.2 0.4+ 0.6 —119+9 3.6 —-04+0.1 —105+ 4 -3.9

aFigure 4 data were fitted to eq 4 using SGMs a fitting parameter. For pressurization data, the averagesS&Zad 343.6+ 0.55 nm. For
depressurization data, the average SOWMas 343.3+ 1.48 nm.

Figures 2 and 3, the highest fraction of monomeric inter- 10.8 MPa for EhTIM; maximunAPy,, = 5.9 MPa for yTIM
mediate for EhTIM should be present in this range of (Tables 3 and 4)]. With regard to reversibility, the difference

denaturant concentration. From the data ofeaet al. 48),

between the SCM before and after the pressure cycle was

the mole fraction of the yTIM monomeric intermediate varies close to 1 nm for EnTIM and 2 nm for yTIM. This indicates
from 0.92 to 0.77 over this range of denaturant concentra- that the unfolding-refolding cycles induced by pressure were
tions. Pressure induced a single cooperative transition in allessentially reversible and at equilibrium. The proposed
samples (representative experiments are shown in Figures 4inimolecular nature of the pressure-induced transition was
tested by assessing the effect of protein concentratid? an
The final observed SCM values were comparable to those In this regard, recently, Ferreira and co-workers reported that
obtained for both TIMs at high GdnHCI concentrations and in the presence of 0.4 M GdnHCI, a 10-fold increase in
atmospheric pressure. A slight linear change in the SCM wasprotein concentration producedA#;,, of 40.6 MPa in the
observed at high pressures, and this effect has been previpressure-induced dissociation of rTIM3). In this work, in
ously documented and is attributed to changes in the the presence of 1.2 M GdnHCI, a 4-fold increase in EhTIM
properties of water molecules solvating exposed aromatic concentration had no effect on tRe, of the transition (data
residues 12). Small hysteresis was observed between not shown). Likewise, in the presence of 0.7 M GdnHCI, a

and 5).

pressurization and depressurization data [maxiniiy, =

13-fold increase in yTIM concentration produced a change
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Table 4: Thermodynamic Properties of yTIM Unfolding and Refolding by Pre3sure

pressurization depressurization
[GdnHCI] AGyns (kJ/mol) AVuynt (ML/mol) P12 (MPa) AGyns (kdJ/mol) AVuyns (ML/mol) P12(MPa)
0.7 5.24+0.2 —86+2 60 494+0.2 —89+£2 55
0.8 4.440.2 —96+ 2 45 45+ 0.3 —-98+4 46
0.9 3.7+£0.3 —104+5 35 3.1+ 0.3 —97+4 32
1 4.240.6 —-117+9 36 2.5+ 0.3 —-100+ 4 26
1.1 2.44+0.8 —111+1 21 1.3+ 0.1 —-110+ 4 12
1.2 0.44-0.6 —-119+9 3.6 —-0.44+0.1 —105+4 -3.9

2 The data of Figure 5 were fitted to eq 4 using Sfo&b a fitting parameter. For pressurization data, the average,S@id 339.6+ 0.86 nm.
For depressurization data, the average %Ghas 341.5+ 1.04 nm.

14000 [-10.2+ 0.68 kJ mott M~! (Table 4)] is close to thens
12000 value obtained from experiments carried out at atmospheric
pressure +12.2 to—12.4 kJ mot* M~ (H. Ngera et al.,
manuscript submitted for publication)]. Thes value
8000 - obtained for EnTIM from pressure data9.4 4 1.2 kJ motl?
M~1 (Table 5)] is comparable to thes value obtained from
experiments carried out at atmospheric presstE3[2 +
4000 1 : 0.85 kJ mot* M~ (Table 2)]. The small differences between
2000 - the AGunm,0 andmg values derived from high-pressure data
S and those obtained at atmospheric pressure suggest that the
. . . . : s unfolded states induced by GdnHCI at atmospheric pressure
o0 02 04 06 08 10 12 and those observed by the combination of GAnHCI and high
[GdnHCI] (M) pressure may not be equivalent. Nonetheless, the similar
FIGURE 6: Free energy changes as a function of GdnHCI concen- stability calculated for the monomeric intermediates of
tration. AGyyr values from pressurization (squares) and depres- EhTIM and yTIM indicates that the insertions observed in
Surization (CirCleS) were Simultaneously f|tted tO eq 7 for yT'l ( the Ioops Connectlng tha he“ces andﬁ Strands Of the
ande) or ERTIM (@ and©). Parameters are listed in Table 5. gpyv harrel induce no significant stabilization of the barrel.
The closeness in th&Gynm,0 values obtained in this work
for EnTIM and yTIM contrasts with the high variation
reported in the literature. For example, rabbit T&Gys,0
= 5.0 kJ/mol B5) on the other extreme, aniGyns,0 =
10.5-16.3 kJ/mol for monomeric human TIM mutan&(
74). A comparison of these values with those reported for
the dissociation step (6 7-@3.3 kJ/mol) 48) confirms that

10000 —

6000 |

AG,,, (J mol™)

04

of only 3.6 MPa inPy/, (data not shown), thus supporting
the proposed monomeric nature of the folding intermediates.
To obtain the thermodynamic properties of these processes
data from Figures 4 and 5 were analyzed with a two-state
unfolding model (Tables 3 and 4). It was found tiAeBys

and Py, decrease with an increasing concentration of
denaturant, wherea8Vyn becomes more negative in the most of the stability of TIM relies on dimerization
presence of GAnHCI (Tables 3 and 4). In spite of the small Reports on the effect of denaturants Bp, are s.carce
hysteresis observed between pressurization and depressurizar- 2 )

. S he Py, of staphylococcal nuclease has been reported to
tion data sets, similahGyni, AVunr, andPy, values resulted :
from the fit of both data sets. decrease in the presence of urea and €6). ThePy, of

Ure2 was also found to decrease with increasing concentra-
Comparison of the Thermodynamic Parameters Calculated tigns of GdnHCI 22). P1» values exhibited a decrease with
for the Monomeric Intermediates in the Absence of Denatur- increasing denaturant concentrations (Figure 7). This behav-
ant. To obtain the thermodynamic parameters for monomer jor may be related to the increasing destabilization effect of

unfolding in the absence of GANH@AGunr, AVun, andPy2 - GdnHCI on the native state. These data are very well
were linearly fitted against denaturant concentration using described R > 0.941) when fitted to a linear model (eq 7).
eq’. To the best of our knowledge, the linear dependende, pf

In accordance with atmospheric pressure unfolding studieswith GdnHCI concentration has not been previously pro-
(6), it was found thatAGys was correctly described as a posed.
linear function of GdnHCI concentrationr[ > 0.824 The simultaneous fit of pressurization and depressurization
(Table 5)]. TheAGunn,0 Value obtained for the simultaneous data gives similaP1n,0 values for EnTIM and yTIM [133
fit of pressurization and depressurization data for EnTIM + 8 and 146 £ 6 MPa, respectively (Table 5 and
[12.0 + 1.2 kd/mol (Table 5 and Figure 6)] is somewhat Figure 7)]. This indicates that in the absence of denaturants
smaller than the ones obtained from the two-state global fit and intermolecular contacts, both monomeric intermediates
of spectroscopic data obtained in the presence of GdnHClwould unfold within the pressure range used in our experi-

at atmospheric pressure\@Gp,o = 16.2 £ 1.1 kJ/mol ments. Since no complete pressure unfolding of native TIM
(Table 2)]. TheAGuynsm,o value obtained for yTIM [12. 4 was observed, we propose that dimerization prevents the
0.6 kJ/mol (Table 5)] is also lower than th&Gyn,o pressure unfolding of the monomer. In this respect, given

previously reported (15:916.6 kJ/mol) from refolding the AGpissoco Values reported for yTIM+75.0 kJ/mol) and
experiments in GdnHCI followed from a global fit of catalytic assuming an averag€Vpissoc0f ~130 mL/mol (L4, 76, 77),
activity, fluorescence SCM, CD, artlto a three-state model  a Pipissoc Of ~580 MPa is calculated. This explains why
(48). The mg value obtained for yTIM from pressure-data we were not able to detect the full pressure-induced dis-
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Table 5: Thermodynamic Properties of yTIM and EhTIM Pressure-Induced Unfolding and Refolding in the Absence of&GGdnHCI

AGuynfh,0? mg? (kJ AVunie®  AVunf,o® myv¢ (mL P1/2rpo? mgd

(kd/mol)  mol*M™?) R (mL/mol)  (mL/mol) mol*M™?) R (MPa) (MPaM?) R
EhTIM press. 11319 —-83+19 -0.824 —-106+13 —-46+12 —-63.1+12.2 —-0.870 129+12 -—-101+13 -0.941
EhTIM depress. 12.61.0 -105+09 -0.967 —-100+7 —-68+9 —34.0+94 -0.766 1386 —116+6 —0.989
EhTIM both sets 12.&1.2 —-94+12 -0.858 —-103+10 —-57+10 —-485+98 —0.710 1338 —-108+9 —0.940
yTIM press. 13.40.6 —-109+0.7 —-098 —-98+6 —694+10 —33.1+10.8 —-0.700 150+9 —1254+10 -0.975
yTIM depress. 1109 —-954+£10 —-0958 —-86+3 —83+9 —3.8+£9.7 —-0.036 142+9 —1144+410 -—-0.970
yTIM both sets 1274206 —-10.2+0.7 —-0.957 —-92+8 —-76+14 -18.4+159 -0.118 146+6 —119+7 —0.970

2 AGun,0 andmg were calculated with data from Figure 6 fitted to ed AVuni,0 was calculated assumingVuys is independent of denaturant
concentration® AVynm,o andmy were calculated with data from Figure 7 fitted to ed Pai0 andme were calculated with data from Figure 8

fitted to eq 7.
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FicurRe 8: Volume changes as a function of GdnHCI concentration.

from pressurization (squares) and depressurization (circles) wereAv,, values from pressurization (squares) and depressurization

simultaneously fitted to eq 7 for yTIMB and @) or EhTIM O
andO). Parameters are listed in Table 5.

sociation of yTIM in the absence of denaturants. The
unfolding of rTIM by hydrostatic pressure in the absence of

(circles) were simultaneously fitted to eq 7 for yTIM @nd®) or
EhTIM (O andO). Parameters are listed in Table 5.

It should be noted that besides the scattering observed in
Figure 8 data, all data sets, except those from yTIM

denaturants has been studied by Rietveld and Ferreira; theSgepressurization' show a considerable negative S|ope_ For

authors observed a large hysteresisl0 MPa) between
pressurization and depressurization d&8.(From FRET

instance|AVun| increases in the presence of GdnHCI. The
magnitude and particularly the physical basis of volume

measurements, these authors concluded that dissociation anghanges in protein folding remain controversit2,(77). In

unfolding took place concomitantly. This finding is in

the case of staphylococcal nuclead®/,,s can be indepen-

agreement with our data, since in the absence of denaturant@ient, decreasing or increasing depending on the chosen

we predict that monomer unfolding would take place at lower
pressures than dissociation. The full profile of dissociation
and unfolding could be followed by other high-pressure
methodologies35, 78, 79).

Although theAGyns andPy/, versus GdnHCI concentration

cosolvent 75). AVuns values reported in the literature have
usually been found to be independent of GdnHCI concentra-
tion (22, 26, 32, 79). Exceptions to this behavior have been
documented for hen egg white lisozyme at low temperatures,
where|AVyni| decreases with denaturant concentrati®4) (

data presented in Figures 6 and 7 show a clear linearand human apolipoprotein A-I, whetAVyq| increases in

tendency R > 0.824 (Table 5)]AVun values are somewhat

the presence of GdnHCRT). The change imMAVyqs with

scattered, particularly those obtained for yTIM depressuriza- denaturant concentration suggests that the intrinsic volumes

tion [Figure 8 @)]. AVun,0 Was therefore calculated in two
ways. (i) Assuming no dependence &Vyn, on GdnHCI
concentration, the meafVuynm,0 Values obtained for pres-
surization and depressurization data-af®3+ 10 and—92

+ 8 mL/mol for EhTIM and yTIM, respectively (see
Table 5). (ii) On the other hand, when the linear model was
applied (eq 7), thé\Vunm,o values obtained are57 + 10
mL/mol for EhTIM and —76 + 14 mL/mol for yTIM
(Table 5). In both approaches, th&/yn,0 values obtained
for EnTIM and yTIM are the same within experimental error.
The AVynin,0 Values reported for the unfolding of monomeric
proteins of comparable size-90 to—120 mL/mol) (77) are
similar to theAVuynm,o Values calculated for TIM assuming
no dependence on GdnHCI concentratie®2 to—103 mL/

and/or the solvation properties of the monomeric intermediate
or the unfolded monomers are modified by GdnHCI. Two
main effects should be considered. First, since unfolded states
present more exposed area than native states and GdnHCI
binds to the protein surface, the level of preferential binding
should increase with denaturant concentratigf).( This
would decrease the degree of hydration; concomitantly,
|AVuni| should decrease when GdnHCI is present. The
opposite was observed; therefore, a possible source for an
increase iNAVung is @ more unfolded state in the presence
of denaturant. A similar explanation was proposed for the
increase inAVun| with CaCl concentration reported in the
pressure-induced unfolding of staphylococcal nucle@Sg (
Since both Gdh and C&" exhibit similar ionic effects

mol) and more negative than those calculated using the linearaccording to Hofmeister series, it is possible that the effect

model approach-{57 to —76 mL/mol).

of these denaturants on the unfolded state is related to their
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water structure breaking propertie81( 82). The results 23
presented in this work indicate that valuable thermodynamic
information regarding the properties of folding intermediates 5,4
can be obtained from the combined use of pressure and
chemical denaturant83g).
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