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ABSTRACT: Kinetics of unfolding and refolding of rabbit muscle triosephosphate isomerase (TIM) were
measured as a function of guanidine hydrochloride (GdnHCI) concentration. From the rate constants of
these processes, the activation free-energy barre®s)(were calculated using the Arrhenius equation.
Assuming a linear dependenceA®* on the concentration of GdnHCI, activation energies in the absence

of GdnHCI were estimated. The Gibbs free-energy change of dissociation/unfoldB)gvas determined

from GdnHCI unfolding curves in equilibrium. Using these data and the literature value for the bimolecular
association rate constant of folded TIM monomers [Zabori, S., Rudolph, R., and Jaenicke, R.Z41980)
Naturforsch. 35C999-1004], a model was developed that fully describes both kinetics and energetics
of subunit dissociation/unfolding of TIM. Unfolded TIM monomers are susceptible to proteolytic digestion
and thiol oxidation, while native TIM is resistant to both. The present model explains how the dimeric
nature of TIM decreases the frequency of subunit unfolding by several orders of magnitude, thus increasing
the chemical stability of the protein. Furthermore, the model also explains the recently demonstrated
persistence (on a time scale of hours to days) of conformational heterogeneity of native TIM dimers
[Rietveld, A. W. M., and Ferreira, S. T. (199Bjochemistry 357743-7751]. Again, it appears that the
dimeric nature of TIM is essential for this behavior.

TIM!is a glycolytic enzyme that interconversglycer- native TIM contains several reduced cysteine residues and
aldehyde 3-phosphate and dihydroxyacetone phosphateno disulfide bridges. Analysis of TIM crystal structures
Crystal structures for TIM from various organisms have been shows that the cysteine residues are quite far apart in the
determined (chicken, yea3typanosoma brucegkEscherichia structure, effectively preventing disulfide formation. On the
coli, human Bacillus stearothermophilysefs 1—6). Both other hand, unfolded TIM is susceptible to sulfhydryl oxida-
primary ) and three-dimensional structures of TIM show  tion (13). These observations indicate that the chemical
a high degree of conservation. TIM is a homodimer of stability of TIM is closely related to its conformational
approximately 26 kDa subunits, and each subunit consistsstability.
of a single eight-stranded3-barrel domain. Using hydrostatic pressure as a tool to perturb the

The kinetics of refolding of TIM after unfolding induced equilibrium of subunit association of TIM, we have shown
by guanidine hydrochloride (GdnHCI) have been investigated @ lack of dependence of dissociation/unfolding on protein
(8’ 9) Ref0|d|ng appears to proceed from unfolded mono- concentration13). This is an apparent violation of the law
mers to folded, inactive monomers, and then to native, active Of mass action, according to which dissociation of an
dimers. TIM mutants that form folded, inactive monomers oligomer into its constituent subunits should depend in a
have been produced@, 11). predictable manner on protein concentration. Similar ob-
servations have been made for subunit dissociation of large
protein aggregates such as viral particles (i€ and
references therein) and have been explained as deterministic
behavior arising from persistent conformational heterogeneity
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Native TIM is resistant to digestion by various proteases,
while unfolded TIM loses this stabilityg( 12). In addition,
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In the present study, kinetics and energetics of both (in monomers), an&canncy IS the dissociation/unfolding
association/dissociation and (un)folding of rabbit TIM were constant at a given concentration of GdnHCI, given by
examined. Unfolding and refolding were measured as a
function of GdnHCI concentration. By extrapolation to K —K ex;{m[GdnHCI]) 3)
absence of GdnHCI and the use of literature values for the [GanHCl} — 770 RT
bimolecular association rate constant of TIM monom8js ( - , ,

a model is presented that gives a comprehensive description Iting parameters in this model afg, A4, Ko, andm.
of both kinetics and energetics of subunit dissociation and I initial fits, mwas used as a free fitting parameter, and

unfolding of TIM. similar m values were obtained for data obtained at two
different protein concentrations. In order to allow direct
MATERIALS AND METHODS comparison of the fitted values fd€, at different protein

concentrations, in final fitsmwas fixed at the average value
obtained from the initial fits. The fluorescence quantum
yields of native and fully unfolded TIM were approximately
the same; therefore, no correction due to this factor was
required in the fits. Furthermore, independent experiments
showed that the spectra of both folded dimeric and unfolded

Materials Rabbit muscle triosephosphate isomerase
(TIM, type X), guanidine hydrochloride, dithiothreitol, and
phosphate buffer were from Sigma.

Fluorescence Measurementall experiments were car-
ried out in 50 mM phosphate buffer, pH 7.4, containing 1

mM dithiothreitol, with protein concentrations as indicated ,onomeric TIM {.e., below and above the transition regions,

in the legends to the figures. Fluorescence data Were raspectively) were negligibly dependent on GdnHCI con-

acquired on an automated 1SS PC1 spectrofluorometer (ISSgenration (data not shown). Therefore, we did not correct

Inc., Champaign, IL). Temperature was kept constant at 25¢,, gjrect effects of GdnHCI on the fluorescence spectral
+ 0.3°C by means of a circulating bath. shift (a correction that was included in the original fitting
For equilibrium unfolding experiments, samples were o ocaqure of Pace, ref6). The extent of dissociation/

eql_JiIibrated for 3 Qays at 28C in the presence of the unfolding (@) at each concentration of GdnHCI was calcu-
indicated concentrations of GAnHCI. Spectra were measured ;g using the values fdp and A recovered from the fits:

from 300 to 400 NMAexc = 280 nm) with 8 nm bandpasses

for both excitation and emission. Fluorescence spectral i[Gdan,] — 2o

centers of mass at each concentration of GdnHGkcn) = (4)
were calculated with software provided by ISS Inc. as

For kinetic experiments, rate constants of unfolding/

_ M) 1 refolding were obtained by fitting a mono-exponential
[GdnHCI] ZI(}“) 1) equation to the data:
l,=1,+ Al exp(=kt) (5)

wherel is the emission wavelength ah@) is the fluores-

cence |fnt|en5|ty ?t Iwavell(gngﬁh ) | where |; is the fluorescence intensity at tintely is the
In unfolding/refolding kinetics experiments, samples were g, escence intensity of the initial state (either folded or

excited at 280 nm (16 nm bandpass) through a Coring 7-54,, ¢4 1ded), Al is the total intensity change in unfolding or

filter and fluorescence emission was collected through a ef6|4ing, andk is the rate constant of the reaction. Degrees
Schott WG 335 filter. Unfolding was initiated by adding of dissociation/unfoldingd) were calculated as

native TIM to a solution containing the desired concentration
of GdnHCI. For refolding experiments, TIM was first [ — 1y

unfolded for at least 20 min (which was determined to be a= Al (6)
sufficient for equilibration; see Results) 8 M GdnHCI,

and aliquots were diluted in buffer containing the appropriate  Activation free-energiesXG*) were calculated using the
concentration of GdnHCI. All samples were bubbled with Arrhenius equation

a stream of nitrogen and placed in sealed cuvettes prior to

measurements. k= (k,T/h) exp—AG'RT) @)
Data Fitting. Equilibrium unfolding experiments were
analyzed by assuming that the free-energy changs for wherek; is Boltzman’s constant anlalis Planck’s constant.

the equilibrium between native dimers and unfolded mono- Extrapolation to absence of GdnHCI was obtained by
mers is linearly affected by GdnHC1§). The dissociation/  assuming a linear dependence/®* on the concentration
unfolding equilibrium constari, and themvalue (the slope ~ of GdnHCI @1 7—19):

of the free-energy change as a function of GdnHCI concen- : N N

tration) were obtained by fitting eqs 2 and 3 to the AG' (ggncy = AG o + m[GdnHCI] (8)
experimental data:

RESULTS
i =1 + Al Kiganrci ) Figure 1 shows equilibrium dissociation/unfolding of TIM
[GdnHCT) 0 A[TIM] + Kiganrey as a function of GdnHCI concentration at two different

protein concentrations. The unfolding curves featured the
wherel, is the spectral center of mass of native TIM, is following characteristics.
the total change in spectral center of mass upon complete (1) Dependence of unfolding on protein concentration was
dissociation/unfolding, [TIM] is the concentration of TIM observed, as expected from the law of mass action for a
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Ficure 1: Equilibrium subunit dissociation/unfolding of TIM by
GdnHCI at two different protein concentrations. Protein concentra-
tions were &M (closed circles) and 0.6M (open circles). Lines
represent fits according to eqs 2 and 3.
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Table 1: Equilibrium Subunit Dissociation/Unfolding of TIM by
GdnHCF

[TIM] Ko m AG
M)  Ag(nm) AA(nm) (10BM) (kImoFtM~1) (kd/mol)
0.6 334.8 16.1 3.0 —63 71
6.0 333.6 18.9 8.1 —63 69

a Equilibrium unfolding data at two different concentrations of TIM
(from Figure 1) were analyzed as described by egs 2 and 3, and the
resulting fitting parameters are shown. Quality of the fits can be judged
by the solid lines in Figure 1.

dimer/monomer transition. Thermodynamic parameters re-
covered in fits to the data at the two protein concentrations
used are shown in Table 1.

(2) The extent of unfolding changed from 0.1 to 0.9

between 0.55 and 0.7 M GdnHCI. The steep dependence

on GdnHCI concentration indicated high cooperativity of the
transition, making the existence of populated intermediate
states unlikely.

(3) Fits to the data according to egs 2 and 3 yielded a
highmvalue (Table 1), indicating a large increase in affinity
for guanidine binding upon unfolding. Chaotropic agents
are thought to interact mainly through hydrogen bonds with
peptide carbonyl group20). In folded TIM, most of these
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5 to the data. Activation free-energieAG*) were then
calculated through eq 7 and are shown as a function of
GdnHCI concentration in Figure 3. From linear fits to the
data (according to eq 8\G*, andni values were obtained
(Table 2). It is noteworthy that the rate of refolding had a
steeper dependence on GdnHCI concentration than the rate
of unfolding (indicated by a highen value).

DISCUSSION

In the present work, measurements of the kinetics of
unfolding/refolding of TIM in GdnHCI solutions were made,
and activation Gibbs free-energy chang&&i) of the rate-
limiting steps were obtained. In the following, we present
a model that integrates kinetic and equilibrium data into a
consistent description of subunit association/folding of
dimeric TIM.

Early studies of refolding of TIM indicated the existence
of a folded monomer as an intermediate between the unfolded
monomer and the native dime8,(9). Furthermore, recent
mutagenesis studies have demonstrated that native human
TIM dimers exist in equilibrium with folded monomers,
which are, in turn, in equilibrium with unfolded monomers
(11). Based on these previous studies, we have used the
following model to interpret the present data:

AG*diss AG'¢unf

AG* 2M AGF
ass fold

D 2U

In this model, it follows from energy conservation that
the sum of activation free-energy barriers for each individual
step should equal the overaliG of dissociation/unfolding
as measured in equilibrium experiments:

— AG .+ 2AG

ass

AG= AG4:diss; unf 2AG¢fold )

From the equilibrium data shown in Figure AG was
calculated to be 69 or 71 kJ/mol for 0.6 ori/ TIM,
respectively (Table 1). Thus, we have employed, in the
calculations that follow, an average value of 70 kJ/mol for
AG.

In our measurements, the rate-limiting step in refolding
of TIM had an activation free-energy of 60 kJ/mol (Table
2). In terms of the model presented above, this activation
energy could correspond to either monomer foldinGtioiq)
or subunit associatio\G*,s). The rate-limiting step was
identified as monomer folding by the following consider-

groups are unavailable for interaction with guanidine since atjgns: (1) the measured refolding rates were independent
they are involved in secondary structure hydrogen bonding. of protein concentration (data not shown); (2) refolding was
Therefore, the highm value indicates significant loss of  haracterized by a large value (Table 2), indicative of
secondary structure upon unfolding. This agrees with the extensive formation of secondary structure in the rate-limiting

observation of a marked loss in ellipticity of TIM in the far
UV during unfolding induced by GdnHCIL).

Taken together, these observations indicate that the
GdnHCl-induced transition proceeds directly from native
dimers to highly unfolded (random coil) monomers. There-
fore, the values oAG andmrecovered in the fits (Table 1)
apply to the overall process of dissociation and unfolding.

Figure 2 shows typical kinetic traces of unfolding and
refolding of TIM at different concentrations of GAnHCI. No
dependence on TIM concentration was found for the rates
of refolding or unfolding (data not shown). Rate constants
for unfolding and refolding were obtained through fits of eq

step; and (3) a rate constant for rabbit TIM subunit
associationKzsd of 3 x 10° Mt s71 (from which aAG* s

of 38 kJ/mol can be calculated) has been reported by Zabori
et al. @) from refolding studies at OC.

The AG¥ for the rate-limiting step of dissociation/unfolding
(99 kJ/mol; Table 2) could correspond to eitheGyss or
AG¥, in terms of the model described above. AG*,
were 99 kJ/mol, themAG*yss would be 30 kJ/mol, as
calculated from energy conservation (eq 9; usk@.ss=
38 kJ/mol, and\G¥, g = 60 kJ/mol; see above). This would
give a negative Gibbs free-energy of dissociatidBss =
AGiss — AG*,s) of —8 kd/mol, in which case TIM would
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Ficure 2: Kinetics of unfolding/refolding of TIM in GdnHCI. Panel A shows kinetics of unfolding of Q2L TIM in (from left to right)

2.0,15,1.2,1.0, 0.9, and 0.8 M GdnHCI. Panel B shows kinetics of refolding oftRTIM in (from left to right) 0.4, 0.45, 0.55, and
0.6 M GdnHCI.
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Ficure 3: Activation free-energies for unfolding or refolding of

TIM as a function of GAnNHCI concentration. Activation free-energy
barriers AG*) were calculated as described in Materials and
Methods for refolding (open circles) or unfolding (closed circles).

Table 2: Activation Parameters for Subunit Dissociation/Unfolding using t,he appropnatg value fdr (273 K). Implicit in the
of TIM by GdnHCP Arrhenius equation is the temperature dependenchGif

itself. This can be estimated by the Giblidelmholtz

v (kJ moFt M2 AG¥ (kd/mol . A .
- ( ) o ) equation 19, 21), adapted for activation free-energies:
unfolding -8 99
refolding 54 60 + + +
aValues were obtained from fits according to eq 8 to the data from AG'=AG st ACP [T - TS =T In(T/TS)] (10)

Figure 3.

whereTs s the temperature at whichG* reaches its maximal
not be a dimer. Furthermorey for unfolding was small value AG*s and AC, is the change in heat capacity upon
(Table 2), suggesting moderate disruption of secondary activation. We have not covered this dependencA@f
structure in the rate-limiting step. Therefore, we identify on temperature, since we have no data on it. However, we

the rate limiting AG* of dissociation/unfolding a&G¥giss would expectAC,* for association of folded monomers into
Equation 9 then allows calculation &G*,¢ (65 kJ/mol), a folded dimer to be relatively small, in which case the
completing the model depicted in Figure 4. dependence oAG* on temperature would be small.

We note that in our model we have includedS¥,ss In order to test our model and its underlying assumptions,

calculated from the data of Zabori et aB), which was we have compared its features to available data on subunit
measured at @C rather than at 25C. Partially, the dissociation/unfolding of TIM. First, the predicted Gibbs
temperature dependence of rate constants is shown by thdree-energy of dissociatiom\Ggis9 is 61 kJ/mol (Figure 4),
presence ofT in the Arrhenius equation (eq 7). In our equivalent toKgiss= 2 x 1071 M. This low value ofKgiss
calculation ofAG*,ssand AG¥yiq from the data of Zabori et is in agreement with previous studies by Zabori et @), (

al. (9), we have covered this direct effect of temperature by who showed that dilution down to 77 pM did not induce
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monomerization of rabbit TIM. Furthermore, for human
TIM, a AGyiss of 60 kd/mol was found1(l). The current
model predicts that TIM monomers should be marginally
stable, withAG,ns = 5 kJ/mol (Figure 4). For human TIM,
AGyn was found to be 10.5 kd/mol D).
The unimolecular folding energy barriehG*q) at 0°C

was found to be 76 kJ/moBj), as measured in experiments
in which recovery of enzyme activity was monitored at very

last on this time scale. Erijman and Web#&b) showed a
correlation between deterministic behavioe.( reduced or
lack of dependence of dissociation on protein concentration)
and order of protein oligomers: dimers in general exhibit
purely stochastic equilibria and large multimers exhibit
completely deterministic behavior. Trimer25 and tet-
ramers 15) show intermediate behavior. These authors have
proposed that deterministic behavior is related to persistent
low protein concentrations after denaturation by GdnHCI. conformational heterogeneity of protein oligomers. Explain-
AG¥yq in the current model at 28C = 60 kJ/mol (Table ing these observations, a general conclusion from our present
2). This discrepancy may be related to the existence of results is that oligomerization slows the dynamics of con-
additional intermediates with higher energy barriers, appear-formational recycling, thus allowing persistent conforma-
ing after the relatively rapid collapse of monomer structure tional heterogeneity of proteins.
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