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ABSTRACT. Dihydrofolate reductase (DHFR) has been a well-established model system for protein folding.
The enzyme DHFR from the hyperthermophilic bacteriihermotoga maritimg TmDHFR) displays
distinct adaptations toward high temperatures at the level of both structure and stability. The enzyme
represents an extremely stable dimer; no isolated structured monomers could be detected in equilibrium
or during unfolding. The equilibrium unfolding strictly follows the two-state model for a dimer<tN

2U), with a free energy of stabilization &G = —142 4+ 10 kJ/mol at 15°C. The two-state model is
applicable over the whole temperature rangeq8°C), yielding aAG vs T profile with maximum stability

at around 35°C. There is no flattening of the stability profile. Instead, the enhanced thermostability is
characterized by shifts toward higher overall stability and higher temperature of maximum stability.
TmDHFR unfolds in a highly cooperative manner via a nativelike transition state without intermediates.
The unfolding reaction is much slower (ca81ihes) compared to DHFR frofescherichia col(EcCDHFR).

In contrast to ECDHFR, no evidence for heterogeneity of the native state is detectable. Refolding proceeds
via at least two intermediates and a burst-phase of rather low amplitude. Reassociation of monomeric
intermediates is not rate-limiting on the folding pathway due to the high association constant of the dimer.

Protein stability is the result of a delicate balance of strong direct structural investigations. For example, temperature-
attractive and repulsive forces, yielding the free energy of dependent folding studies have been applied to mimic the
stabilization as a small difference between large numbersin vivo conditions in hyperthermophile8,(4).
equivalent to a few weak intermolecular interactiots (n Due to the central position of the enzyme in the metabo-
going from mesothermal to hyperthermal habitats, the lism, dihydrofolate reductases (DHFR&om more than 30
thermodynamically relevant change in absolute temperaturespecies from all 3 domains of life have been characterized
(degrees Kelvin) is relatively small; thus, just a few additional with respect to their structure and structafanction rela-
favorable interactions are sufficient for thermal adaptation tionship. High-resolution crystallographic data and the
to high temperatures. Using structural data alone, it is diffcult enzymatic mechanism have been elaborated in great detail
to decide which changes in a thermophilic protein are over the years (for references, 8). In addition, for more
responsible for the gain in stability, compared to its meso- than a decade, DHFR has served as a model system for
philic counterparts. Although several mechanisms of thermal protein folding both in vitro §—8) and in vivo ©—12). The
stabilization such as clusters of salt bridges and H-bonds,wealth of information allows comparisons with respect to a
extended secondary structure, improved packing, and higherwide variety of structural and functional aspects. In extending
states of oligomerization have been put forward, no generalthe data set toward ultrastable homologues from hyperther-
adaptive rules have been established yet. Evidently, smallmophiles, one would expect that tendencies disclosed from
increments of additional free energy can be distributed over a narrower temperature range might become more pro-
the whole molecule, i.e., at all levels of the structural nounced or even clearly significant.
hierarchy of proteins2). Recently, TMDHFR from the hyperthermophilic bacterium

The comparison of the thermodynamics and kinetics of Thermotoga maritimgTmax = 90 °C, Top = 80 °C) was
the reversible unfolding of proteins from mesophiles, ther- purified and characterized. The enzyme was found to be the

mophiles, and hyperthermophiles provides insight into the most thermostable DHFR isolated so f&B), In contrast to
stability and self-organization which cannot be obtained from
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the majority of previously described DHFRs, it forms a stable
homodimer. Preliminary reports on two other dimeric ho-
mologues from mesophile§4, 195 have not been followed
up by further characterization. It is tempting to attribute the
high intrinsic stability of TmDHFR to the anomalous state
of association 4, 16. However, to differentiate between

Dams and Jaenicke

higher than the one calculated from the amino acid composi-
tion. Still, monomers could be clearly discriminated from
dimers. Analysis of sedimentation equilibria made use of a
program developed by Dr. G. Bm (Universita Halle);
association equilibria were evaluated using a program kindly
provided by Prof. A. P. Minton (Bethesda, MD).

effects at the secondary and tertiary level, on one hand, and Equilibrium StudiesDissociation and complete unfolding

quaternary contributions, on the other, a detailed thermody-

namic and kinetic analysis of the stability and folding of
TmDHFR is needed.

MATERIALS AND METHODS

Protein Preparation For the preparation of recombinant
TmDHFR and enzyme assays, cf. (¥ Quartz bidistilled,

of TMDHFR were accomplished by incubating the enzyme
at 55°C for 2 h in thepresence of 7.2 M GdmCI. For
denaturatior-renaturation transitions, native and unfolded
TmDHFR was rapidly mixed with buffer solutions of varying
denaturant concentration by quickly adding 9&0of buffer

to 50uL of protein solution, both equilibrated at the desired
temperature. Denaturant concentrations were measured by
refractometry 20). Protein concentrations varied between 2

degassed water was used throughout. Chemicals were ot 50Qug/mL. At temperatures above 5@, equilibration

analytical grade. The purity of the protein was proved by
analytical HPLC and SDSPAGE. Determination of protein

concentrations made use of the molar absorption coefficient

of 22920 M cm™ for the dimeric enzyme. For all
experiments, 10 mM potassium phosphate buffer, pH 7.8,
0.2 mM EDTA was used. Since TMDHFR does not contain
cysteine, no reducing agent was required.

Spectroscopic Method€uvettes were thermostated with
an accuracyt0.1°C by Peltier elements. Absorption spectra
were recorded in 1 cm cuvettes using a Varian Cary 1/3

of both unfolding and refoldingo a coinciding transition
profile needed close to 1 week incubation. Below*&)) to
reach equilibrium for theefoldingtransition took more than
1 week.

The ratio of denatured and total protein in the transition
range,fs, was calculated from their signdlrelative to the
signal of the native and unfolded base liig and Yy:

fa=(Yn = N/(Yy — Y0) 1)

spectrophotometer. Fluorescence emission was measured i, andYy resulted from linear extrapolation of the pre- and

a Spex Fluoromax-2 fluorometer: slit widths for excitation
and emission, 45 and 3-5 nm, respectively; excitation
wavelength, lexc = 280 nm. In the case of long-term

post-transitional base lines:

Yy =& + my[D]; Yy = § + my[D] (@)

measurements, photobleaching was minimized by continuous

stirring and by opening the excitation shutter for only short
time intervals. Cuvettes contained 3 mL volume and were
tightly sealed with a Teflon stopper. To test for aggregates,
the same wavelength for excitation and emission (330 nm)
was used. Circular dichroism was recorded in 1 or 2 mm

cuvettes using a Jasco J-715 spectropolarimeter. No photo-

bleaching was observed during far-UV CD measurements.
Native and unfolded TmDHFRs show a maximum of their
absorption difference at 288 nm; therefore, in transition
experiments, the exposure of tryptophan from the hydro-
phobic interior of the enzyme to the solvent was measured
at this wavelength. To determine the number of buried Trp
residues 17), again the change in extinction at 288 nm was
used. In refl?, the change in extinction is given only for
292 nm Aexg, = —1600 Mt cm™2); it was corrected tdhepgg
2580 Mt cm™! based on the ratio Okyggezq, for
tryptophan.

Analytical Ultracentrifugation Sedimentation analysis was
performed in a Beckman Model E analytical ultracentrifuge,
using an AnG-rotor with double-sector cells and sapphire
windows. Sedimentation velocity experiments at 44 000 rpm
and 20°C made use of synthetic boundary double-sector
cells. Sedimentation coefficientsy , were calculated from
log r vst plots. To detect possible concentration-dependent

The relative population of species was transformed to the
respective equilibrium constakt, for a dimer according to
(21

Ky = 2P[f (1L — )] (3)
with the monomer concentratio® in moles per liter. To
calculate free energies of stabilization

AG=—RTInK 4)

the equilibrium constant has to be normalized before taking
the logarithm. Usually, standard concentratiofisldM of

all reactants are introduced?); Ris the gas constant [8.31
J/(motK)] and T is the absolute temperature. Thus, for every
point in the transition region, a value faxG could be
calculated; linear extrapolation to zero denaturant concentra-
tion then yielded the free energy of stabilization in buffer,
i.e., at zero denaturant concentratidtGyzo, as well as the
cooperativity parameten:

(5)

Kinetic StudiesTime-dependent folding/unfolding mea-

AG = AG, o + MD]

association or heterogeneity, high-speed sedimentation equisurements were followed by fluorescence emissiag. &

libria at 16 000 and 20 000 rpm were performed, making
use of the meniscus depletion techniqu®)( The partial
specific volume, 0.750 cfng™!, was calculated from the
amino acid composition. Upon unfolding, this value is
decreasedl@); as a consequence, the value for the monomer
molecular mass at high denaturant concentration is slightly

280 nm,lem = 330 nm) and circular dichroismi (= 222
nm). Manual mixing with a dead-time of #15 s and
continuous stirring were used throughout. Protein concentra-
tions varied between 0.1 and 521. The final denaturant
concentration was determined by refractometry. Fits of
progress curves were obtained by using SigmaPlot 3.0 for
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Table 1: Biophysical Parameters of Native and Unfolded p_mte_in' Renaffurat_ion was re\_/erSible at a”_ temperatures,
TmDHFRe yielding the dimeric, enzymatically fully active state. To
achieve coincidence of the denaturation and the renaturation

native unfolded . e R

— 3812 o4 transitions within a finite time, temperatures beyond°g80
sedimentation coefficien(S) 22104 053L02 had to be applied; at room temperature, the eq_umbratlon took
fluorescenceimax (NM) 335 352 extremely long due to strong kinetic hysteresis between the
CD at 222 nm: @]wrw (deg cnddmoll) —11000 —2500 renaturation and the denaturation transitions. The midpoint

aNative: in 10 mM potassium phosphate buffer (pH 78).2 mM of denaturation was observed at significantly higher GdmCI
EDTA,; unfolded: in 7.2 M GdmCI in the same bufférFrom high- concentration than the midpoint of renaturation. The refolding
speed sedimentation equilibriasz,w from sedimentation velocity. transition showed no further change with time after 1 week

at 15°C; on the other hand, the unfolding reaction proceeded
Windows; the nonlinear fit-mode was programmed to evalu- asymptotically toward the refolding curve (data not shown).
ate: Still, it was possible to extracAG values even for low
temperatures, because the renaturation transition was found
Alt) = ZAi exp=At) + A, (6) to represent the equilibrium state. Experimental evidence was
! gained from the following arguments: (i) Over the whole
transition, no aggregation was detectable, indicating that there
are no irreversible side reactions; refolding from any point
along the transition was fully reversible; no decrease in the
renaturation yield from intermediate denaturant concentra-
tions occurredZ5). Furthermore, denatured species from the
hysteresis range folded back with the same kinetics compared
with the established denatured state at high GdmCI concen-
tration (cf. Figure 1B). Accordingly, any non-native species
within the range of the renaturation transition must belong
to the unfolded state U. (ii) Due to the high stability of

of irreversible reactions, it equals the rate constant ; . 9 T
S i TmDHFR, reaching the unfolding equilibrium is simply a
Kinetic m-values are defined by the dependence of rate matter of time: the equilibration can be enhanced by

constants on denaturant concentration and were determineqincreasing the temperature. (iii) For monomeric proteins
by a I|?e?_r fit [‘;f the logarithm ofk vs the denaturant obeying the two-state model, no difference in the rates of
concentration [D]: unfolding and refolding would be expected at the transition
midpoint. The observation that in the, Nz 2U transition

For unfolding, a value af= 1 was sufficient; for refolding
reactions in<1.8 M GdmCl at 15C (<2.5 M GdmCI at 55
°C), the data could only be fitted setting= 2. A is the
amplitude of the respective phaseandA. is the signal of
the final state. The difference betweAs the amplitude at
t = 0, and the spectroscopic signal obtained from the
extrapolation of the pre- and post-transitional base lines (cf.
eq 2) represents the dead-time amplitudierefers to the
apparent rate constants of the respective phasehe case

—1
= —RTM 7) the renaturation rate exceeds the rate of denaturation, seems

" d[D] to contradict the two-state assumption. However, the folding
of a dimeric protein with two-state characteristics obeys
different thermodynamic and kinetic laws. The unfolding and
refolding reactions differ mechanistically, the former being
unimolecular, the latter bimolecula2®). Thus, the rates for
the two reactions at a certain GdmCI concentration are no
longer equal (cf. eq 13).

Two-State Folding Figure 1A shows the equilibrium
transition at 15°C measured by three different structural
probes. The native state unfolds and dissociates in a highly
cooperative manner; all spectroscopic signals coincide.
Fluorescence and CD spectra have common isofluorescent
and isodichroic points throughout the whole transition (430
and 211 nm, respectively). The transition range is very
narrow; no intermediates can be detected. The dimeric
species in the predenaturation range not only display

where st is introduced for normalization.

The interpretation of the kinetic data followed the Eyring
formalism @3), defining the activated complex with the
highest free energyA(G*) as an explicit thermodynamic state.
Rate constantk are determined by that activated state:

k= (kkgT/h) exp(~AG'/RT) (8)

with « the transmission coefficient (ususally set to uni,

ks the Boltzmann constant (1.384 10722 J/K), andh the
Planck constant (6.62& 1034 Js). ResultingAG* values
consist of the activation enthalpyAd*), the activation
entropy QAS), and the change in heat capacity upon
activation A\C*,), referring to standard conditions (2&):

o At _ * _ _ spectroscopic identity with the native state but also has the
AG'(T) = AH'gge — TAS 5.0 + AC pl(T — 298 K) same stability; their unfolding kinetics have the same rate
TIn(T/298 K)] (9)  constants as the native state, even in the transition range itself

RESULTS (Figure 1B). Similarly, the unfolded monomeric protein at
GdmCl concentrations beyond 2.5 M shows identical spectral
Equilibrium Transitions Unfolding of TmDHFR is an properties and the same refolding behavior, again reaching
extremely slow process requiring high concentrations of into the transition range. From the change in the extinction
guanidinium chloride (GdmCI) to reach the unfolded state coefficients of the unfolded and native species, the exposure
in finite time (13). The unfolded state is the monomer with of one Trp residue per subunit is determined (cf. Materials
its hydrophobic interior exposed to the solvent. No secondary and Methods). As TmMDHFR contains one Trp per monomer
structure is retained (Table 1). To quantify protein stability, in the hydrophobic environment of the active site, this result
the free energy of stabilizatiohG was determined from the  clearly indicates disruption of the core of the enzyme.
equilibrium between the native and denatured states of theAccordingly, as there are only two species populated at
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Ficure 1: Equilibrium renaturation transition of TmDHFR at 15
°C. Protein concentration: 5.2M. (A) Normalized signals of
ellipticity at 222 nm (), fluorescence emission at 330 nm after
excitation at 280 nmM), absorption at 288 nma(). (B) Rate
constants of unfolding in 7.2 M GdmC®] and refolding in 0.34
M GdmCl (O) of the equilibrium species in (A), normalized to the
value for native or denatured TmDHFR.

equilibrium, the native dimer and the unfolded monomer
(Table 1), the folding follows the two-state model for a
dimeric protein: N = 2U.

Since equilibria obey the law of mass action, they are
influenced by the concentration of the protein, higher
concentration favoring the dimeric native sta2d)( Due to
the high cooperativity of the transition, this effect is hardly

Dams and Jaenicke
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Ficure 2: Equilibrium transition of TMDHFR at 1%C and varying
protein concentrations. Normalized signals of native fluorescence
emission. GdmCI-induced transition at a protein concentra®on

= 0.52 @) and 5.2uM (O). Urea-induced transition & = 0.4

(m) and 4 Q) uM. Insert: Linear extrapolation oAG in the
transition region to zero denaturant concentratid@; determined
from eq 2-5. Protein concentration: 0.D§, 0.5 (A) and 5 Q)

uM in GdmCI; 0.4 @) and 4 @) uM in urea.

Table 2: Thermodynamic Parameters of TmDHFR Unfolding at
Different Temperatures; Protein Concentratlyn= 0.52 uM

Cup m AGho  AGaom
T(°C) denaturant (M) [kJ/(mokM)] (kJ/mol) (kJ/moly
5 GdmCl 2.23 55.4 —155.5 29
15 GdmcCl 2.75 39.3 —141.0 —28.6
1 GdmcCl 2.83 39.3 —141.0 -—28.6
15 urea 5.45 19.7 —144.4 -
25 GdmcCl 3.07 29.9 —125.9 —40.5
37 GdmcCl 3.36 25.0 —1185 —48.2
55 GdmCl 3.01 26.1 —116.2 —415
55 GdmcClI 3.22 n.d. n.d. n.d.
70 GdmCl 2.38 31.6 —-114.3 241
error (%) - 10 20 10
2 Calculated from eq 5 Protein concentration:P; = 5.2 uM.

¢Errors were estimated by variation of base lines and multiple

measurements.

with Cy, the concentration of the transition midpoint.
Equilibrium constants and free energies of stabilization can
be determined for the transition range, making use of eq 4.
From the linear extrapolation to zero denaturant concentration
(27), AGpzo can be determined (insert, Figure 2). The linear
extrapolation for GdAmCI and urea yields the same value for
AGy0. The resulting free energies of stabilization (Table
2) represent the highest values observed so far for a dimeric
protein. The corresponing cooperativity-galue) is slightly

detectable in strong denaturants such as GdmCI, but obviougarger than the value expected for a protein of the given size
in a weaker denaturant such as urea (Figure 2). As one can2g), providing further support for the two-state model: if
easily see from eq 10, this behavior is what one would predict intermediates were present at equilibrium, timevalues

(22):

AGIRT

Cuo={n @) + 5em (10)

would decrease significanty20).

The equal population of native dimer and unfolded
monomer at the transition midpoint is verified by sedimenta-
tion analysis in the analytical ultracentrifuge close to the
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[GdmCI] /M Ficure 4: Thermodynamic stability of TmMDHFR in 2.9 M GdmCI.
(O) AG;.9m camci from Table 2; solid line, plot of eq 11 with the
Ficure 3: Analytical ultracentrifugation of TmDHFR. Protein  following parametersAH, = —466 kJ/mol,T,, = 333 K,AC, =
concentrationP; = 26 uM, 20 °C. GdmCl-induced equilibrium 22.4 kJ/(molK), P, =5 x 107 M. (a) Denaturant concentration
transition recorded by molecular mads, (®) and sedimentation of half-denaturation; ) melting point at 2.9 M GdmCI from eq
coefficientsyow (2). 11.

transition midpoint (Figure 3). The data at 3.5 M GdmCl With AHy, the enthalpy of meltingTy, the melting temper-
can be described by the presence of two distinct species withature, andAC, the change in heat capacitiy between the
an association equilibrium constakt ~ 1 M. From this ~ hative and the unfolded stateS0( 31). At a protein
result, it follows that the concentrations of the unfolded concentratiorP; = 0.52uM, the fit of eq 11 to the data in
species must be close to the square root of the concentratiorfigure 4 yields the midpoint of the melting transition at 333
of the native species ([UF \/M)- K for 2.9 M GdmCI, in agreement with the experimental

Stability Profile To determine further thermodynamic Cvz Vs T profile (Figure 4). The latter profile is also
parameters for the foldingunfolding reaction, the temper-  Parabolic; however, no fit has been attempted because of

ature dependence of the free energy of stabilization was € accumulation of the errors @y, andm. For a protein
determined at 570 °C. Over this whole temperature range, € Size of TMDHFRAG, is expected to be ca. 23 kJ/(mol

the two-state assumption is found to be valid. Evidence is ) (28); this is confirmed by the value 22.4 kJ/(mig) used

taken from the following three observations: (i) the unfolding to fit the _stabil_ity me"e- ) , L
and refolding transitions match after sufficiently long time; Unfolding Kinetics Folding and unfolding kinetics were

(ii) different spectroscopic signals in the GdmCl-induced Performed at 15°C, i.e., under the same conditions used
transition coincide; and (iii) cooperativity is high over the Previously for studies on the enzyme fréncoli (EcCDHFR)
whole temperature range. The midpoint of the transition (6)- Thus, given the structural homology of the two enzymes,
depends on the protein concentration: the respective shift oft€ kinétic data can be compared. However, previous results

Cuzis significantly more pronounced at higher temperatures Nave shown that the biophysical characteristics of hyper-
due to the decrease in cooperativity, as predicited by eq 1othermophilic and mesophilic proteins converge under their

(Table 2). Due to interactions with the walls of the cuvettes, '€SPective physiological condition&,(4). This concept of
“corresponding states” would imply that the physical pa-

the pre-transitional base line is more difficult to determine > X
at increased temperatures. By manually varying the pre-@meters of the enzyme from maritima(optimum growth
temperaturd o, = 80 °C) at 55°C should be close to those

transitional base lines, the error&AGy,o introduced by this
of EcDHFR at 15°C.

uncertainty can be examined. Due to the extrapolation over | ) ) _ _
The signal amplitude of the unfolding reactions at different

large differences in denaturation concentration, the error in )
them-values affects\Gupo significantly (see Table 2). Since  €mperatures and denaturant concentrations beyond 6 M
+ GdMCI accounts for the total change in signal (Figure 5A).

the transition midpoints at different temperatures cluster a > .
P n Thus, there are no undetected phases in the dead-time of

a GdmCI concentration of 2.9 M, the error is minimized by o i )
calculatingAG at 2.9 M GdmCl 29). the mixing experiment. The progress curves can be described
The stability profile in the presence of 2.9 M GdmCl by a single exponential (eq 6), and the rate constants are
(Figure 4) displays a maximum at around 35, both for identical for the different spectroscopic signals (Figure 5B).
AG and forCyys: i.e., below this temperature, cold destabi- OPVviously, unfolding proceeds in a single step without the
lization occurs. The curve is described by the usual expres-occurrence of intermediates. Beyb6 M GdmCl, the rate
sion for a stability curve of a dimeric protein: constants are found to be independent of protein concentra-
tion over a 50-fold concentration range. Because of the
T extremely slow unfolding reactions at 2&, no measure-
T_) - ments were performed belo6 M GdmcCl; at 55°C,

m,

AG=RTIn (2P) — AHm(l —
denaturation kinetics were followed over the whole transition
ACp T-T,—TlIn l) (11) range. Below 5.5 M GdmClI, at 5%, the unfolding reaction

T deviates from a single-exponential decay. The time course
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Ficure 5: Unfolding kinetics. (A) At 15°C monitored as the
change in native fluorescenceO) in 8 M GdmCI, protein
concentratior?; = 0.52uM; change in native ellipticity[{) in 7.8

M GdmCl, protein concentratioR; = 5.2 uM. Solid lines: fit to

eq 6 withi = 1, the fit matches the experimental data perfectly.
Dashed lines: values extrapolated from equilibrium transitions using
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Ficure 6: Temperature dependence of unfolding rate constants in
6 M GdmCl @), plotted as Arrhenius diagram. Solid line: plot of
eq 9 with the following parametersAH*,5c = 42 kJ/mol,ASs:c
—202 J/(molK), ACy* = 4.9 kJ/(moiK).

k.. As has been mentioned, this condition holds true for
GdmCI concentrations=6 M, where the observed time
constantsi; equal %, Figure 5B shows the increase in
reaction rate with increasing denaturant concentration, and
allows the kinetiom-valuesm, to be calculated: for 15 and
55 °C, the results are—5528 and —5424 J/(molM),
respectively, accounting for 14% and 20% of the equilibrium
mvalue (cf. Table 2). Explaining thervalues in terms of
interactions of the denaturant with either the transition state
or the unfolded state of the proteidd), it follows that over

the given temperature range, the accessibility of the transition
state of the protein for GdAmCI is much closer to the native
than to the unfolded state. Extrapolating the rate constants
for unfolding to zero denaturant concentration (Figure 5B),
k, at 15°C is found to be 4.6x 10712 s71, which differs
from the value determined for the slowest unfolding phase
of ECDHFR 6) by 8 orders of magnitude. Even at 56,

the unfolding of TMDHFR is slower than that of ECDHFR

the signals of the native and unfolded states. (B) Dependencies ofat 15°C by a factor of 18(2k, = 4.4 x 1079 s7%). Obviously,
the rate constants of unfolding on denaturant concentration andthe concept of corresponding states does not apply here, at

temperature, monitored by the decrease of native fluorescence a

15 (@) and 55°C (). Solid line: linear fit. () Unfolding rate
from ellipticity at 222 nm. ¢) U — N — U double jump: unfolding
rate of renatured TmDHFR monitored immediately after the
spectroscopic plateau value was reached.

depends now on the protein concentration, proving that the

backward bimolecular reaction becomes significant. For the
simple case of a bimolecular association reaction

K,
N,==2U (12a)

or in differential form:
d[U)/dt = —k[U]? + 2k [N,] (12b)

the time course of unfolding is described by a single
exponential only far away from equilibrium, i.e., fer <

least not to the unfolding kinetics.

Temperature Dependence of Unfoldir@iven the fact,
that & 6 M GdmCI the measured rate constanéquals Ry,
the temperature dependence of the unfolding rate constant
could be determined between 15 and°@5(Figure 6). The
resulting curved Arrhenius plot may be attributed to a
positive ACy* of 4932 J/(molK), which implies, that in
approaching the transition state of unfolding, additional
surface becomes exposed to the solvent. The ratidGyf
and the total change in heat capacity from the equilibrium
transition is~~22%, again indicating that the transition state
is nativelike. The activation enthalpy of this reactioi*sc
= 42.4 kJ/mol, is positive; i.e., energy is needed to produce
the partially disrupted bonds of the transition st&8)(The
activation entropyAShsc = —201.7 J/(molK), is negative,
which can be interpreted as entropic cost for ordering of
denaturant and/or water molecules around the protein in its
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transition state34). AS' changes its sign at 3T, coinciding 100
with the point of maximum stability.

Refolding KineticsGiven the equilibrium constamt and
the unfolding rate constakj at varying GdmCI concentration
(cf. eqgs 5 and 7), the rate constant for the bimolecular
refolding proces&: can be calculated from

Ky = 2k/ki (13)

(26). Obviously, the figure 80 M GdmCl, ki = 3.6 x 10*

s 1 M, is unrealistically large because®©* M~ would

be the limiting rate of a diffusion-controlled reaction. Thus,

in the absence of denaturant, the association of the monomers
cannot be rate-limiting. A2 M GdmCl, the calculated rate
constant k = 198 s! M) indicates, that close to the
denaturation midpoint, the bimolecular process becomes rate-
limiting according to

Native Signal/ %

[Pkt )

with A the signal at timd, A, the signal of the unfolded
state, AA the signal difference to the native state,the
bimolecular rate constant, and [P] the protein concentration
(26). Figure 7 illustrates the simulated kinetics of the
bimolecular reaction at low GdmCI concentration and close
to the transition midpoint. Below 1.8 M GdmcCl, the
association cannot be rate-limiting, as all observed kinetics
proceed much slower than the simulated curve. The measured
kinetics are independent of the concentration of the protein Time /s
and can be dgscribed by the sum of two expongntial functionsFIGURE?: Refolding kinetics of TWDHFRR, = 0.52uM, 15 °C)
and a dead-time amplitude; they cannot be fitted by eq 14. monitored by native fluorescence), (A) In 1.24 M GdmCl; (B)
Thus, the observed refolding processes must be unimoleculain 2 M GdmCI. Solid line: fit to eq 6 with = 2 (A) ori = 1 (B).
reactions, either preceding or following the fast association In (B), the fit beyond 200 s matches the experimental data. Dashed
step. A 2 M GdmCI, however, the simulated curve for a Iln_e: expected time course for a bimolecular reaction simulated
. o . . using eq 14, and a folding rate constant calculated from eq 13;
s!mp!e association reaction is s_Iower _than the_ observedprotein concentratio, = 0.52 uM.
kinetics, suggesting that under this condition, a bimolecular

process dominates. In fact, the mechanism is more complexformation in comparison with the overall recovery of the
because, despite a significant concentration dependence Ofative state. Immediately after reaching the spectral char-
the kinetics, the overall reaction still fits a single exponential, acteristics of native TNnDHFR, the refolded enzyme exhibits
except for the early phase of the reaction (Figure 6B). It is ful| stability: the unfolding kinetics of the protein right after
mainly this phase which is affected by varying the protein reaching the native fluorescence and CD signals are exactly
concentration. Even for the simplest case of an irreversible the same as observed for the native enzyme (cf- 4 —
uni-bimolecular folding reaction, the rate equations are U double jump in Figure 5B). This observation proves that
complex @5). The folding kinetics of TNDHFR are surely  the reactions involved in the whole unfolding/refolding cycle
more complicated since there are at least two further are complete.

intermediates involved (see below). Therefore, no general o e 8B summarizes the rate constants observed for the

mathematical representation of the refolding kinetics close unimolecular folding processes at varying GdmCl concentra-
to equilibrium is attempted. Still, the fact that the deviations Independent of the method (fluorescence or far-UV
of the folding process from unimolecular kinetics occur CD), the observed reaction rates are the same. Folding is a

precisely at the GdmCl concentration predicted by the nigh|y cooperative process, with simultaneous formation of
simulations proves that the extrapolationsoindk, must  gecondary and tertiary structures. This is not only true for

be valid: The model correctly predicts the observed behavior. o purst phase, but also for subsequent intermediates. For

As shown in Figure 8A, two exponential terms plus a dead- the faster phase, the relative amplitudes of the spectral
time amplitude are required to describe both the changes inchanges are 64 13% (monitored by fluorescence) and 60
fluorescence emission and the far-UV CD signal adequately. & 8% (monitored by far-UV CD). At 18C, both phases of
There is no improvement of the fits if a third exponential is the renaturation reaction depend on the denaturant concentra-
included. The dead-time amplitude € 10 s) amounts to  tion. Although a description of the folding kinetics in 2 M
<20% of the total signal change, which means that reactionsGdmCI with one single exponential is not fully adequate for
during the burst phase do not result in significant structure the early phases (see above), the rate constant for the slow

0200 2000 4000 6000
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wame— -6 DISCUSSION

450 1
400 | Two-State Model Considering the small size of its
L 8 polypeptide chains (168 amino acid residues per subunit),
8 350 TmDHFR shows anomalously high intrinsic stability. The
P 5 2 present data give a full thernjody_namm _and klne_tlc descrip-
8 300 - 10 £ tion of the ultrastable homodimeric protein, showing that the
= ~ N, = 2U two-state model of folding is sufficient to interpret
g 250 1& § the equilibrium data. Under no condition can structured
8 200 | - 12 g monomers be observed; breaking the intersubunit contacts
w destroys the integrity of the constituent parts of the dimer.
150 - This is in line with the general observation that protein
14 folding and association are highly cooperative “all or none”
100 A processes. This holds especially for TmnDHFR in which the
subunit interactions involve a relatively large surface area
0 200 400 600 800 1000 with numerous amino acid residues in close contact. Pre-
Time / liminary data from high-resolution X-ray crystallography
Ime /s clearly show that the last twg-strands of each monomer
2 A are involved in an extended contact area along the full length
B of both structural elements. The overall fold is conserved.
34 5 Refinement of both the apo-enzyme and the complex with
! A methotrexate and NADPH is in progress (T. Dams, G.
Auerbach, G. Bader, R. Jaenicke, and R. Huber, in prepara-
tion).
"_Q_ In comparing monomeric and oligomeric proteins, one has
cé to keep in mind that numerical values A&f5,,0 cannot be

used directly as a quantitative measure of protein stability.
In eq 4, 1 M standard concentrations of all reactants were
assumed. Depending on the normalization, different values
for AGp0 are obtained; this is reflected by the fact thas

is not equal to zero at the transition midpoint. For monomeric
proteins, no such normalization is required in order to

-8 " T . calculate the stability. In the case of dimeric proteins,
0 1 2 3 commonly the normalization refers to 1 molar concentrations,
[GdmCI] /M this way allowing the comparison of various dimeric systems.

Ficure 8: Refolding kinetics. (A) At 13C monitored by the regain In the case of DHFR, nAG data for mesophilic dimers are

of native fluorescenceQ) in 0.43 M GdmCI (protein concentra- k”‘?W”- Thus, the (;hange in the free e_n,ergﬁGHzo' in

tion: P, = 0.524M) and by the change in native ellipticityj in going from mesophilic to hyperthermophilic DHFRs cannot
1.16 M GdmCI (protein concentratior®, = 5.2 uM). Solid lines: be given. The stability of an isolated monomer cannot be
fit to eq 6 withi = 2. Dashed lines: value extrapolated from determined, since no monomeric intermediates are detectable
equilibrium transitions using the signals of the native and unfolded 44 equilibrium in accordance with the two-state model: any

ﬁﬁfggég%?eeﬁﬁgggﬁagtgﬁ;gogéw Fr)?]taeszcnvr;st::(tjsf‘%rf)t%@crg condition causing dissociation of the native state also leads

kinetics at 222 nmm); 55 °C, only fluorescence kinetic®j. Solid to unfolding of the subunitsl@, 36). Still, the association
lines represent linearizations yielding the following kinetie cannot be the only stabilizing principle for several reasons:

values: for 15°C, —4.3 kJ/(moiM) (for the fast phase) and 3.6 (i) At present, at least two dimeric DHFRs of mesophilic
kJi(mokM) (for the slow phase); for 55C, —14.4 kJ/(moiM). origin are known {4, 15). (i) Folding and association must
reaction still fits the linear concentration dependence of the Necessarily involve monomeric intermediates. Since in vitro
slow reaction at<1.8 M GdmCl. denaturation is fully reversible, even at high temperatures,
At 55 °C, only a single phase is detected, which is more the monomeric intermediates must be stable and nativelike
dependent on denaturant concentration than the two phase#) order to dimerize rather than aggreged@)( (iii) Although
at 15°C. An estimate of the burst phase amplitude again the measured stability cannot be separated into contributions
yields ca. 20%, but due to the difficulty in determining native from monomer folding and dimer association, the observed
base lines at high temperatures, no exact value can be givenhigh Gibbs free energy of stabilization cannot originate from
Still, that phase is rather low in amplitude, analogous to the dimerization alone; it must also comprise the intrinsic
finding at the lower temperature. A treatment of the stability of the contributing monomers.
renaturation reaction at 5%, similar to the one presented Several examples of anomalously high states of association
in Figure 7, suggests that the association reaction becomegor hyperthermophilic proteins have been reported in the past
rate-limiting only beyond 2.5 M GdmCI. Accordingly, (4). On the other hand, there are several examples that clearly
progress curves should follow unimolecular kinetics below contradict a generalization: enolase fr@yrococcus furio-
2.5 M GdmCI; this is exactly what is observed. Kinetics in susis a dimer 88), whereas most mesophilic enolases are
GdmCI concentrations below 1.9 M are too fast to be octamers; octameric lactate dehydrogenase (LDH) fiom
measured by the manual mixing technique. maritimadoes not show higher stability than the tetrameric
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the native state has often been shown to be attributable to a
in both the tetrameric and the dimeric sta#0)( The decrease in the unfolding rate, rather than an increase in the
tetrameric LDH fromBacillus stearothermophilus con- refolding rate 24, 50, 51). Considering its drastically
verted into a thermostable dimer by site-directed mutagenesisdecreased unfolding rate compared to mesophilic DHFRs,
(41). The question is still open, to what extent additional this strategy is clearly valid for the hyperthermophilic
quaternary interactions are involved in the stabilization of TmDHFR. Still, the transition state is close to the native state
hyperthermophilic proteins. With the high-resolution X-ray on the reaction coordinate, which means that the essential
structure in our hands, specific mutations in the contact stabilizing interactions must be formed late on the folding
surface may help to clarify their importance. pathway 61). As has been shown, the unfolding kinetics

Stability Profile The two-state model has been shown to are not concentration dependent. Thus, the transition state
be valid over the whole temperature range from 5 t6C0 may be assumed to be the dimer with perturbed subunit
The temperature dependence of the thermodynamic equilib-interactions, which would imply that dimerization cannot be
rium allows specific adaptative mechanisms of the hyper- the only stabilizing principle.
thermostable protein to be investigated. According4®),( The refolding reaction is difficult to interpret in terms of
a more or less parabolic temperature profile of protein a specific mechanism of adaptation toward high temperatures.
stability can be deduced from the assumption of a constantAs has been shown, reversibility is maintained up t6@Q
change in heat capacity upon unfolding. It is determined by and no help of molecular chaperones is needed. These two
the melting pointTn,, the melting enthalpyAHm, and the  findings clearly imply that intermediates on the pathway of
change in heat capacityC,. For most mesophilic proteins,  folding and association must be resistant toward irreversible
it displays its maximum at a relatively low temperature, often side reactions; i.e., they must exhibit high intrinsic stability,
below the freezing point of water. both at the monomer and at the dimer level. No direct

In principle, hyperthermophilic proteins can adapt toward comparison with defined folding phases for ECDHFR is
the dissipative action of thermal energy either by shifting attempted because of the fundamental difference in the
the maximum of the profile toward higher temperature or quaternary structure of both enzymes. For the overall
by lifting the optimum stability to a higheAG level, or reaction, it is interesting to note that the order of magnitude
simply by increasing the stability range by flattening the of the folding rates is the same, in contrast to the unfolding
parabola; evidently, combinations of the three alternatives reaction, which shows the characteristics of kinetic stabiliza-
are also possiblel( 4, 43). In the case of TMDHFR, the tion (50). In the case of the two phases observed at low
stability curve represents a combination of the first and temperature (18C), it remains unclear whether consecutive
second alternatives: The parabola is lifted to a high€r or parallel reactions are involved. Early short-lived inter-
level, and its optimum is shifted to a higher temperature (the mediates were experimentally inaccessible with the methods
maximum value observed for a dimeric protein so far); no applied. As taken from the amplitudes observed by fluores-
flattening is detectable. Flattening would reflect a change in cence and CD, these reactions do not contribute to extended
heat capacity which is known to be correlated with the excessstructure formation. Dimerization does not represent a rate-
surface area that is exposed to the solvent upon unfolding.limiting step in the overall folding/association mechanism.
This area depends on the size of the protein. Using Evidently, the reaction is fast compared to preceding or
parameters reported for monomeric and multimeric proteins subsequent rearrangements of the tertiary and quaternary
(28), the change in heat capacity for the unfolding of structure. One may assume, that this also holds in vivo, where
TmDHFR is expected to be ca. 23 kJ/(md), in accordance  the concentration of the enzyme is significantly lower than
with the observed value. As this result was obtained in the the concentration in most of the present in vitro reconstitution
presence of denaturant, GdmCI binding may cause a slightexperiments.
decrease ofAC, (44—47). The variation of equilibrium
mrvalues with temperature also reflects protegtenaturant
interactions. However, as the changeriiis within the range
of error, the correction ilhC, cannot be significant3l, 46,
498).

Mechanism of Unfolding and Refoldinghe unfolding

form (39); T. neapolitanacylose isomerase is equally stable
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of TMDHFR @, 49), despite forming a stable dimer and
sharing exceedingly higher intrinsic stability compared to REFERENCES
its mesophilic homologues. It is worth mentioning, that even

at high temperature, the unfolding of TmDHFR is slow
compared to the “corresponding state” of ECDHFR; obvi-
ously, the hyperthermophilic protein displays high kinetic
stability.
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