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Abstract The multi-domain enzyme isocitrate dehydro-
genase from the hyperthermophile Aeropyrum pernix was
studied by denaturant-induced unfolding. At pH 7.5,
changes in circular dichroism ellipticity and intrinsic
fluorescence showed a complex unfolding transition,
whereas at pH 3.0, an apparently two-state and highly
reversible unfolding occurred. Analytical ultracentrifuga-
tion revealed the dissociation from dimer to monomer at
pH 3.0. The thermodynamic and kinetic stability were
studied at pH 3.0 to explore the role of inter-domain
interactions independently of inter-subunit interplay on the
wild type and R211M, a mutant where a seven-membered
inter-domain ionic network has been disrupted. The
unfolding and folding transitions occurred at slightly dif-
ferent denaturant concentrations even after prolonged
equilibration time. The difference between the folding and
the unfolding profiles was decreased in the mutant R211M.
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The apparent Gibbs free energy decreased approximately
2 kcal/mol and the unfolding rate increased 4.3-fold in the
mutant protein, corresponding to a decrease in activation
free energy of unfolding of 0.86 kcal/mol. These results
suggest that the inter-domain ionic network might be
responsible for additional stabilization through a significant
kinetic barrier in the unfolding pathway that could also
explain the larger difference observed between the folding
and unfolding transitions of the wild type.
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Introduction

Hyperthermophiles grow at or above 80°C and their pro-
teins must be considerably more stable than those of
mesophilic organisms growing at 20-50°C. Many studies
have shown that hyperthermostable proteins have more ion
pairs and larger ionic networks than their mesophilic
counterparts (Karshikoff and Ladenstein 2001). However,
the contribution of ionic interactions to protein stability has
remained unclear. The investigations of the thermodynamic
stability of hyperthermostable proteins are based on studies
on small single-domain proteins below 25 kDa because
they often exhibit a two-state reversible transition between
the folded and the unfolded states (Luke et al. 2007; Pri-
valov 1979). Thus, the Gibbs free energy difference, AG,
between the two states can be retrieved from the equilib-
rium constant, K:AG = —RT In K, where R is the universal
gas constant and T is the temperature. In contrast, large
multi-domain proteins are prone to aggregation or
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irreversible unfolding, and the transition pathway often
contains one or more intermediates corresponding to the
discrete folding of individual domains (Jaenicke and Bohm
1998; Privalov 1982).

Studies on the kinetic stability of small hyperthermo-
stable proteins have often revealed a significant decrease in
the unfolding rate constant, k,, compared to the values for
their mesophilic counterparts, whereas the folding rate
constant, k¢, appears to be similar to that of the mesophilic
homologs (Cavagnero et al. 1998; Dams and Jaenicke
1999; Perl et al. 1998). Slow unfolding kinetics is equiv-
alent to a high activation free energy barrier for unfolding,
AG*. Large barriers in the protein folding landscape may
prevent the folding and unfolding reactions from reaching
an apparent equilibrium (Baker and Agard 1994). In such a
case, the stability of the protein is under kinetic control
rather than governed by a thermodynamic equilibrium
(Kelch and Agard 2007).

Here, we investigate the stability of a large hyperther-
mostable multi-domain protein, the enzyme isocitrate
dehydrogenase from Aeropyrum pernix (ApIDH). It is
functional as a dimer with a molecular mass of 47.9 kDa
per subunit. ApIDH is the most thermostable IDH known
with an apparent melting temperature, T, ,pp Of 109.9°C
(Steen et al. 2001). We solved the crystal structure previ-
ously (Karlstrom et al. 2005). Each subunit is composed of
435 amino acid residues and consists of three domains: a
large domain, a small domain, and a clasp domain which
interlocks the two subunits. The large domain contains both
the N- and the C-termini, whereas the small and clasp
domains form the subunit interface. A preliminary inves-
tigation suggested that a seven-membered inter-domain
ionic network contributes to the thermal resistance of
ApIDH at neutral pH (Karlstrom et al. 2005). In this report,
the influence of a mutation in the seven-membered inter-
domain ionic network will be investigated and discussed.
The study aims also at contributing to the limited knowl-
edge on thermodynamic and kinetic stability of large hy-
perthermostable proteins in general.

Materials and methods
Chemicals and buffers

All experiments were made using 25 mM sodium formate/
formic acid pH 3.0 and 25 mM Tris/HCI pH 7.5 containing
100 uM EDTA (FLUKA) and 0.01% Tween 20 (Pharma-
cia) unless otherwise stated. Urea was bought from
FLUKA. All buffers and solutions were prepared with
ultra-high quality water (ELGA UHQ, Veolia Water Sys-
tems, High Wycombe, UK), filtered (0.22 um) and care-
fully degassed.
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Enzyme preparation and assay

The mutant R211M and the recombinant wt ApIDH were
produced in Escherichia coli BL21-CodonPlus (DE3)-RIL
and purified with heat treatment and Red-Sepharose
chromatography as previously described (Karlstrom et al.
2005; Steen et al. 2001). Protein concentration was
determined using an absorption coefficient of A,gonm =
1.288 cm™'(mg/ml)~". Enzyme activity was measured at
50°C in 25 mM Tris—HCI, pH 7.5 containing 1 mM iso-
citrate, 10 mM MgCl,, 0.5 mM NADP, and 0.025 pg/ml
enzyme in a final volume of 1 ml. The initial velocity
was determined by monitoring the absorbance of
NADPH formed at 340 nm on a Perkin Elmer 1 16
spectrophotometer.

Differential scanning microcalorimetric measurements

Differential scanning calorimetry (DSC) was carried out
with a MicroCal MCS calorimeter controlled by the MCS
OBSERVER program (MicroCal). The samples were dia-
lyzed against the reference buffer used in the experiment
(25 mM formate buffer, pH 3.0, 100 uM EDTA and 0.01%
Tween 20) and degassed for 20 min prior to the calori-
metric analysis. A protein concentration of 1.4 mg/ml was
used. The calorimetric scans were carried out between 20
and 120°C using a scan rate of 1 K/min. A constant pres-
sure of 2 bars was applied in order to avoid boiling at high
temperatures. Each sample was scanned a second time to
estimate the reversibility of the unfolding transition.

Molecular mass estimation by analytical
ultracentrifugation

All experiments were conducted at 20°C on a Beckman
Optima XL-A analytical ultracentrifuge equipped with
absorbance optics. The protein concentration was in the
range 0.2-1.0 mg/mL. Sedimentation velocity experiments
were done at 40,000 rpm. Data were collected at 280 nm at
a spacing of 0.005 cm with 3 averages in a continuous scan
mode and were analyzed with the program Sedfit (Schuck
and Rossmanith 2000). Sedimentation coefficients were
corrected to s, v using standard procedures. Sedimentation
equilibrium experiments were performed at 16,000, 19,000
and 22,000 rpm. Data were collected at 280 nm at a
spacing of 0.001 cm with 10 averages in a step-scan mode.
Establishment of equilibrium was checked by comparing 8
scans up to 24 h. Data sets were edited with REEDIT (J.
Lary, National Analytical Ultracentrifugation Center,
Storrs, CT, USA) and fit with NONLIN (PC version pro-
vided by E. Braswell, National Analytical Ultracentrifu-
gation Center, Storrs, CT, USA) (Johnson et al. 1981). Data
from different speeds were combined for global fitting. Fits
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to a single species give a Z-average molecular weight. For
fits to a monomer—dimer association scheme, the monomer
molecular weight was fixed at the value determined from
the amino acid sequence. The experiments were performed
in 20 mM Tris—HCI, pH 7.5, and in 20 mM sodium for-
mate, pH 3.0, containing 100 uM EDTA and 0.01% Tween
20.

Spectroscopic techniques

Intrinsic fluorescence emission measurements were per-
formed with a LS50B PerkinElmer spectrofluorimeter
using 3 nm bandwidth for the excitation and 5 nm for the
emission in a 1.0 cm pathlength quartz cuvette. Fluores-
cence emission spectra were recorded at 300-450 nm
(1 nm sampling interval) at 20°C with the excitation
wavelength set at 295 nm. To check for the presence of
aggregated particles, light scattering intensity at 90° was
measured at 20°C with both excitation and emission
wavelength set at 480 nm. Far-UV (190-250 nm) and near-
UV (250-320 nm) CD measurements were performed at
20°C in 0.1-0.2 cm and 1.0 cm pathlength quartz cuvettes,
respectively. CD spectra were recorded on a Jasco J-720
spectropolarimeter. The results are expressed as the mean
residue ellipticity [®] assuming a mean residue weight of
110 Dalton per amino acid residue.

Urea-induced equilibrium unfolding and folding

For unfolding, protein samples were incubated at 50 pg/ml
final concentration at increasing concentrations of urea (0-
8 M) in 25 mM formate pH 3.0, in 25 mM Tris—HCI pH
7.5. After 2 h, a time that was established to be sufficient to
reach equilibrium since after 72-h incubation, no further
changes of the IDH spectral properties were observed,;
intrinsic fluorescence emission and far-UV CD spectra
were recorded in parallel at 20°C. For folding, protein was
unfolded overnight at 20°C in 8 M urea at pH 3.0. The
folding was started by 20-fold dilution of the mixture
containing unfolded protein, at 20°C, into solutions of the
same buffer used for unfolding containing decreasing
denaturant concentrations. The final enzyme concentration
was 50 pg/ml. After 2 h, intrinsic fluorescence emission
and far-UV CD spectra were recorded at 20°C. All mea-
surements were corrected for background signal of media
containing the corresponding concentration of urea and
repeated at least twice. The changes in intrinsic fluores-
cence emission spectra with increasing denaturant con-
centrations were monitored by the decrease of relative
fluorescence intensity at 340 nm or by the changes of the
averaged emission wavelength A, calculated according to

A=Yk () (1)

where /; and I; are the emission wavelength and its cor-
responding fluorescence intensity at that wavelength,
respectively (Royer et al. 1993). / is an integral quantity,
negligibly influenced by the noise, which reflects changes
in the shape and position of the emission spectrum. The
changes in far-UV CD ellipticity were monitored at
222 nm.

Urea-induced unfolding and folding kinetics

The unfolding rates of wt ApIDH and the mutant R211M
were determined at pH 3.0 by monitoring the rate of
intrinsic fluorescence emission decrease at 340 nm (5 nm
bandwidth) (excitation at 295 nm, 3 nm bandwidth) upon
mixing the protein under continuous stirring into solutions
containing decreasing urea concentration (from 8 to
3.75 M) at pH 3.0 and 20°C for a time ranging between 0
and 1,000-6,000 s. The recording of the unfolding time
courses was possible using manual mixing methods
because of the slow unfolding rates. The mixing dead time,
calculated by diluting N-acetyl tryptophan amide under the
same conditions, was always between 2 and 3 s for all the
urea concentrations used. Kinetic changes in intrinsic
fluorescence amplitude matched the respective static
changes in the equilibrium transition at all denaturant
concentrations.

Single mixing kinetic folding experiments were carried
out on a I-star 180 stopped-flow instrument equipped with
a 2-ul observation cell (Applied Photophysics, Leather-
head, UK); the excitation wavelength was 280 nm, and the
fluorescence emission was measured using a 320-nm cut-
off glass filter. In all experiments, performed at 20°C,
folding was initiated by a 11-fold dilution of the unfolded
protein with the buffer. Final protein concentrations were
typically 1 pM.

Data analysis

The denaturant-induced equilibrium unfolding was ana-
lyzed by fitting the data to Eq. 2 (Santoro and Bolen 1988)
using the Igor Pro software package (WaveMetrics):

—AGH20 )
_ e m[X], + (v + mafX],) x exp[A

| expl-20 L

i

(2)

where y; is the observed signal, y, and y¢ are the baseline
intercepts for unfolded and folded protein, m, and m; are the
baseline slopes for the unfolded and folded protein, [X];
the denaturant concentration after the ith addition, AG™©
the extrapolated free energy of unfolding in the absence
of denaturant, m, the slope of a Gynfolding Versus [X] plot.
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Kinetic analysis of the unfolding process was performed
by fitting the time courses by non-linear regression analysis
to a single exponential to determine the rate constant, k,
(obs, D), for unfolding at each urea concentration, D, with
the program TableCurve (Systat). The unfolding rate in the
absence of denaturant, k, (H,O), was estimated by linear
extrapolation using the equation:

In ky(obs, D) = Inky,(H,0) + my[D) (3)

where k,(obs, D) is the apparent first-order rate constant for
unfolding at denaturant concentration [D], k,(H,O) is the
apparent rate constant in the absence of denaturant, and m,
describes the denaturant dependence, which is related to
the change in solvent accessibility of the unfolded state
(Bieri and Kiefhaber 2000; Tanford 1970).

The activation energy of unfolding, AGE, is related to
the unfolding rate constant, k,, by:

AGF = —RT'n ( :;;) 4)

where & is the Planck constant and kg is the Boltzmann
constant (D’Amico et al. 2003). The difference in
activation free energy of unfolding upon mutation, AAG3,
was calculated from the extrapolated rate constants using
the following equation:

kll Wi
AAGY = —RT'n (‘> (5)
uR211M
where kv and k, g211M are the unfolding rate constants of
the wildtype and mutant protein, respectively, extrapolated
to 0 M urea concentration (Clarke et al. 1993).

Results

Enzymatic activity, reversibility, and apparent melting
temperatures

The reversibility of unfolding was estimated by the
recovery of fluorescence intensity at 340 nm after refolding
at pH 3.0. In addition, the activity of refolded wt ApIDH
and R211M was measured at pH 7.5 to estimate the
reversibility of the unfolding process at pH 3.0. The
recovery of activity was always >95% and suggests that
the refolded protein, at pH 7.5, is dimeric and that both
domains are intact since each subunit contains an active
site composed by residues from the large and the small
domain (Karlstrom et al. 2005). The calorimetric scans
were irreversible, presumably due to high protein concen-
tration, and could not be used in a thermodynamic analysis.
The apparent T}, values obtained at pH 3.0 were 70.6 and
67.4°C for wt ApIDH and R211M, respectively, e.g. a
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decrease of 3.2°C upon disruption of the ionic network
(data not shown).

Quaternary structure analysis by analytical
ultracentrifugation

Analytical ultracentrifugation (AUC) was used to evaluate
the quaternary structure of wt ApIDH and R211M at pH 3.0
and 7.5. Both a velocity analysis and an equilibrium
analysis were performed. The obtained s, constants 3.6
and 5.8 for wt ApIDH at pH 3.0 and 7.4 correspond to a
molecular weight of approximately 45 and 90 kDa in
accordance with the presence of a monomer and a dimer,
respectively (Fig. 1a). Sedimentation equilibrium data and
the errors obtained for a fit to a single species model gave
molecular weights of 46 &+ 4 and 100 £ 7 kDa at pH 3.0
and 7.5, respectively, in very good agreement with the
expected values for a monomer and a dimer (Fig. 1b). In
the figure showing the sedimentation equilibrium, the
exponential distribution of the protein along the radius is
represented. At pH 3.0, the curve is less pronounced, due to
the lower molecular weight of the monomer with respect to
the dimer. AUC studies of R211M gave very similar results
(data not shown). Taken together, the AUC experiments
showed that both wt ApIDH and the mutant R211M are
monomeric at pH 3.0 and dimeric at pH 7.5.

Tertiary structure analysis by near-UV CD

In order to detect any tertiary structural differences of wt
ApIDH and the mutant R211M at pH 3.0 and 7.5, near-UV
CD spectra of the two enzymes were recorded. The spectra
of wt ApIDH (Fig. 2a) and R211M (Fig. 2b) at pH 3.0 were
nearly identical, and they both were closely similar to
spectra of the corresponding dimers at pH 7.5, thus indi-
cating that the tertiary structure of the ApIDH monomers
was maintained at pH 3.0 in the wild type as well as in the
mutant.

Urea-induced equilibrium unfolding of wt ApIDH
monitored by intrinsic fluorescence

At pH 7.5, the unfolding transition of ApIDH was complex
in guanidinium-Cl and not complete in urea (data not
shown). At pH 3.0, in the monomeric state, the protein
could be completely unfolded by urea in a reversible and
apparently two-state process. Fluorescence emission spec-
tra were recorded at different denaturant concentrations to
monitor the unfolding/folding transition. Both fluorescence
emission intensity and the averaged fluorescence emission
wavelength (1) were analyzed. The fluorescence emission
as a function of denaturant concentration characterizes the
local environment of the aromatic side chains and is



Extremophiles (2010) 14:213-223

s (Svedberg)

2.0

1.5

1.0

0.5

0.0

0.03

0.00

-0.03 1 1 1
23.5 24.0 245 25.0 255

Fig. 1 Analytical ultracentrifugation of wt ApIDH at pH 3.0 and 7.5.
a Sedimentation velocity data at pH 3.0 (continuous line) and at pH
7.5 (dashed line). The s, constants 3.6 and 5.8 correspond to a
molecular weight of approximately 45 and 90 kDa. b Sedimentation
equilibrium data (filled circles pH 3.0, open circles pH 7.5) as the
exponential distribution of the protein along the radius. The obtained
curves correspond to 46 & 4 and 100 £ 7 kDa at pH 3 and 7.5, in
good agreement with the expected values for a monomer and a dimer,
respectively. The panel shows the residuals

usually directly related to the population of macrostates in
a two-state N = U transition (Eftink 1994).

The emission spectral changes upon unfolding of
monomeric wt ApIDH at pH 3.0 are shown in Fig. 3. Wt
ApIDH was found to have a maximum fluorescence
emission wavelength at 341 nm that decreased in intensity
and exhibited a red-shift to 357 nm upon incubation in

8 M urea. The A value, which takes into account the
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Fig. 2 Near-UV CD spectra of wt ApIDH (a) and R211M (b) at pH
3.0 and 7.5. Spectra were recorded at 20°C in a 1-cm quartz cuvette
after 2-h incubation at 1.1 mg/ml protein concentration at pH 7.5
(solid line) and at pH 3.0 (dotted line)

global shape of the emission spectrum, displayed a
maximum at 351 nm which shifted to about 365 nm
above 4 M urea. The changes in the fluorescence emis-
sion intensities and in / at various urea concentrations are
shown in Fig. 4. Upon unfolding, the fluorescence inten-
sity was unchanged from 0 to approximately 3.5 M urea,
and the / value was constant at 351 nm up to 3.8 M urea.
The unfolding of the monomer occurred between 3.8 and
5 M urea, where the fluorescence intensity decreased by
approximately 15% and, the 1 value displayed a simul-
taneous redshift from 351 to 365 nm. In the concentration
range of 5-8 M urea, both the intensity and the wave-
length remained approximatively constant.

For folding, samples were incubated in 8 M urea and
diluted to different urea concentrations. The intensity and
maximum emission wavelengths remained nearly constant
over the range 8.0-4.5 M urea. The major blue shift in the
fluorescence emission spectrum occurred upon dilution to a
final urea concentration between 4.5 and 1.0 M.
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Fig. 3 Fluorescence spectra of wt ApIDH at pH 3.0. Fluorescence
emission spectra of the protein were recorded at 20°C after 2-h
incubation of the protein at pH 3.0 in the absence (solid line) and in
the presence of 8 M urea (dashed line). The dotted line represents the
spectrum of the refolded protein. All the spectra were recorded at 50
pg/ml with the excitation wavelength set at 295 nm
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Fig. 4 Unfolding and folding transition curves of monomeric wt
ApIDH at pH 3.0 as monitored by circular dichroism ellipticity and
fluorescence as functions of urea concentration. a Relative fluores-
cence at 340 nm (filled circles, empty circles, left axis); 7. (filled
squares, empty squares, right axis). b [®] at 222 nm (filled circles,
empty circles, left axis); 7. (filled squares, empty squares, right axis);
filled symbols unfolding; empty symbols refolding. The line is only to
guide the eye of the reader and does not represent a fit of the data

Reconstituted wt ApIDH at 0.3 M urea had the same
emission wavelength and a slightly lower intensity as the
monomeric protein in the absence of urea (Figs. 3, 4b). The
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origin of the 5% lower fluorescence intensity is unclear
since the protein appears to be properly folded owing to the
J. value, its enzymatic activity when diluted at pH 7.5 and
its far-UV CD spectrum. Comparing the unfolding and
folding of wt ApIDH, it is clear that the major unfolding
event occurs at 3.5-5.0 M urea, while the folding occurs
between 1.0 and 4.5 M urea, i.e. there is hysteresis between
the folding and the unfolding event (Fig. 4). No significant
decrease of the hysteresis could be observed after pro-
longed incubation up to 72 h (data not shown). The sig-
moidal transition profiles of both the unfolding and folding
at pH 3.0 indicated that spectral intermediate(s) are not
detectable, probably because these state(s) are not consis-
tently populated or because their spectral properties do not
allow their detection.

Urea-induced equilibrium unfolding of wt ApIDH
monitored by far-UV CD

In order to monitor the changes of the secondary structure
of monomeric wt ApIDH upon unfolding and folding, far-
UV CD spectra were recorded. The far-UV CD spectrum
of wt ApIDH at pH 3.0 was unchanged with respect to
that recorded at pH 7.5 (data not shown) with a minimum
in the far-UV region between 212 and 223 nm, corre-
sponding to a similar content of secondary structure as in
dimeric wt ApIDH at pH 7.5. The same samples used to
monitor the fluorescence emission changes during the
unfolding transition were used to monitor circular
dichroism ellipticity to allow a direct comparison with the
fluorescence data. The unfolding and folding transitions
monitored by far-UV CD (Fig. 4b) were very similar to
the transitions exhibited by fluorescence (Fig. 4a). From
the sigmoidal unfolding curve, it seems that wt ApIDH
retained most of its secondary structure up to 3.5 M urea.
No intermediate state could be detected. The major
unfolding transition occurred between 3.5 and 5.0 M urea,
similar to the data obtained with fluorescence emission.
Above 5 M urea no further changes in the CD signal were
observed.

For the folding transition, the CD signals are consistent
with a complete loss of the secondary structure elements
over a urea concentration of 8-5 M. Over the urea con-
centration range of 4.5-2.0 M, the native ellipticity signal
is almost completely restored. Again, the results show that
the unfolding and folding transitions are separated by a
significant urea concentration difference, A[urea] ~ 1.5 M
for the far-UV CD data and ~1 M for the data from the
fluorescence changes. In Fig. 4, it can be seen that the
relative change in the CD signal could almost be super-
imposed on the relative change in fluorescence signal for
the respective enzymes, indicating an apparent two-state
process (Fersht 1999).
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Urea-induced equilibrium unfolding of R211M
monitored by fluorescence and far-UV CD

The unfolding/folding transitions of R211M at pH 3.0
were similar to that of wt ApIDH, but the difference,
Alurea], between folding and unfolding was only
~0.5 M. The transition profiles of the mutant are shown
in Fig. 5. Fits of the apparently two-state unfolding curves
were performed, despite the observed hysteresis, in order
to extract apparent conformational stabilities and to
compare the value of wt ApIDH with that of the mutant
R211M (see Fig. 6a, b). The obtained apparent AG val-
ues, AGapp, for wt ApIDH and the mutant are also shown
in Table 1 together with the respective m values and
unfolding transition midpoint values, [urea]ys, obtained
from both /. data and CD-data. The fits of both far-UV
CD and fluorescence data showed a decreased thermo-
dynamic stability of the mutant R211M by approximately
—2 kcal/mol compared to wt ApIDH.
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Fig. 5 Unfolding and folding transition curves of monomeric mutant
R211M ApIDH at pH 3.0 as monitored by circular dichroism
ellipticity and fluorescence. a Relative fluorescence at 340 nm (filled
circles, empty circles, left axis); intensity-averaged emission wave-
length 7. (filled squares, empty squares, right axis). b [®] at 222 nm
(filled circles, empty circles, left axis); intensity-averaged emission
wavelength 7. (filled squares, empty squares, right axis). The solid
lines through the unfolding data points (filled symbols) have the
purpose to guide the eye of the reader and do not represent the fitting
of the data. Reversibility points are indicated by empty symbols

Determination of unfolding rate constants

Estimation of the kinetic stability of monomeric wt
ApIDH at pH 3.0 was obtained by measuring the rate
constants for unfolding over the urea concentration range
of 4.3-8.0 M following the decrease of intrinsic fluores-
cence emission at 340 nm. All unfolding rate data could
be fitted to a single-exponential decay suggesting a simple
first-order two-state reaction. The unfolding rate constants
were extrapolated to zero denaturant concentration (Bieri
and Kiefthaber 2000). The rate constants obtained were
1.95 (£0.10) x 1077 s™' for monomeric wt ApIDH
(Fig. 7a), corresponding to a half-life of about 41 days
and 8.36 (£0.20) x 1077 s~! for R211M (Fig. 7b), cor-
responding to 9.6 days. Thus, the kinetic stability of
R211M was decreased 4.3-fold compared to wt ApIDH.
The difference in activation free energy of unfolding,
AAGE, between wt ApIDH and R211M calculated
according to Eq. 5 was 0.86 £ 0.06 kcal/mol.

-2 -
s a
—
o« 4]
‘_‘/'\
S 6l
E
o
a8
g
o
o 10
o O
3
= -12-e
e

-14

0 1 2 3 4 5 6 7 8

364 +

362

[Urea] (M)

Fig. 6 Urea-induced spectral changes of wt (filled circles) and
R211IM (empty circles) ApIDH at pH 3.0, Spectral changes are
reported as a [®] at 222 nm and b fluorescence intensity-averaged
emission wavelength 1 calculated according to Eq. 1. All the spectra
were recorded at 20°C after 2-h incubation at the indicated urea
concentrations at 50 pg/mL protein concentration. Non-linear curve
fitting of the unfolding data was performed using Eq. 2
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Table 1 Thermodynamic and kinetic parameters for the unfolding of wt ApIDH and the mutant R211M calculated from data obtained by using
circular dichroism ellipticity at 222 nm, [®], and intensity-averaged emission wavelength, 1

ApIDH AGpp» 0] (keal/mol) AG

) app»
[kcal/mol M™ ]

[kcal/mol M~}

7 (kcal/mol)

[urealos [@1/4 (M) ky 571 tosat 0 M

urea (days)

wt 7.30 [m = 1.82]
R211M 5.42 [m = 1.70]

9.06 [m = 2.18]
6.75 [m = 1.98]

1.95 x 1077 41
8.36 x 107’ 9.6

4.01/4.16
3.19/3.41

10

Ink,,. (™)

_10 1 1 1 1

In k. (s'1)

-9 1 1 1 1
4 5 6 7

[Urea] (M)

©

Fig. 7 a Unfolding and refolding kinetics of wt ApIDH at pH 3.0.
The continuous line is the fitting of the apparently linear region of the
unfolding limb of the Chevron plot yielding the estimated
ko =1.95 x 1077 s™'. Empty and filled symbols represent the fast
and the slow refolding phase, respectively. b Unfolding kinetics
of R211M ApIDH at pH 3.0. The continuous line is the fitting of
the unfolding data using Eq.3 yielding the estimated k, =
8.36 x 1077 57!

The unfolding rate constants obtained under denaturing
conditions corresponded to half-lives of less than 1 h, and
no significant difference could be observed after a pro-
longed incubation time of 72 h. Thus, an incubation time of
2 h was considered as enough for the equilibrium unfolding
experiments. Equilibration times longer than 72 h were not
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considered because of the tendency of urea solutions to
form cyanate at pH values above 2 (Dirnhuber and Schutz
1948; Hagel et al. 1971), which can react with and modify
proteins (Stark 1965).

Determination of folding rate constants

The folding process of wt ApIDH was complex. It was
significantly faster than the unfolding process and could not
be described by a simple two-state event. The fluorescence
signals obtained at the end of the stopped-flow mixing were
best fitted to the sum of two single-exponential rate con-
stants corresponding to two refolding phases and are shown
in the chevron plot in Fig. 7a. The complex dependence of
the folding rate constants upon denaturant concentrations
suggests that intermediate(s) are probably formed and that
kinetic traps may be present in the folding pathway. Under
these circumstances, the folding limb of the chevron plot is
unreliable, and the rate constants cannot be extrapolated to
0 M urea concentration (Maxwell et al. 2005). Interest-
ingly, the [urea]y s value determined by unfolding equilib-
rium, 4.16 M (Table 1), is closely similar to the urea
concentration corresponding to the starting point of the
folding limb of the chevron plot (Fig. 7).

Discussion

In this paper, studies of the thermodynamic and kinetic
stability of wt ApIDH and the mutant R211M, which inter-
rupts a seven-membered ionic network, is described. At pH
3.0, the protein could be completely unfolded by urea in an
apparent two-state process. Analytical ultracentrifugation
demonstrated that ApIDH is monomeric at pH 3.0 and
dimeric at pH 7.5; thus, at pH 3.0 the intrinsic stability of the
polypeptide chain could be studied independently of its
subunit association state. Many proteins are completely or
partially unfolded at pH 3.0 due to the repulsive forces
between protonated groups (Goto et al. 1990; Privalov
1979). In the case of ApIDH, far- and near-UV CD spectra
indicated, however, that at pH 3.0 the secondary and tertiary
structures were maintained and that the monomer is stable in
solution. We therefore decided to investigate the reversible
unfolding of the monomeric form of ApIDH at pH 3.0. The
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reversibility of unfolding at pH 3.0 was estimated by the
regain of fluorescence intensity at 340 nm and by the
recovery of the catalytic activity at pH 7.5 of the protein
refolded at pH 3.0. The high reversibility (higher than 95%),
which is uncommon for multi-domain proteins, enabled us
to perform equilibrium unfolding studies. However, the
unfolding and folding transitions of ApIDH, as monitored by
fluorescence and CD occurred at different denaturant con-
centrations. Apparently, both the forward and reverse reac-
tions could proceed spontaneously, but the folded and
unfolded states appeared not to be in equilibrium at the
intermediate denaturant concentrations of the transition
region. A possible explanation is that large energy barriers
are present in the protein folding landscape, imposing
additional kinetic stabilization (Baker and Agard 1994;
Chan and Dill 1993) as reported for several oligomeric
proteins (Baskakov et al. 2004; Benitez-Cardoza et al. 2001;
Forrer et al. 2004; Galani et al. 2002; Lai et al. 1997; Miller
etal. 1998; Perrett et al. 1999; Ruan et al. 2001; Sinclair et al.
1994; Souillac et al. 2002). If this would be the case, the time
to reach equilibrium could be very long (i.e. several weeks;
Rumfeldt et al. 2006). The situation is different in most
single-domain proteins which exhibit reversible unfolding,
where the native state is in equilibrium with the unfolded
state at different denaturant concentrations, implying that
the kinetic barriers between the folded and unfolded states
are easy to overcome (Dill 1993; Lai et al. 1997).

The unfolding rate constant, k,, and the corresponding
half-life demonstrated that the unfolding of monomeric
ApIDH at 20°C is a slow process (fp5 = 41 days) and
suggested that the folded and unfolded states indeed may be
separated by a high activation free energy barrier. In addi-
tion, the refolding kinetics of wt ApIDH were complex and
suggested the presence of intermediates and kinetic traps in
the folding landscape that might be related to the observed
difference between the unfolding and refolding profiles.

This difference was reduced in the mutant R211M and
suggested that Arg 211 might have a role in kinetic sta-
bilization of ApIDH. The unfolding rate increased 4.3-fold,
corresponding to a decrease in the activation free energy of
unfolding of —0.86 kcal/mol which showed that the ionic
network under study indeed influence the kinetic stability
of ApIDH at pH 3.0. In addition, the AG,p,, value for
R211M was decreased by approximately —2 kcal/mol
suggesting that the ionic network also have an impact on
the thermodynamic stability.

The role of electrostatic interactions for the extreme
stability of proteins from hyperthermophiles has been
vigorously discussed in recent years (Karshikoff and
Ladenstein 2001). However, investigations of their contri-
bution by the removal or introduction of ionic interactions
using site-directed mutagenesis have given contradicting
results. In some studies, these substitutions had no effect on

the resistance of the proteins against thermal inactivation or
denaturation (Lebbink et al. 1998; Tomschy et al. 1994). In
other cases, a significant change of the melting tempera-
ture, T,,, has been observed (Perl et al. 2000; Vetriani et al.
1998). Unfortunately, the extent of the contribution by
electrostatic interactions to the thermodynamic stability of
proteins from hyperthermophiles has remained unclear
because of the difficulties in obtaining thermodynamic data
based on unfolding-folding equilibria.

Arg 211 has a central position in the inter-domain ionic
network of ApIDH. Except for Arg 211, the network con-
sists of Lys 255, Arg 215, Glu 218, and Glu 214 from the
small domain and Asp 130 and Asp 334 from the large
domain (Karlstrém 2005). In addition, Arg 211 is involved
in aromatic m-interactions with Tyr 132 and Phe 207.
R211M interrupts the integrity of this ionic network.
However, it cannot be excluded that the introduced methi-
onine may destabilize the protein additionally by the
introduction of a hydrophobic side-chain at the protein
surface and steric alteration. At pH 7.5, the apparent melting
temperature of R211M was decreased by 11.3°C compared
to the wildtype, suggesting an important role of the ionic
network for the stability (Karlstrom et al. 2005). At pH 3.0,
the apparent melting temperature of the monomer was
decreased by about 40°C, but the difference between
R211M and wt ApIDH was still 3.2°C. The large decrease
of the melting temperature at pH 3.0 was expected since, at
low pH, protonation of the ionizable groups results in an
increased number of repulsive positive charges and a
decreased number of attractive electrostatic interactions, i.e.
a decreased overall stability (Cavagnero et al. 1995). The
pH-dependence of each ionizable group is described by its
individual pK, value which determines the preferred pro-
tonation state at a certain pH. In an NMR study of 24 pro-
teins, Forsyth et al. (2002) found a mean pK, of 3.4 (£1.0)
for Asp and 4.1 (£0.8) for Glu with several pKs below 2.0.
Other studies report pK, values for Asp and Glu between 0.5
and 9.9 (Anderson et al. 1990; Giletto and Pace 1999;
Laurents et al. 2003; Qin et al. 1996; Thurlkill et al. 2006).
Thus, at pH 3.0, some of the negatively charged residues
might be protonated, whereas some will stay ionized
depending on their individual pK,. The propensity to stay
ionized is in particular dependent on the involvement in
ionic networks since charge-charge interactions are the
primary perturbant of the intrinsic pKs of ionizable groups
on the protein surface (Laurents et al. 2003).

The decreased difference in melting temperature
between wt ApIDH and the mutant R211M observed at pH
3.0 is therefore most likely caused by a size reduction of
the ionic network due to protonation of some of the neg-
atively charged residues. The difference of 3.2°C at pH 3.0
indicates that some residues are still ionized, and part of the
ionic network is maintained.
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The results obtained from the thermodynamic and
kinetic analysis of wt ApIDH and the R211M mutant
support that some of the interactions of the ionic network in
wt ApIDH are maintained at pH 3.0.

Conclusion

ApIDH and the ionic network mutant R211M were found
to be stable monomers at pH 3.0 and exhibited highly
reversible unfolding transitions. The apparent melting
temperature Ty, .pp 0f R211M was decreased by 3.2°C, and
the apparent free energy of stabilization, AG,p,, was about
2 kcal/mol lower compared to wt ApIDH. The decrease of
R211M kinetic stability was remarkable considering the
low pH and corresponded to a 4.3-fold increase of &, and —
0.86 kcal/mol for the activation free energy of unfolding.
Presumably, the differences in thermodynamic and kinetic
stability between wt ApIDH and R211M are even larger at
pH 7.5. The general picture which emerges is that inter-
domain ionic networks in large proteins from hyper-
thermophiles may not only contribute to the thermody-
namic stability but are also able to impose additional
stabilization through a significant kinetic barrier in the
unfolding pathway.
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