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ABSTRACT: Trigger factor is the first molecular chaperone interacting
cotranslationally with virtually all nascent polypeptides synthesized by the
ribosome in bacteria. The stability of this primary folding assistant was
investigated using trigger factors from the Antarctic psychrophile Pseudoalter-
omonas haloplanktis, the mesophile Escherichia coli, and the hyperthermophile
Thermotoga maritima. This series covers nearly all temperatures encountered by
living organisms. We show that proteins adapt their stability over the whole range
of biological temperatures via adjustments of the same fundamental mechanisms,
involving increases in enthalpic stabilization and decreases in unfolding rates, in
parallel with the environmental temperature. Enthalpic stabilization in trigger
factors is characterized by large increases in the melting temperature, T}, ranging
from 33 to 96.6 °C, associated with similarly large increases in unfolding enthalpy
as revealed by differential scanning calorimetry. Stopped-flow spectroscopy
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shows that the folding rate constants for the three investigated proteins are similar, whereas the unfolding rate constants differ by
several orders of magnitude, revealing that kinetic resistance to unfolding drives adjustments of protein stability. While the
unusual stability of hyperthermophilic proteins has attracted much attention, this study indicates that they are an extreme case of
a more general continuum, the other extreme being represented by natively unstable proteins from psychrophiles.

Extreme environments, previously regarded as abiotic, have
revealed astonishing biodiversity and have also demon-
strated the outstanding adaptability of the microbial world to
harsh physicochemical conditions.”” As far as temperature is
concerned, hyperthermophiles thriving in hot springs,
solfatares, and hydrothermal vents have pushed the upper
temperature for life to 122 °C, as exemplified by the Archeon
Methanopyrus kandleri> At the other extreme of the biological
temperature scale, psychrophiles (i.e., cold-loving microorgan-
isms) live permanently at temperatures close to the freezing
point of water and even at sub-zero temperatures.*”® The
detection of metabolically active bacteria at —20 °C in the brine
veins between sea ice crystals” illustrates the unsuspected
capacity of psychrophiles to adapt to low temperatures.
Microbial life at these extreme biological temperatures
obviously requires a vast array of adaptations at all cellular
levels. However, a key determinant of these adaptations lies in
the protein function that drives microbial metabolism and the
cell cycle. Hyperthermophilic proteins are the most thermo-
stable biological macromolecules but become inactive at room
temperature as a result of their rigid structure. By contrast,
psychrophilic proteins are heat-labile and very unstable as a
consequence of their improved structural flexibility required for
function at low temperatures.*® Crystal and nuclear magnetic
resonance structures of these extremophilic proteins have
revealed a striking continuum in the adaptive strategies aimed
at adjusting protein stability to environmental temperatures. In
psychrophiles, all structural factors, weak interactions, and
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hydrophobic effects currently known to stabilize proteins are
drastically reduced in strength and number,”®® while the same
factors are improved in thermophilic and hyperthermophilic
proteins.'~'?

Besides the static picture provided by three-dimensional
structures, protein stability in solution is an exquisite balance
among several, sometimes opposing, contributions. Thermody-
namic stability is quantitatively described by the Gibbs free
energy changes upon unfolding, AG°yy, determined by
equilibrium unfolding and differential scanning calorimetry
(DSC). Furthermore, in a simple two-state process between the
native (N) and unfolded (U) states, the equilibrium constant
Kyy is merely expressed as the kyy/kyy ratio of the kinetic
constants for unfolding and refolding, as measured by stopped-
flow methods. Thermodynamic and kinetic contributions are
therefore both involved in protein stability. Thermodynamic
and kinetic data available for hyperthermophilic proteins show
that unfolding is dramatically slower than in mesophilic
proteins. This suggests that kinetic resistance to unfolding is
linked to hyperstability.'>'* By contrast, kinetic data are lacking
for psychrophilic proteins, and only one comprehensive
microcalorimetric study has been reported for a cold-adapted
a-amylase.”® As a result, several basic questions remain to be
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answered. What are the fundamental mechanisms allowing
adaptation of protein stability in the whole range of biological
temperatures? Are there mechanisms specific to extremely high
temperatures and others to extremely low temperatures? In a
biophysical context, what are the thermodynamic and kinetic
contributions to protein stability in the temperature range
where life occurs? These questions prompted us to analyze the
stability of homologous trigger factors (TFs) from the Antarctic
psychrophile Pseudoalteromonas haloplanktis (PhTF), the
mesophile Escherichia coli (EcTF), and the hyperthermophile
Thermotoga maritima (TmTE). This series covers nearly all
temperatures encountered by living organisms. TF is the first
molecular chaperone interacting cotranslationally with virtually
all newly synthesized polypeptides by the ribosome. It delays
premature chain compaction and maintains the elongating
polypeptide in a nonaggregated state until sufficient structural
information for productive folding is available and subsequently
promotes grotein folding."*™"® The role of TF in cold
adaptation'” and its pivotal function as a folding assistant in
all bacteria guided our selection of this chaperone for stability
studies. We show here that these proteins adapt their stability
over the whole range of biological temperatures via adjustments
of the same fundamental mechanisms.

B MATERIALS AND METHODS

Gene Cloning, Protein Production, and Purification.
PhTF and EcTF genes have been previously amplified via
polymerase chain reaction from genomic DNA of P.
haloplanktis TAC 125 and E. coli RR1, respectively, and cloned
into the pET22b expression vector (Novagen). Both proteins
were produced and purified as described previously.'” The
TmTF gene was amplified from T. maritima DSM3109
genomic DNA using primers designed to introduce an Ndel
site overlapping the initiation codon and a BamHI site after the
stop codon (forward, S'-ggatgaacacatatggaagtgaaggagctt-3';
reverse, S’-atgggaacgggatcctcaattatcttcttttecttc-3’), allowing
cloning at the corresponding sites of pET22b. Recombinant
TmTF was expressed in E. coli BL21(DE3) and purified as
described previously'® with the following modifications.
Chromatography on Phenyl-Sepharose CL-4B was performed
in 35 mM Hepes, 10% saturation in (NH,),SO,, and 1 mM
PMSF (pH 7.6), and proteins were eluted with a decreasing
gradient from 10 to 0% saturation in (NH,),SO,. An additional
purification step was performed by size exclusion chromatog-
raphy on a Sephacryl S-100-HR column (3 cm X 90 cm)
equilibrated in 35 mM Hepes, 250 mM NaCl, and 1 mM PMSF
(pH 7.6). Purified protein samples (~3 mg/mL) were stored at
—70 °C.

Differential Scanning Calorimetry. Measurements under
standard conditions were performed using a MicroCal VP-DSC
instrument at a scan rate of 60 K/h under ~25 psi positive cell
pressure. Samples (~2—3 mg/mL) were dialyzed overnight
against 30 mM Mops and 250 mM NaCl (pH 7.6). Reference
baselines were recorded using dialysis buffer. For TmTF, both
the sample and the reference buffer were brought to 1 M 3-(1-
pyridinio)-1-propanesulfonate (i.e, a nondetergent sulfobe-
taine) as detailed previously.”® After cell loading, the protein
concentration was determined for the remaining sample by the
bicinchoninic method (Pierce). Thermograms were analyzed
according to a non-two-state model in which the melting point
(T,), the calorimetric enthalpy (AH_;), and the van’t Hoff
enthalpy (AH,4) of individual transitions are fit independently
using MicroCal Origin version 7.
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GdmCl-Induced Unfolding Transitions. Equilibrium
unfolding was followed by changes in intrinsic fluorescence,
using a JASCO FP-8300 spectrofluorometer at an excitation
wavelength of 280 nm, emission wavelengths of 307 and 335
nm, and protein concentrations of 100 yg/mL. Unfolding was
monitored at selected temperatures after overnight incubation
of the samples at various GdmCl concentrations in 30 mM
Hepes and 250 mM NaCl (pH 7.6). Denaturant concentrations
were determined from refractive index measurements using a
R5000 Atago hand refractometer.”’ Reversible equilibrium
unfolding curves of PhTF were analyzed on the basis of a two-
state model as described previously,””>* whereas EcTF and
TmTF were analyzed on the basis of a three-state model:*>~>*

e = D + PID] + exp(a)y, + exp(a + b)(3, + q[D])]
/[1 + exp(a) + exp(a + b)] (1)

with a = —=[AG°(H,0)y; + my[D]]/(RT)
and b = —[AG°(H,0);y + my[D]]/(RT)

where y.,, is the measured fluorescence at GdmCI concen-
tration [D]; yn, 1, and yy are the signals for the N, I, and U
states, respectively; my; and myy are the slopes of the respective
transitions; AG°(H,O)y; and AG°(H,0)yy are the free energy
changes of the respective transitions at 0 M GdmCl; and p and
q are the slopes of the native and denatured baselines,
respectively.

Kinetics of Unfolding and Refolding. All experiments
were performed in 30 mM Hepes and 250 mM NaCl (pH 7.6)
using a final protein concentration of 0.1 mg/mL (~2 uM). To
initiate refolding reactions, psychrophilic, mesophilic, and
thermophilic TFs (1 mg/mL) unfolded for 24 h in 1, 2, and
4 M GdmCl], respectively, were diluted 10-fold with aqueous
buffer or with GdmCI solutions of varying concentrations to
give the desired final concentrations of GdmCl. Conversely,
unfolding reactions were initiated by a 10-fold dilution of native
TFs with the same buffer containing various amounts of
GdmCl, to yield the final concentrations. Fast kinetic
experiments were performed at 20 °C using a Bio-Logic
(Claix, France) SFM-3 stopped-flow apparatus, coupled with a
MOS-200 spectrophotometer and a MPS-S1 power supply.
Fluorescence measurements were performed using a 1.5 mm
path length cell (FC-15). The dead time of the apparatus was
found to be ~10 ms under all experimental settings: this value
was estimated by monitoring the fluorescence of the reduction
of dichlorophenolindophenol by ascorbic acid, as described by
the manufacturer. Unfolding and refolding kinetics were
followed by intrinsic fluorescence with an excitation wavelength
of 280 nm, and total emission above 320 nm was monitored
using a high-pass filter. Kinetic traces resulted from the
accumulation of five identical experiments. All kinetic data were
analyzed according to a sum of exponentials:

g =y, + D A exp(—kt)

n=1

)

where y, is the intensity of the fluorescence at time ¢, y,, is the
signal value for an infinite time, and A is the amplitude of the
signal associated with rate constant k. The data sets were
averaged to obtain the rate constant, and errors were calculated
as standard deviations.

dx.doi.org/10.1021/bi4002387 | Biochemistry 2013, 52, 2982—2990



Biochemistry

Table 1. General Properties of the Investigated Trigger Factors

Ten” (°C)
<0
37
85-90

protein
PhTF
EcTF
TmTF

source

P. haloplanktis TAC12S
E. coli RR1
T. maritima DSM3109

GenBank entry

CR954246.1
M34066.1
EHA61365.1

“Estimated average environmental temperature.

no. of residues

M, (Da)
47534.5 1

48192.6 1 8
49897.7 2 14

no. of Trp’s no. of Tyr’s PDB entry

434
432
425

1W26
3GUO

The dependence of unfolding and refolding rate constants on
denaturant concentration was analyzed according to the
following linear relationship:***°

In(k,p,) = In{kyn(H,0) exp[—(myy/RT)[GdmCl]]

+ kyuy(H,0) exp[ (myy/RT)[GdmCI]]} (3)

where kg, is the relaxation rate of unfolding or refolding
measured at various GdmCl concentrations, kyy(H,O) and
knu(H,O) are the microscopic folding and unfolding rates,
respectively, in the absence of denaturant, and myy/RT and
myu/RT are proportionality constants, which describe the
denaturant dependence. Bio-Kine 32 version 4.51 was used for
nonlinear least-squares analysis of the data.

B RESULTS AND DISCUSSION

Production of Trigger Factors. The genes encoding the
TFs were cloned from the genomic DNA of P. haloplanktis, E.
coli, and T. maritima on the basis of the known genome
sequences. These genes were expressed in E. coli grown at 18
°C and purified to homogeneity. N-Terminal amino acid
sequencing confirmed the identity of the proteins and indicated
the persistence of the N-terminal formylmethionine. ESI-Q-
TOF mass spectrometry also confirmed the expected mass of
the proteins, as well as the absence of post-translational
modifications. General data on the TFs are provided in Table 1.
A preliminary characterization of PhTF has previously been
reported.”®

Microcalorimetric Analysis of Stability. The thermal
stability of the three TFs was investigated by DSC.
Representative normalized thermograms are shown in Figure
1, and the corresponding microcalorimetric parameters are
listed in Table 2. Figure 1 illustrates the drastic differences in
the melting point, T,, (top of the transition), which varies from
values as low as 33 °C for PhTF to nearly the boiling point of
water for TmTF. This is accompanied by large increases in the
microcalorimetric enthalpy, AH,, (area under the transition).
The latter parameter corresponds to the total amount of heat
absorbed during unfolding, which is required to disrupt all
enthalpy-driven interactions stabilizing the native state.
Accordingly, both the T, and AH_ values depict the
progressive enthalpic stabilization of the three TFs in parallel
with the environmental temperature.

Although TF is a large multidomain protein, PATF unfolds
cooperatively according to a two-state model, as indicated by a
AH_/AH,; ratio close to unity (AH,y is the van’t Hoff
enthalpy calculated from the slope of the normalized
thermogram). The thermogram of EcTF is asymmetric,
however, and can be deconvoluted into two transitions (Figure
1) corresponding to two stability domains. Unfolding of the
first one approximates a two-state process (Table 2), whereas
the second transition deviates from such a model. Finally, the
thermogram of TmTF is symmetric, but the AH_,;/AHy ratio
above unity suggests the occurrence of two strongly interacting
domains. We can conclude that the psychrophilic TF is
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Figure 1. Differential scanning calorimetry of trigger factors. Analysis
of the psychrophilic (PATF), mesophilic (EcTF), and thermophilic
(TmTF) trigger factors in 30 mM Mops and 250 mM NaCl (pH 7.6).
Baseline-subtracted thermograms have been normalized for protein
concentration. For EcTF, thin lines represent deconvolution of the
thermogram into two cooperative transitions.

uniformly unstable and unfolds cooperatively, whereas EcTF
and TmTF contain two stability domains that perform
improved interactions as the stability increases.

The psychrophilic TF displays an unusually high reversibility:
10 cycles of unfolding and refolding can be performed without
a measurable loss of AH_,. In addition, refolding upon cooling
of the heat-denatured state can be recorded without
compromising reversibility (Figure S1 of the Supporting
Information). The high reversibility of another psychrophilic
protein has been related to the low temperature of unfolding at
which aggregation is not promoted."> However, PATF can be
heated up to 90 °C without altering its unfolding reversibility.
Accordingly, unfolding reversibility appears to be an intrinsic
property of cold-adapted polypeptides. Unfolding of EcTF
under microcalorimetric conditions is accompanied by an
~10% loss of reversibility. This does not, however, preclude a
thermodynamic analysis of the data as aggregation is slower
than unfolding.>' By contrast, in the presence of a nondetergent
sulfobetaine, which prevents aggregation at the upper temper-
atures, unfolding of TmTF is almost fully reversible. Finally, it is
also worth mentioning that PhTF is the least stable protein
reported so far: at a mesophilic temperature of 37 °C, >90% of
the protein molecules are already unfolded.

Change in Heat Capacity upon Unfolding. The heat
capacity increment between the native and denatured states,
AC,, determines the temperature dependence of the Gibbs free
energy of unfolding and hence the curvature of the stability
plots (see below). The AC, values recorded from the partial
molar heat capacity of individual thermograms are listed in
Table 2. In the case of the psychrophilic TF, which unfolds
reversibly according to a two-state model, the AC, value was

»
also obtained experimentally using Kirchhoff’s relation:
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Table 2. Thermodynamic Parameters of Heat-Induced Unfolding Derived from Microcalorimetric Analysis of the Trigger

Factors
trigger factor T,, (°C) AH_, (kJ mol™") AH,g (k] mol™) AH_/AH reversibility (%) AC, (k] mol™" K™)
PhTE 33.0 345 330 1.04 >99 19.6
EcTF 48.5 774 ~90 19.6
first transition 44.6 333 311 1.07
second transition 482 437 799 0.57
TmTF 96.6 1192 899 132 ~98 11.3
AC, = 6H/6T (4) followed by unfolding at higher temperatures. It is worth

Thermograms of PATF were recorded at decreasing pH values
to destabilize the protein: a plot of AH, versus Ty, yields a
slope corresponding to a AC, of 184 + 1.4 kJ mol™" K™!
(Figure S2 of the Supporting Informatlon) Although obtained
in a narrow range of stability, the latter value is in close
agreement with data from individual thermograms. Such an
experimental approach was not possible for EcTF and TmTF
because of the heat-induced aggregation at pH values below
neutrality.

Furthermore, the stability curve of the psychrophilic TF at
low pH, computed with the corresponding AH, T}, and AC,
values, predicts a T, for cold-unfolding near 0 °C (Figure S3 of
the Supporting Informatlon) As freezing of the protein
solution can irremediably damage a microcalorimetric cell, the
possible cold-unfolding of PhTF was investigated by intrinsic
fluorescence measurements. At pH 5.6, PA'TF undergoes heat-
induced unfolding (Figure 2) with a T,, value of 28 °C, in
accordance with DSC experiments (Figure 2, inset).
Furthermore, when the sample is cooled to —4.1 °C, a clear
cold-induced transition is also observed before freezing occurs,
with a midpoint around 0 °C. This transition is reversible, and
Figure 2 actually shows refolding of cold-denatured PhTF,

1.2

Fluorescence (AU)

10 20 30
Temperature (°C)

40 50

Figure 2. Cold-induced and heat-induced transitions of the
psychrophilic TF monitored by fluorescence. The protein in 30 mM
MES and 50 mM NaCl (pH 5.6) was cold-unfolded by being cooled to
—4.1 °C (data points omitted for the sake of clarity) and then heated
at a rate of 0.5 °C/min. Data for cold-refolding are shown with empty
symbols. The refolded native state further undergoes heat-induced
unfolding with a midpoint at 28 °C. Thin lines simulate the
temperature dependence of fluorescence intensity of the native (N)
and unfolded (U) states. Extrapolation of the latter suggests that cold-
unfolding has nearly reached completion before freezing. The inset
shows the raw microcalorimetric record of heat-induced unfolding
under identical buffer conditions.
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mentioning that this is one of the very few reported cases in
which the thermodynamic parameters derived from DSC
experiments can be validated by determmm§ experimentally
the predicted cold-unfolding temperature.

The AC, value of the thermophilic TF may appear very low,
as already noted for some heat-stable proteins.>***~>" This
characteristic is rarely mentioned, but it has been shown that
the difference in heat capacity between the native and unfolded
states decreases with temperature and vanishes at around 120
°C for most mesophilic proteins.*® It follows that the higher the
melting temperature (as for TmTF), the lower the AC, value.
This essential physicochemical property of the native and
unfolded states should be taken into account in the analysis of
the unusual stability of these proteins as it affects the shape of
the stability curves (see below). In some cases, the occurrence
of residual structures in the unfolded state of thermophilic
proteins has been related to the low AC, value.***” To address
this aspect, the three unfolded TFs were loaded via analytical
(fast performance liquid chromatography) size exclusion
chromatography in 4 M guanidinium chloride (GdmCl). The
elution volume (and hence the hydrodynamic radius) was
proportional to the number of amino acid residues in the
sequence. Therefore, this technique does not provide evidence
of substantial residual structures, i.e. reduction of the
hydrodynamic radius, in the unfolded state of TmTEF.

Equilibrium Unfolding. GdmCl-induced unfolding of the
three TFs was followed at 25 °C by measuring the intrinsic
fluorescence emission. Data collected at two different wave-
lengths, ie., 307 and 335 nm for tyrosine and tryptophan
residues, respectively, provided identical results. Figure 3
illustrates the reversible unfolding transitions obtained under
equilibrium conditions, and the corresponding thermodynamic
parameters are listed in Table 3. The conformational stability of
these proteins [given by the Gibbs free energy of unfolding,
AG°(H,0)\u] increases in parallel with both their thermal
stability and their environmental temperatures. PATF unfolds
cooperatively according to a two-state transition and is only
marginally stable (S kJ/mol). By contrast, the unfolding curves
of both EcTF and TmTF are best fit using a three-state
unfolding mechanism. Two discrete transitions are readily
observed for ECTF (Figure 3), as previously reported,® and a
three-state model is required to analyze experimental data for
TmTE. For both proteins, chemical unfolding is not fully
cooperative, in good agreement with DSC results. Data in
Figure 3 allowed delineation of the experimental conditions for
the kinetic experiments described below.

Folding and Unfolding Kinetics. To address the kinetic
origin of the large differences in stability observed for TFs, both
folding and unfolding kinetics were followed by stopped-flow
fluorescence spectroscopy. Because the equilibrium constant
Kyu between the native state N and the unfolding state U is
equal to the ratio kyy/kyy of the kinetic constants for unfolding

dx.doi.org/10.1021/bi4002387 | Biochemistry 2013, 52, 2982—2990
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Figure 3. GdmCl-induced equilibrium unfolding of trigger factors:
PhTF (@), ECTF (A), and TmTF (M). The normalized fluorescence
signal changes (pre- and post-transition baselines subtracted) for
unfolding are shown as a function of GdmCl concentration. Solid lines
represent least-squares fit analyses of the experimental data according
to a two-state (PhTF) or three-state (EcTF and TmTF) unfolding
mechanism.

and folding, an increase in protein stability can be achieved
either by slower unfolding (kyy) or by faster refolding (kyy), or
possibly by a combination of both.

Unfolding of the three TFs was induced by fast 10-fold
dilution of the native proteins at various GdmCl concen-
trations. Typical unfolding kinetic records are shown in Figure
4. In the presence of 1 M GdmCl], the marginally stable PATF is
completely unfolded in <2 s, unfolding of EcTF is 10 times
slower under the same conditions, and TmTF unfolds 50 times
slower in 3 M GdmCI. The observed kinetics were analyzed as
the sum of three or four (TmTF) exponential functions, and
the corresponding rate constant values form the right branch of
the chevron plots shown in Figure 5. In refolding experiments,
TFs were first fully unfolded after incubation for 24 h in
concentrated GdmCl, and then refolding was initiated by fast
dilution to various final GdmCI concentrations. The observed
refolding kinetic traces are described well by the sum of two or
three (TmTF) exponential functions, and the corresponding
rate constant values form the left branch of the chevron plots in
Figure S. Such complex folding and unfolding kinetics probably
reflect the three-domain structural organization of TFs.

These chevron plots allow the determination of the
microscopic folding and unfolding rate constants in the absence
of denaturant, kyy(H,0) and kyy(H,O), by linear regression
on the ordinate (dashed lines in Figure S, Table 4, and Table S1
of the Supporting Information). These extrapolations are
enlarged in Figure 6. Despite the complexity of TF folding and
unfolding kinetics, a clear trend is observed: the large

1.0 4
Q
2 o031
s TmTF
o
S 0.6 -
R
(7]
K
& 04
©
£
1™
o 0.2
Z
0.0
00 04 08 12 16 20 40 80 120
Time (s)

Figure 4. Kinetics of unfolding monitored by stopped-flow
fluorescence. Records for PATF and EcTF, both in 1 M GdmCl, and
for TmTF in 3 M GdmCl. Kinetic traces are normalized for identical
initial (fluorescence intensity of the initial state, mixed with buffer
without GdmCl) and final (steady-state fluorescence intensity) values.

differences in stability among the three TFs are mainly due
to the large differences in the unfolding rates. Both the slow
and fast folding phases are clustered in a narrow range of
kyn(H,O) values that differ by only 1 or 2 orders of magnitude
(Figure 6 and Table 4). In sharp contrast, the unfolding rate
constants, kyy(H,O), differ by 8 orders of magnitude between
PhTF and TmTEF. Furthermore, TmTF displays an additional
very slow unfolding phase when compared with both
homologues. In this respect, the slow unfolding to achieve
high stability previously reported for hyperthermophilic
proteins'>***! is also observed for TmTF. More importantly,
fast unfolding is the main determinant of PhTF’s low stability,
while EcTF displays intermediate values. There is, therefore, a
continuum in the resistance to unfolding that kinetically drives
adjustments of stability at environmental temperatures. This
also suggests that the free energy level of the transition state in
the unfolding pathway modulates the stability of proteins over
the whole range of biological temperatures. Folding and
unfolding kinetics were also recorded at 9 °C by manual
mixing, yielding qualitatively similar results for the observable
phases (Figure S4 of the Supporting Information). It is also
worth mentioning that stabilized, mesophilic-like mutants of a
psychrophilic a-amylase display similar properties™ (i.e.,
identical folding rates but slower unfolding rates with respect
to that of the native heat-labile protein), suggesting
convergence of kinetic contributions to stability in cold-adapted
proteins.

Stability Curves and Thermodynamic Stability. The
stability curves of the three TFs have been computed in Figure

Table 3. Thermodynamic Parameters of Equilibrium Unfolding in GdmCI for Trigger Factors at 25 °C

trigger factor —m; (k] mol™* M™")

PhTF
EcTF
first transition 333+ 14 162 + 0.8
second transition 133 + 1.2 177 £ 1.5
TmTF
first transition 149 + 79 41.6 + 8.8
second transition 39.8 + 5.6 118.8 + 8.6

AG°(H,0); (kJ mol™)

2986

Cr (M) —myy (K mol™ M_l) AG°(H,0)ny (K mOI_l)
0.10 £+ 0.007 S1.2 £ 1.8 52 +03
0.49 + 0.03 46.6 + 2.9 339 +23
1.33 + 0.16
279 £ 1.5 54.7 £ 13.5 1604 + 17.4
298 + 0.5

dx.doi.org/10.1021/bi4002387 | Biochemistry 2013, 52, 2982—2990
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Figure S. Folding and unfolding kinetics quantified by stopped-flow
fluorescence spectroscopy. Chevron plots of the GdmClI concentration
dependence of the relaxation rate constants for unfolding (right arms
of the plot) and refolding (left arms) at 20 °C. Data are shown for
PhTF, EcTF, and TmTF. Dashed lines are extrapolations to 0 M
GdmCl allowing the determination of kyy(H,0) and kyyn(H,0), the
microscopic unfolding and folding rate constants, respectively, in the
absence of a denaturant.

Table 4. Microscopic Folding and Unfolding Rate Constants
at 20 °C for TFs Determined by Stopped-Flow Fluorescence
Spectroscopy

rate constant (s_l)

trigger factor phase 1 phase 2 phase 3 phase 4
Folding, kyyn(H,0)

PhTE - 5.4 1.1

EcTF - 82.3 9.9

TmTF 182.5 37.9 3.0

Unfolding, kyy(H,0)

PhTF 1.9 0.5 0.1

EcTF 9.1 X 1072 9.9 x 1073 54 x 107

TmTF 2.7 X 1073 9.3 x 107° 1.9 x 107¢ 33x 1078

“Not observed.

7 using the microcalorimetric parameters (Table 2) and the
modified Gibbs—Helmholtz relation:

AGNU(T) = AHcal(l - T/Tm) + ACP(T - Tm)
— TAC, In(T/T,) ()

unfolding folding
5 1 51— — |
L-—" S~
0 _/ 0 -
‘T:; = \
£ 5 -ﬁ -5 -
= —
x —
e 10 -10
L—
15 - 15 -
L—
-20 T -20 T
0.0 0.2 0.0 0.2
[GdmCI]

Figure 6. Close-up of ordinate extrapolations. Extrapolations of the
relaxation rate constants for the determination of microscopic
unfolding and folding rate constants in the absence of denaturant.
Data are shown for PATF (blue lines), EcTF (black lines), and TmTF
(red lines). Fast (dashed lines), medium (thin lines), and slow (thick
lines) phases should be compared. Folding rate constants are clustered
in a narrow range of kyy(H,0) values, whereas unfolding rate
constants, kyy(H,0), differ by 8 orders of magnitude.
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Figure 7. Stability curves of trigger factors. Curves computed from the
Gibbs free energy of unfolding and microcalorimetric parameters for
PhTF, EcTF, and TmTF. Filled symbols correspond to individual
AG°(H,0)yy values obtained from equilibrium unfolding in GdmCl
at various temperatures.

This Gibbs free energy function corresponds to the work
required to unfold the native state at any given temperature
and, by definition, is zero at the melting point, T,. The
individual AG°(H,O)yy values obtained from equilibrium
unfolding in GdmClI are also reported. A satisfactory agreement
between both experimental approaches is observed, which
allows us to draw some general conclusions.

(i) The high stability of the thermophilic TF is obtained by
the uplift of its stability curve toward larger AGyy values,
whereas the weak stability of the psychrophilic TF corresponds
to a global lowering of its free energy function, as compared
with that of the mesophilic protein. This is the obvious
consequence of drastic differences in enthalpic stabilization
characterized by the T, and AH_, values listed in Table 2. This
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also indicates that enthalpy-driven interactions play a
prominent role in the adjustments of the conformational
stability, as already suggested by three-dimensional structures of
psychrophilic and hyperthermophilic proteins.**~*°

(i) The three curves in Figure 7 display roughly similar
shapes in the temperature range considered. In the case of
TmTEF, the similar plot curvature arises from the low AC,
associated with high AH_, values. Indeed, a simulation using a
AC, value of 19.6 kJ mol™ K™ (as for ECTF) yields a much
sharper stability curve, incompatible with the experimental
AG°(H,0O)ny values. Accordingly, there is a fine-tuning of
thermodynamic parameters AH, AC, and T, in proteins
adapted to extreme temperatures, leading to the similar shapes
of their free energy functions.

(iii) There is no significant displacement of the maximal
stability (top of the bell-shaped curves in Figure 7), neither
toward high temperatures for the thermophilic TF nor toward
low temperatures for the psychrophilic TF: maximal stability is
reached near room temperature, irrespective of the thermal
regime of the source microorganism. A similar conclusion was
previously reached by comparing proteins with distinct
stabilities,"” ~*’ and it appears that this conclusion can be
extended to extremophilic proteins, as far as TFs are concerned.
It has been suggested that a common temperature for maximal
stability arises from an optimal hydrophobic effect in this
temperature range** or, more generally, from the balance
between enthalpic interactions and hydration effects on the
various protein groups.50

(iv) A surprising consequence of the collapsed free energy
function of the psychrophilic TF is its weak stability at low
temperatures: PhTF is, in fact, both heat- and cold-labile in
vitro. Cold-adapted polypeptides are therefore prone to cold-
unfolding, and this can be an additional factor limiting life at
low temperatures. It is worth mentioning that polar bacteria
such a P. haloplanktis become trap;)ed in the winter ice pack
and experience long-term freezing.” It can be suggested here
that the unusual unfolding reversibility noted for psychrophilic
proteins is an adaptive trait aimed at recovering functional
proteins upon thawing if cold-unfolding has occurred.

(v) The stability curves in Figure 7 should also be analyzed
with respect to environmental temperatures. These temper-
atures for ECTF and TmTF fall on the right limb of the bell-
shaped curves, and therefore, the thermal dissipative forces
(leading to thermal denaturation) promote molecular motions
required for proper protein function. By contrast, environ-
mental temperatures for the psychrophilic TF lie on the left
limb of its stability curve. As a consequence, molecular motions
at low temperatures are promoted by factors that ultimately
lead to cold-unfolding. Hydration of polar and nonpolar groups
at low temperatures is currently regarded as the driving force of
cold-unfolding®® and should be involved in the dynamics of the
psychrophilic TF in the cold.

(vi) Finally, at temperatures above the maximal stability, the
enthalpic contribution is a stabilizing factor. However, at
temperatures below the maximal stability, both the enthalpic
and entropic terms change their sign and the enthalpic
contribution becomes a destabilizing factor.>® It follows that
at environmental temperatures, the stability of PhTF is entropy-
driven, in sharp contrast with those of its mesophilic and
hyperthermophilic homologues.

Interestingly, the analysis of the PhTF stability curve is in
agreement with earlier data on a psychrophilic a-amylase,"
indicating common traits in cold-adapted proteins.
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B CONCLUSIONS

We have shown here that adjustments of protein stability over
the whole range of biological temperatures proceed via the
same fundamental mechanisms. This involves increases in the
level of enthalpic stabilization and in resistance to unfolding
with increased environmental temperatures. These results
provide evidence that neither the unusually stable hyper-
thermophilic proteins nor the natively unstable psychrophilic
proteins have evolved specific mechanisms for reaching the
necessary balance between stability and dynamics,”>** ensuring
functionality at their respective environmental temperatures.
Rather, their thermodynamic and kinetic stability parameters
are part of a continuum ranging from low to moderate and high
temperatures. The striking parallel between enthalpic stabiliza-
tion noted here and the number of weak interactions and of
stabilization factors observed in the three-dimensional
structures of psychrophilic, mesophilic, and hyperthermophilic
proteins provides a sound basis for explaining the differences in
thermal stability. By contrast, the next challenge will be to
characterize the energetics of the transition-state intermediate
on the unfolding pathway that modulates the kinetic stability of
these proteins. Obviously, small model proteins are required to
reach this goal.
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