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Abstract

Here, we perform protein thermodynamic simulations within a set of boundary conditions, effectively blanketing the experimental data.
The thermodynamic parameters, melting temperature (7), enthalpy change at the melting temperature (AH) and heat capacity change (AC,)
were systematically varied over the experimentally observed ranges for small single domain reversible two-state proteins. Parameter sets that
satisfy the Gibbs—Helmholtz equation and yield a temperature of maximal stability (7s) around room temperature were selected. The results
were divided into three categories by arbitrarily chosen 7 ranges. The T ranges in these categories correspond to typical values of the
melting temperatures observed for the majority of the proteins from mesophilic, thermophilic and hyperthermophilic organisms. As expected,
AC,, values tend to be high in mesophiles and low in hyperthermophiles. An increase in T is accompanied by an up-shift and broadening of
the protein stability curves, however, with a large scatter. Furthermore, the simulations reveal that the average AH increases with 7 up to
~ 360 K and becomes constant thereafter. AC,, decreases with T with different rates before and after ~ 360 K. This provides further
justification for the separate grouping of proteins into thermophiles and hyperthermophiles to assess their thermodynamic differences. This
analysis of the Gibbs—Helmholtz equation has allowed us to study the interdependence of the thermodynamic parameters 7, AHg and AC,
and their derivatives in a more rigorous way than possible by the limited experimental protein thermodynamics data available in the literature.
The results provide new insights into protein thermostability and suggest potential strategies for its manipulation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Thermophilic and hyperthermophilic proteins have im-
mense potential for use in several industrial applications [1—
4]. The increased thermal stability is beginning to be
understood, mainly based on comparisons of sequences
and structures from homologous thermophilic and meso-
philic proteins [5—7]. Among the several routes to higher
protein thermostability, the most frequent is via modification
of protein electrostatics, relieving electrostatic repulsions
[8], increased formation of salt bridges and their networks
[7,9—-13] and cation—pi interactions [14,15]. A second
approach to study protein thermostability is analysis of
experimental thermodynamic data and comparisons among
families of homologous thermophilic and mesophilic pro-
teins [16—23]. Available experimental data were compiled
in a book [24] and in an electronic database [25].

Single domain proteins which undergo reversible two-
state folding—unfolding transition show the simplest tem-
perature-dependent behavior. For such proteins with posi-
tive AC,, the temperature-dependent variation in their
thermodynamic stability can be described by the Gibbs—
Helmholtz equation [26,27]:

AG(T) = AHg(1 — T/Tg) — AC,[(Tg — T) + Thn(T/Tg)]
(1)

where AG(T) is the Gibbs free energy change between the
denatured (D) and the native (V) states of a protein at a
given temperature 7, AHg is the enthalpy change between
the two states at the melting temperature (7g) and AC,, is the
heat capacity change between the two states. AHg, AC, and
TG are usually determined using differential scanning calo-
rimetry and spectroscopy. Plotting AG(T) versus T using Eq.
(1) yields a skewed parabola with a maximum in protein
stability [AG(Ts)] at a temperature Tg [26,27].

The thermodynamic properties of homologous thermo-
philic versus mesophilic proteins were interpreted in terms of
the microscopics of protein sequence and structure [21]. The
stability curves of thermophilic proteins were up-shifted and
broadened as compared to their mesophilic homologues due
to reduced AC,, and increased per residue enthalpy change
(Ahg), showing greater maximal stabilities. We have further
collected thermodynamic data from the literature on proteins
that show reversible two-state folding—unfolding transition
at or near neutral pH. The proteins are derived from hyper-
thermophilic, mesophilic and psychrophilic organisms. Most
have large hydrophobic cores and are maximally stable
around room temperature (7s=293.8 K), irrespective of
size, fold, number of domains, oligomeric state, melting
temperature and the living temperature of the source organ-
isms. Analyses of the single domain proteins revealed
interesting correlations, for example, the average free energy
contribution by individual residues towards maximal protein
stability decreases with the protein size, indicating an upper

limit for maximal stability for the single domains [22]. The
temperature range over which a single domain protein is
stable decreases with AC,, but increases with AG(Ts) [23].

Here, we further explore protein thermostability. We
simulate protein thermodynamics using the Gibbs—Helm-
holtz equation to explore the dependencies of the thermody-
namic parameters, 7, AHg and AC,, and their derivatives on
each other. The simulations are guided by experimental data
on single domain proteins. We perform systematic variations
in TG, AHg and AC, over the experimentally observed
ranges, similar to a grid search strategy in molecular simu-
lations. The simulations provide a more rigorous basis to
observations from analyses of the limited experimental data
on protein thermodynamics and yield further insight that
could not be obtained from experimental data alone. They
provide a rational basis for segregating hyperthermophilic
from thermophilic proteins. The results are divided into three
arbitrary categories with 7T ranges typical for proteins from
mesophiles, thermophiles and hyperthermophiles. The aver-
age AHg increases with Tg up to ~ 360 K and becomes
constant thereafter. The average AC, decreases with 7, but
the rate of decrease changes around this temperature. Reduc-
tion in AC,, is the key to protein thermostability and leads to
the broadening and up-shift of the stability curves for the
thermostable proteins. Most proteins are maximally stable
around room temperature [22,28], irrespective of the living
environments of their source organisms. The simulations
suggest that this results in a negative relationship between
AC, and Tg. Our results have important implications for
rational manipulation of protein stability.

2. Methods
2.1. Twelve single domain proteins in our study

We have already described the procedure of the data
collection and quality control [22,23]. Briefly, our dataset
consists of 12 single domain proteins with two-state fol-
ding—unfolding transitions in the pH range 6-8, with
>90% reversibility. The cooperativity ratio, R, for these
proteins lies in the range 0.9—1.10. All are maximally stable
around room temperature and contain a single hydrophobic
core. These proteins are Sso7d [29], TmCsp [30],
Nrepressors_gs [31], BsHPr [24,32], Barstar [33], Cp of
Ig\ [34], FeCyt bss, [35], Thioredoxin [36], Snase [37],
GDH domain 1II [38], Apoflavodoxin [39] and K-STI [40].
The average thermodynamic parameters for these 12 pro-
teins are 7g=343 + 14 K (range: 325-371 K), AHg=
77 £ 18 kcal/mol (range: 58—107 kcal/mol) and AC,=
1.6 £0.6 kcal mol~ " K~ ' (range: 0.6-2.6 kcal mol '
K~ '). The average maximal stability is 5.5 + 1.6 kcal/mol
(range: 3.5-9.0 kcal/mol), and the average size is 113 £ 40
residues (range: 62—181 residues). The ranges of variations
in our dataset have inspired the boundary conditions for the
different simulations presented here.



S. Kumar, R. Nussinov / Biophysical Chemistry 111 (2004) 235-246 237

2.2. Calculation of the derived thermodynamic parameters

Using Eq. (1) and the experimentally determined 7,
AHg and AC, for a reversible two-state protein, we can plot
the protein stability curves and derive the slope at Tg
(— ASg), curvature (—AC,/Tg) at Tg, the temperature of
maximal protein stability (7s), maximal protein stabili-
ty[(AG(Ts)] and the temperature range (TRange) of thermo-
dynamic stability of the native state [26,27].

The slope of the protein stability curve at T is given
by:

(dAG/AT);_y. = —AHG /T = —AS6 2)

Hence, at Tg, the slope of the protein stability curve is
determined by AHg. The slope also represents the entropy
difference between the folded and unfolded states of the
protein at 7g. The curvature of the protein stability curve
at Tg is given by:

(PPAG/AT?) ;. = —AC, /TG (3)

Hence, AC, determines the curvature of the protein
stability curve at 7. The temperature at which the protein
is maximally stable (7s) is given by:

Ts = Tgexp[—AHG /(TcAC))] (4)

Note that 75 should not be confused with 7g* which is
the temperatures at which the entropy of unfolding (AS) is
zero. The maximal protein stability [AG(7s)] is given by:

AG(Ts) = AHg — (TG — Ts)AG, (5)
The temperature range (TRange) over which the native
state of the protein is thermodynamically stable is given
by:
TRange = T — T6 (6)
where 7§ is the cold denaturation temperature at which
AG(T)=0. This temperature was estimated using the
Gibbs—Helmholtz equation and numerical interpolation.
2.3. Protein thermodynamics simulations

We systematically vary AHg, AC, and Tg over the

experimental value ranges for the 12 single domain revers-
ible two-state proteins:

AHg = 50 — 150 kcal /mol ™!
AC, = 0.5 — 3.0 kcal mol™! K~!

TG =300 — 400 K

and use Eq. (4) to select the sets of AHg, AC,, and T which

yield Ts in the range of 273—310 K. This is the observed
range of 7s in the experimental data [22]. The protein
stability curve for a selected parameter set was plotted using
Eq. (1) and the TRange of thermodynamic stability was
computed using Eq. (6). Other parameters were computed
using the equations above.

The thermodynamic simulations described here may be
thought of as sampling over the volume of a three-dimen-
sional cuboid with vertices defined by T, AHg and AC,,
although one should remember that the three parameters are
not independent of one another. The total volume (V) of the
cuboid available for sampling depends upon the ranges used
for the three parameters. In the present study, this volume is
2.5 % 10* (kcal/mol)® (100 kcal/mol x 2.5 kcal mol™ '
K~ ' x 100 K). The volume actually sampled by the simu-
lations (V) is limited by the requirement for 75 to be around
room temperature. The procedure followed is similar to the
grid search (conformational sampling) used in molecular
simulations. However, unlike molecular simulations, there is
no force-field parameterization and the simulations are not
atomistic.

In total, three simulations have been performed at differ-
ent levels of granularity (G) determined by the steps by
which the three parameters were varied. The characteristic
properties of these simulations are described in Table 1. The
steps for variation of the thermodynamic parameters and
thus granularity were chosen arbitrarily.

2.3.1. Simulation 1 (S1)

In the first simulation, AHg was varied in steps of 0.5
kcal/mol, AC,, in steps of 0.05 kcal mol™ 'K~ "and Tg in
steps of 0.5 K. The granularity in this case is 0.0125 (kcal/
mol)? (0.5 kcal/mol x 0.05 kcal mol~' K~ 'x 0.5 K). A
total of 663,295 sets which yield 7§ in the range of 273-310
K were selected. These sets cover 33.2% of the total space
available to S1 (Table 1).

2.3.2. Simulation 2 (S2)

In the second simulation, AHg, AC,, and T were varied
in steps of 1 kcal/mol, 0.1 kcal mol~! K™ ! and 1 K,
respectively, with G=0.1 (kcal/mol)®>. A total of 84,461
parameter sets that yield 75 in the range of 273-310 K

Table 1

Characteristics of various simulations in the present study®

Simulation G Ng Vs Vr Ve
(kcal/mol)? (kcal/mol)®  (kcal/mol)® (%)

S1 0.0125 663,295 8291.19 25,000 33.16

S2 0.1 84,461 8446.10 25,000 33.78

S3 0.005 1,657,777  8288.89 25,000 33.16

* For each simulation, G denotes the granularity of the simulation, Ng
stands for the number of parameter sets (7, AHg, AC,,) with temperature of
maximal stability being around the room temperature (273 <75 <310K). Vg
denotes the volume sampled by a simulation in the AHGAC, T space and Vr
shows the total volume available for sampling to the simulation. V' measures
the fraction of the available volume covered by simulation. Note that all
simulations sample approximately one-third of the total volume (V7).
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were selected. S2 samples 33.8% of the available space
(Table 1).

2.3.3. Simulation 3 (S3)

For the third simulation (S3), we varied AHg in steps
of 0.1 kcal/mol, AC, in steps of 0.01 kcal mol~ ' K~!
and 7 in steps of 5 K. The granularity was 0.005 (kcal/
mol)®. A total of 1,657,777 ( ~ 1.7 x 10°) parameter sets
with Ts within 273-310 K range were selected. S3
covers 33.2% of the total AHGAC,Tg volume available
(Table 1).
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For each simulation, we have computed the fractional
volume (V) of the TGAHGAC, cuboid sampled by the
simulation, using the following formulas:

Ve = Vs 100/ V1 (7)
and

(8)

Vs, Vrand G are defined above. Ng is the number of the (AH,
AC,, Tg) sets which yield 7 in the range of 273-310 K.

Vs = NsG
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Fig. 1. The results of simulation 1 (S1). Various thermodynamic parameters [AHg, AC,, — ASg (slope), — AC,/T (curvature), AG(Ts) and Ts] are plotted with
respect to 7. In each plot, the X-axis is represented by 7. The data shown here correspond to 663,295 combinations (sets of 7, AHg and AC,) with T in the
range 273-310 K obtained from S1. The data are divided into three classes with respect to 7 and shown in different color in each plot. Blue refers to class 1.
The 7§ in this class falls in the range 300—333 K (27-60 °C). Green refers to class Il with 7 333.5-363 K (60.5-90 °C) and red refers to class Il with 7
363.5-400 K (90.5 °C—127 °C). The three classes roughly correspond to proteins from mesophiles (blue), thermophiles (green) and hyperthermophiles (red).
The data from real proteins are also represented in the same plots by symbols “x’. Our simulation is able to reproduce all the real data points.
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2.3.4. Control simulations

In addition to these three simulations, we have conducted
two further simulations. In the first, parameter sets which
yield Ts<273 K were selected. In the second, we selected
sets which yield 75 above 310 K.

3. Results
3.1. Simulation 1 (S1)

The results of this simulation are shown in Fig. 1. We
have categorized the thermodynamic parameter sets
obtained by Sl into three classes according to the melting
temperature (7g), namely, class I [237,113 sets (36%) with
300<75=<333 K; shown in blue color], class II [279,156
sets (42%) with 333<75<363 K; green] and class III
[147,026 (22%) sets with 363 <T7;<400 K; red]. The
temperature ranges for these classes were chosen arbitrarily
and correspond to the typical melting temperature ranges of
proteins from mesophilic, thermophilic and hyperthermo-
philic organisms [3—7,21]. Data from the real proteins (12
single domains) are also plotted in this figure. The simula-
tion not only covers the experimental data points, but also
explores larger space. Table 2 provides the average values of
thermodynamic parameters in these three classes along with
the data for the real proteins.

For the mesophilic (class I) and hyperthermophilic
(class III) proteins, our simulations do not cover the full
range of AC, (0.5-3.0 kcal mol™ ! K™ ). In class I, low
values of AC, are not sampled and the simulation visits
the higher values more often. The lowest value of AC, is
0.8 kcal mol~ ' K~ ' for class I. Similarly, high values of
AC, are not sampled in hyperthermophiles and the simu-
lation covers AC, in the range of 0.5-2.55 kcal mol™ '

Table 2

K~ ' for this class. The average AC, decreases from
mesophiles — thermophiles — hyperthermophiles (Table
2). The difference between the average AC, values for
classes 1 (mesophiles) and Il (thermophiles) is small.
However, AC, values decrease to a greater extent between
classes II (thermophiles) and III (hyperthermophiles). The
changes in the average AC, values in the three classes are
not statistically significant (Table 2). However, this trend
is consistent with the third simulation (S3), as described
below. Analysis of experimental data also showed a
negative correlation between 7 and AC, [23]. To inves-
tigate whether this negative relationship is due to 75 being
restricted to room temperature, we have conducted two
control simulations which select parameter sets outside
this range for 75 (i.e. with 75<273 K and 7s>310 K).
When Tg<273 K, the selected parameter sets often
contained low values for both Tg and AC,. Similarly,
when 75>310 K, the selected parameter sets contained
high values for both 7g and AC,. Hence, the negative
relationship between 7 and AC, is due to Tg being
around room temperature, an outcome of the hydrophobic
effect [41,42].

Mesophilic proteins tend to explore smaller values of
AHg when Tg is small, but quickly cover the whole range as
Ts increases. Fig. 1 shows that there is no apparent
correlation between T and AHg. Earlier experimental data
analysis also did not reveal a significant correlation [23].
However, a correlation between TG and Ahg (= AHG/Nyes),
the value of enthalpy change normalized by protein size,
was observed on a dataset of homologous thermophilic and
mesophilic proteins [21]. In contrast to classes I and III,
class IT explores the full ranges of AH and AC,, available to
the simulation. The slope and curvature of the stability
curves show similar behavior to AHg and AC,,, respectively
(see plots in the middle panel of Fig. 1).

Average, standard deviation and range of various thermodynamic parameters in three classes of S1?

Thermodynamic parameter Class I (mesophiles)

Class II (thermophiles)

Class III (hyperthermophiles) Twelve single domains

Ts (K) 32149 347+ 8 379+ 11 343 + 14
(300-333) (333.5-363) (363.5-400) (325-371)

AH¢ (kcal/mol) 83.6 +25 103.5+27.6 109 +27.3 77+ 18
(50-150) (50—150) (50-150) (58-107)

AC,, (keal mol~ ' K™ 1) 2.33+0.49 1.89 £0.58 1.18 +£0.38 1.6 +0.6
(0.8-3.0) (0.5-3.0) (0.5-2.55) (0.6-2.6)

AG(Ts) (kcal/mol) 4.83+2.48 8.21+3.18 12.69 + 3.89 53+1.6
(1.26-13.79) (1.79-19.36) (3.83-25.03) (3.5-9.0)

Ts (K) 286+ 9 294 + 10 204 + 11 204 +8
(273-310) (273-310) (273-310) (281-304)

— ASg (cal mol~ 'K~ 1) —260.1£753 —298.4+78.8 —287.9+72.4 —225+53
(—469 to —150) (—449.8 to —137.7) (—412.7 to —125.6) (=309 to —167)

—AC/Tg (cal mol™ ' K™ 1) —727+1.56 —546+1.72 —3.12+1.06 —47+18
(—10to —2.4) (=9to —1.38) (—7.02 to —1.25) (—7.8t0 —1.7)

 The average, standard deviation and range for various thermodynamic parameters obtained from S1. The data were classified into three classes according
to 7. Class I contains the thermodynamic parameter sets with 7 in the range 300—333 K. For classes II and 111, the 7 ranges are 333.5—363 and 363.5—-400
K, respectively. For each parameter, the range of variation is given in parenthesis. The last column presents the data on 12 single domain proteins [23]. The
thermodynamic data on the 12 single domain proteins were taken from the experiments reported in literature.
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The maximal protein stability ranges visited by the
simulation increase with Tg in all the three classes. In
class I, the simulation covers narrower ranges of AG(Ts)
as compared to classes Il and III, with a greater range for
class III (Fig. 1). On average, hyperthermophilic and
thermophilic classes have greater AG(7s) than mesophiles
(Table 2). The increase in average AG(Ts) between classes
II and III is greater than that of AG(7s) between classes 1
and II. These trends are consistent with simulations S2
and S3 and previous experimental observations [18,21—
23]. The simulation suggests large variabilities in AG(Ts)
for a given 7, although the average trends still hold. This
is reasonable. As the difference between Tg and Tg
(Tg — Ts) increases, enhanced exploration of maximal
protein stability may be required to still keep 7 around
room temperature.

3.2. Simulation 2 (S2)

The results of S2 were used to plot the stability curves in
the three T classes (Fig. 2) and to explore the TRange of
thermodynamic stability versus thermodynamic parameters
that measure the protein energetics (Fig. 3). Fig. 2 plots
hypothetical protein stability curves in classes I, IT and III
for the 84,461 combinations of 7, AHg and AC,. The
curves tend to be up-shifted and broader as the melting
temperature increases. Experimental thermodynamic data on
five families containing homologous thermophilic and mes-
ophilic proteins yielded similar results [21]. Fig. 3 plots the
temperature ranges for the parameter sets obtained from S2
with respect to AC,, AHg, curvature, slope and AG(Ts).
Consistent with previous results, TRange depends more on
AC, (hence curvature) than on AH (slope). Proteins with
greater TRange values have greater maximal protein stabil-
ities. However, the spread in AG(7s) increases with the
increase in TRange. Experimental data analysis also showed
that TRange and maximal protein stability are positively
correlated [23]. This observation is consistent with the
positive correlation between Tg and AG(Ts) and the re-
quirement for 75 to be around room temperature. Taken
together, these observations are related to lower AC,s at
higher 75’s and broader and up-shifted stability curves for
the thermostable proteins.

3.3. Simulation 3 (S3)

In this simulation, we have computed the averages and
standard deviations in the thermodynamic parameters for
every 5 K step in T in the range of 300—400 K (Table 3).
These data have been used to generate Fig. 4. S3 shows that
the average stability curves are consistently up-shifted and
broadened as 7 increases [Fig. 4], consistent with previous
experimental data analysis on homologous thermophilic and
mesophilic proteins [21]. For homologous proteins, greater
Tg’s can be achieved in three ways [17,20,43,44]. The
maximal stability can be larger for the thermophile as

30
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25F
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Fig. 2. Protein stability curves plotted using the Gibbs—Helmbholtz equation
and the thermodynamic parameter sets obtained from simulation 2 (S2) in
classes I (mesophile), II (thermophile) and III (hyperthermophile). The X-
axis denotes the temperature and the Y-axis denotes AG(T). Stability curves
shown in the top panel correspond to class I (7g=300-333 K), in the
middle panel to class II (7G=333.5-363 K) and in the bottom panel to
class III (7=363.5-400 K).

compared to its homologous mesophile, resulting in an
up-shift and broadening of the curve, and hence a higher
Ti. This would be an outcome of a larger AHG and/or a
smaller AC,. This mechanism is supported by studies on
experimental protein data [17,21,23] and by the current
simulations. Second, the AG(Ts) of both proteins may be
similar, but the curvatures of their stability curves may
differ. Third is a left/right shift of the curves. At the same
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Fig. 3. Temperature range of thermodynamic stability (TRange) for the thermodynamic parameter sets obtained from simulation 2 (S2) plotted with respect to
(@) AC,, (b) AHg, (c) curvature = — AC,/Tg, (d) slope=— ASg and (e) maximal protein stability [AG(T5)].

time, the spread in the stability curves shown in Fig. 2 and
the plot of TRange versus AG(Ts) (Fig. 3) suggest that
alternative mechanisms may still be observed when larger
experimental data become available, although the first
mechanism would dominate.

Interestingly, the average enthalpy change (AHGE") shows
an initial increase with 7. However, around 360 K ( ~ 90
°C), the increase in AHG' becomes insignificant and AHG"
converges to approximately 110 kcal/mol thereafter [Fig. 4].
The average slope of the protein stability curves also shows
a similar behavior. The slight difference is due to the
increase in 7. The average heat capacity change decreases
with Tg, but the decrease appears more rapid from 350 to
390 K ( ~ 80—120 °C) [Fig. 4]. The average curvature also
shows a similar behavior. 7, AHg and AC, are related to

AG(Ts) by Eq. (5). However, the changes in average
characteristics of AHg and AC,, with respect to T do not
seem to affect the average AG(7Ts) which increases steadily
with T (Fig. 4 and Table 3). The Tg region where the
average characteristics of AHS" and ACy" change coincides
with the region which separates thermophiles from hyper-
thermophiles. These results indicate that the thermodynamic
properties may differ among thermophilic and hyperther-
mophilic proteins.

4. Discussion

Here, we have performed a formal analysis of Gibbs—
Helmholtz equation within the experimentally observed
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Table 3

Average and standard deviation of various thermodynamic parameters obtained from S3 every 5 K 7 step”

T (K)  AHg (keal/mol) — AC, (kcalmol 'K~ ")  —ASg (calmol” 'K~ ")  —AC/Ts (cal mol™ ' K™')  AG(Ts) (kcal/mol)  Ts (K)

300 61.64 + 8.27 2.59+0.29 —205.47£27.55 —8.64+0.97 2.41+0.54 277.02 + 2.67
305 67.16 £12.17  2.50+0.36 —220.21 £ 3991 —8.18+1.18 2.95+0.88 279.05 +3.95
310 7277+ 16.14 243+ 041 —234.73 £ 52.05 —7.83+1.32 3.53+1.28 281.14 £ 5.25
315 78.45+20.16  2.37+045 —249.06 + 63.98 —7.53+1.42 416+ 1.74 283.27 + 6.56
320 84.17+24.18  2.33+048 —263.03 + 75.59 —7.28+1.49 4.84+2.24 285.44 + 7.88
325 88.12+26.34  2.28+0.50 —271.13 £ 81.05 —7.02+1.53 5.37 £2.60 287.99 +9.09
330 91.45+27.00 2.21+£0.51 —277.13 £ 81.81 —6.70 = 1.56 5.86+2.79 290.36 + 9.84
335 95.70 £26.88  2.12+0.53 —285.68 +80.23 —6.34+1.59 6.51+2.85 291.92 +9.95
340 9991 +£26.74  2.03+0.55 —293.84 + 78.64 —598+1.62 721 +£2.87 293.14 +£9.99
345 103.65 +26.83 1.94 + 0.56 —300.43 +77.78 —5.62+1.63 7.94 +2.87 294.13 + 10.08
350 106.58 &+ 27.20 1.83 £0.56 —304.53+77.71 —524+1.61 8.69 +£2.90 294.83 +10.24
355 108.23 + 27.62 1.70 + 0.54 —304.86 + 77.80 —4.80+1.52 9.43+2.98 295.10 + 10.42
360 108.35 + 27.66 1.55+0.48 —300.97 + 76.84 —431+134 10.14 £3.12 294.87 +10.47
365 108.37 + 27.65 1.42+0.43 —296.91 + 75.74 —-3.89+1.19 10.83 + 3.26 294.64 +10.49
370 108.48 + 27.56 1.31+0.39 —293.19 + 74.49 —3.54+1.06 11.51 £+ 3.40 294.47 + 10.49
375 108.69 +27.41 1.22+0.36 —289.83 + 73.09 —3.254+0.95 12.18 + 3.53 294.35+10.49
380 109.01 +27.17 1.14 £ 0.32 —286.87+ 71.50 —3.00+0.85 12.85+3.65 294.26 +10.48
385 109.47 + 26.84 1.07 + 0.30 —284.33 +69.71 —2.7840.77 13.52+3.77 29421 £10.48
390 110.09 £ 26.39 1.01 £0.27 —282.27+ 67.68 —2.60+0.70 14.20 + 3.86 294.18 +10.49
395 110.88 £25.82  0.96 £0.25 —280.70 £ 65.37 —2.4440.63 14.89 +3.93 294.15+10.51
400 111.87 £25.08 0.92+0.23 —279.68 + 62.69 —2.2940.57 15.61 +3.97 294.10 + 10.51

* The average and standard deviations of the thermodynamic parameters obtained from S3. In this simulation, AHg was varied in 0.1 kcal/mol steps and
AC,, was varied in 0.01 kcal mol™ "' K~ ! steps. The averages and standard deviations were computed every 5 K T step. Only those parameter sets were
selected which yield 7s around the room temperature. A total of 1,657,777 parameter sets were used in these calculations.

ranges of the thermodynamic parameters seen for single
domain reversible two-state proteins. This analysis has
allowed us to systematically explore the TcAHGAC, space.
Our simulations do not treat the thermodynamic parame-
ters 7, AHg and AC, as independent variables. Instead,
these simulations explore the interdependencies of these
and other derived thermodynamic parameters on each
other. The simulations are phenomenological in nature
and cannot be expected to yield insights into the mecha-
nism of protein thermostability. On the other hand, they
have enabled us to trace the variation in the values of
various thermodynamic parameters with 7 at the level of
specified granularity. This provides much more data to
study the interdependencies of these parameters than
possible by the available experimental thermodynamic
data. This is where the simulations are useful. Hence,
observations made from the simulation results have a more
rigorous basis than previous analyses of limited experi-
mental data [18,21-23,45—-48]. Our simulations are, how-
ever, also limited by the available experimental data on
single domain proteins.

The Gibbs—Helmholtz equation [Eq. (1)] assumes that
AC, is a constant (>0). Hence, our simulations are restricted
to AC, being constant. However, there is experimental
evidence that AC, may vary with the T for single domain
proteins, particularly for those from hyperthermophilic
organisms (e.g. see Ref. [44] and subsequent papers from
the same group). To qualitatively assess this effect, we have
rederived the slope [Eq. (2)] and curvature [Eq. (3)] taking
into account the variation of AC,, with T and assuming that
the Gibbs—Helmholtz equation still holds (i.e. the variation

of AC, with T is relatively small and folding—unfolding
transition is still largely two-state and reversible). According
to the new equations, the slope of a protein stability curve at
T is given by:

(dAG/dT);_y, = —Ha/To + T(dAC, /dT) r_, 9)
and the curvature of the stability curve at 7 is given by

(*AG/dT?);_y. = —Cy/TG + [T — InTG)(dAC, /dT) p_y,
+T6(d*AC, /dTZ)HG (10)

Hence, in such cases, both the slope and curvature of the
protein stability curve need to be corrected by additional
factors involving the first- and second-order derivatives of
AC, with respect to 7. If the values of these derivatives at 7
are small, the corrections of the slope and curvature of the
protein stability curve may be quite negligible. Another point
that deserves mentioning here is the different values for AC,
determined by different experimental methods and the differ-
ences in intrinsic versus apparent values of AC, due to the
linkage of protonation and anion binding to protein folding at
different pH and temperature (e.g. see Ref. [44]). However,
this is beyond the scope of present discussion.

The simulations select thermodynamic parameter sets
that yield the temperature of maximal stability to be around
room temperature. This assumption is based on our previous
observation that most proteins with large enough hydropho-
bic cores are maximally stable around room temperature,
irrespective of the protein size, fold and living temperature
of the source organism [22]. The major reason is the
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primarily due to the decrease in AC,, because AH appears to become constant around this temperature region.

dominance of the hydrophobic effect [41] in protein folding
[42]. The nonpolar amino acids have low solubilities in
water around room temperature [22,28,41]. However, the
exact value for the temperature of maximal stability (7s) of a
protein also depends on the charged/polar residues in the
protein and the electrostatic interactions among them. Ther-
mophilic proteins often contain increased proportions of
charged and polar residues. These are thought to contribute
toward their increased stability [3,4]. Hence, it is unclear
whether thermophilic proteins will also be maximally stable
around room temperature. Only a few proteins from the
extremophilic organisms have been thermodynamically ful-
ly characterized so far. The initial trends support our
assumption. For example, psychrophilic a-amylase, hyper-
thermophilic DNA binding protein Sso7d and cold shock

protein from Thermotoga maritima are maximally stable at
290, 282 and 303 K, respectively [22]. Moreover, the
thermophilic proteins in four out of the five families of
the homologous thermophilic—mesophilic proteins in the
dataset of Kumar et al. [21] are maximally stable around
room temperature like their mesophilic homologues.

The thermodynamic simulations are similar in spirit to
the conformational grid search commonly used in molec-
ular simulations. Here, the effect of systematic variation in
the thermodynamic parameters TG, AHg and AC, is
explored using the Gibbs—Helmholtz equation. The prob-
lem then reduces to finding parameter sets that yield
maximal protein stability around room temperature. The
simulations clearly indicate that a significant shift of 7g
(temperature of maximal stability) away from room tem-
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perature is not required for adaptation to extreme temper-
atures (Table 3). Broadening and up-shifting the stability
curves can achieve similar results. Usually, this requires
only minor modulations in structural features, preserving
the native fold [4,7].

The thermodynamic parameters varied in the simulations
and those obtained from simulation results are interrelated
via protein structure, especially the polar and nonpolar
surface areas (e.g. see Robertson and Murphy [46] for a
review). For example, we have previously observed that
both TRange and T are anticorrelated with AC,, [23]. The
current simulations also support this observation. AC,, is
related to the hydrophobic effect [27,49] and is proportional
to protein size and the nonpolar surface area buried in the
protein core [23,45—-48,50].

Our analyses of the limited experimental thermodynam-
ic data revealed a number of statistically significant linear
correlations among various thermodynamic parameter
pairs [22,23]. The simulations have suggested that these
parameter pairs are indeed related. However, their rela-
tionship may be nonlinear in some cases. There is a large
scatter in the simulated data due to the complex relation-
ships. Yet, a few observations stand out. The average AHg
increases with 7g until ~ 360 K and becoming constant
thereafter. Around the same temperature region, the aver-
age AC, also decreases more rapidly. This is a new
observation revealed by the simulations. The temperature
~ 360 K (~ 90 °C) separates thermophiles from hyper-
thermophiles. Hence, this suggests separate groupings of
proteins from thermophiles and hyperthermophiles as
having different thermodynamic properties. Earlier, Szila-
gyl and Zavodszky [5] had done this in their study of
microscopic parameters responsible for protein stability,
but several investigators, including ourselves, tended to
club the thermophilic and hyperthermophilic proteins
together. The simulations provide the rationale for treating
these classes of proteins separately.

Our simulations suggest strategies for manipulating pro-
tein stability. Temperature resistance relates to maximal
protein stability measured in terms of the free energy
difference between the folded and unfolded states at T.
Hence, increasing the melting temperature raises the max-
imal stability. A small increment in melting temperature
(mesophile — thermophile) might be achieved by increasing
AHg or decreasing AC,,. For a larger increment (mesophi-
le — hyperthermophile), increasing AHg alone may be in-
sufficient. AC, may need a simultaneous decrease. For
thermophile to hyperthermophile, we may decrease AC,
keeping AHg constant. Decrease in AC, is a primary
consideration when improving protein stability. Low AC,
is often cited as a reason for increased protein thermosta-
bility (e.g. Motono et al. [S51]).

Proteins can achieve lower AC, and higher 7 by
reducing their size [45,47,48,50]. Deletion/shortening of
loops in the thermophilic proteins are commonly observed
[3,15,52]. Lower AC, may also be achieved by increasing

the charged and polar residues in thermophilic proteins
leading to ion pairs and their networks. This is the most
consistent trend seen in thermophile—mesophile compar-
isons [3,4,7,15,53]. Polar — charged amino acid substitu-
tion is the most consistent genomic correlate for
hyperthermostability [54]. Loladze et al. [55] have
reported that substitutions of aliphatic side chains by
polar in the protein interior significantly reduce ubiqui-
tin’s AC,, while the structural changes are insignificant.
Consistently, Zhou [56] has shown that increased electro-
static interactions in thermostable proteins relate to their
reduced AC,,. Cation—pi interactions [14,15] and aromatic
clusters [6] may also lower AC,,. Since the thermodynam-
ic parameters are interdependent, lowering AC, will also
affect other parameters especially AHg, ASg, TRange and
AG(T).

5. Conclusions

Protein thermodynamic simulations appear a useful tool
in probing protein thermostability. By varying three ther-
modynamic values (AHg, Tg and AC,) in the Gibbs—
Helmholtz equation within a set of experimentally influ-
enced boundary conditions, we are able to quantitatively
assess differences between meso-, thermo-and hyperther-
mophiles over broad numerical ranges. Thus, the simula-
tions complement experiments and are able to validate and
provide further insight into the trends observed from the
analyses of limited experimental data. The simulations
suggest that hyperthermophilic proteins may have different
thermodynamic properties than the thermophilic ones.
They further suggest that the hydrophobic effect, the
origin of maximal stability at room temperature, may lead
to a lower AC, at higher T, a well-known primary route
to greater protein thermostability.
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