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Abstract : A thioredoxin from hyperthermophile, Methanococcus jannashii (MjTRX)
was characterized by use of the differential scanning calorimetry to understand the
mechanisms of thermodynamic stability. MjTRX has an unfolding transition temperature
of 116.5 °C, although the maximum free energy of the unfolding (9.9 Kcal/mol) is similar
to that of E. coli thioredoxin (ETRX, 9.0 Kcal/mol). However, the temperature of
maximum stability is higher than ETRX by 20 °C, indicating that the unfolding transition
temperature increased by shifting the temperature of maximum stability. MjTRX has
lower enthalpy and entropy of the unfolding compared to ETRX maintaining a similar
free energy of the unfolding. From the structure and the thermodynamic parameters of
MjJTRX, we showed that the unfolding transition temperature of MjTRX is increased due
to the decreased entropy of the unfolding. Decreasing the unfolded state entropy and
increasing the folded state entropy can decrease the entropy of the unfolding. In the case
of MjTRX, the increased number of proline residues decreased the unfolded state entropy
and the increased enthalpy in the folded state increased the folded state entropy.
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INTRODUCTION

Increased enthalpy or decreased entropy of the unfolding can stabilize protein in
theory. So, decreasing enthalpy or increasing entropy in the folded state would stabilize
proteins. The decreased enthalpy in the folded state is achieved by many favorable

interactions, and increased entropy in the folded state represents the increased flexibility of
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protein. Strong interactions between two chemical groups generally decrease the flexibility
of protein, resulting in the increased rigidity of protein. It is believed that a rigid protein is
more stable than a flexible protein in that regard. But increased flexibility could increase the
stability if the enthalpy-entropy compensation is favorable for the protein stability. One the
other hand, the decreased entropy in the unfolded state could decrease entropy of the
unfolding, resulting in increased stability of proteins. Introduction of disulfide bonds or
proline residues was shown to be effective in decreasing entropy in the unfolded state.'

Thus far, many thermophilic proteins have been shown to contain an increased
number of salt bridges that are often involved in networks at inter-domain and at inter-
subunit interfaces >’ ; extra proline residuess; more aromatic-aromatic interactions °; more
hydrophobic interactions 1 and high order of oligomerization (reviewed in ref.11). These
interactions increase the unfolding transition temperature. However, it is not clear yet how
these interactions affect the thermodynamic parameters that result in the high unfolding
transition temperature.

In this report, we characterized a thioredoxin from the hyperthermophilic archaeon
Methanococcus jannaschii (MjTRX) and showed that MjTRX has a high unfolding
transition temperature owing to the decreased entropy of the unfolding. The decreased
entropy of the unfolding shifted the temperature of maximum stability to the higher

temperature, resulting in the high unfolding transition temperature.
MATERIALS AND METHODS

Protein expression and Purification

The MjTRX gene was sub-cloned into the expression vector pET15b (Novagen) (Lee
et al., 2000). E. coli BL21 (DE3) harboring each recombinant plasmid was grown at 37 °C
until Agy = 1, and the recombinant proteins were induced with 0.4 mM isopropyl-1-thio-3-
D-galatopyranoside for 2 hrs. Cell paste obtained by centrifugation at 5,000 rpm for 15
min. was re-suspended in a lysis buffer (50 mM potassium phosphate, pH 8.0, and 300 mM
KCl) and disrupted by ultrasonication. DNase I (10pug/ml) and RNase (10pg/ml) were added
to the cell extract and incubated for 30 min. at room temperature to remove nucleic acid.

The crude extract was heated at 85 °C for 30 min, and centrifuged at 16,000 rpm for 20 min.



Entropy increases temperature of maximum stability 3

The supernatant was loaded onto a Nickel nitrilotriacetic acid-agarose resin (Ni-NTA)
column (Qiagen) and eluted with an elution buffer (50 mM potassium phosphate, pH 6.0,
300 mM KCI, and 10 % glycerol) containing 0.3 M imidazole. The polyhistidine tag was
removed by thrombin for 12 hrs at room temperature. The cleaved protein solution was
dialyzed and loaded onto a DEAE-Sepharose column equilibrated with dialysis buffer (50
mM potassium phosphate, pH 6.5, and 2 mM EDTA). The flow-through was concentrated
by ultrafiltration using an Amicon ultrafiltration apparatus (Amicon). The concentrated
sample was further purified by gel filtration chromatography using a Superdex G75 column
(Pharmacia, 1 cm x 30 cm) in 50 mM potassium phosphate (pH 6.5), 2 mM EDTA, and 300
mM KCIl. Purified protein was verified by the N-terminal amino acid sequencing at Korea
Basic Science Institute (KBSI) in Seoul. MjTRX has the N-terminal extension of Gly-Ser-
His. ETRX was expressed and purified as described by Langsetmo et al. '* with anion
exchange and gel filtration chromatography. The uniform isotope labeling of “C, "N
atoms in MjTRX was achieved by growing cells in M9 minimal medium with 1.0 g of
PNH,Cl/liter and 2.0 g of C-glucose/liter. NMR samples were prepared by dissolving
about 10 mg of protein in 0.5 ml of either 90% H,0/10% “H,O or 99.9% *H,O. The pH was
adjusted to 3.30+0.05 (glass electrode, uncorrected) with concentrated NaOH.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was carried out with a nano-Differential
Scanning Calorimetry (Calorimetry Sciences Corp. U.S.A.) at a heating rate of 1C/min.
Sample proteins of 0.3 to 1.5 mg/ml were used for analysis after dialyzing against the
reference buffer overnight. Reference buffers were 50mM potassium phosphate with
varying pH from 3 to 9 and guanidine thiocyanate (GdnSCN) up to 1.4M was added to the
sample at pH 6.5 to shift the unfolding transition temperature. The concentration of MjTRX
and ETRX was determined using molar extinction coefficients of 3,105 and 13,700 M'em™!
at 280 nm, respectively. A partial specific volume of 0.74 ml/g and a molecular weight of
9,687 for MjTRX estimated by a program SEQSEE " was used for the analysis of DSC data
The maximum stability of E7TRX was calculated from the previously reported
thermodynamic parameters of ETRX (106.9 +1.1 Kcal mol”, 29743 cal mol* °K! and 1.66
+0.05 kcal mol 'deg’ for enthalpy, entropy and heat capacity, respectively at the unfolding
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transition temperature of 87 °C in 10 mM phosphate buffer, pH 7.0 with 0.1 N NaCl .!

Cicular Dichroism Spectra

Far-UV circular dichroism (CD) spectra were recorded on a Jasco715
spectropolarimeter equipped with an IBM personal computer at a scan rate of 20 nm/min,
using a time constant of (.25 sec. The path length of the cell was 0.1 cm and each scan
was recorded from 270 to 190 nm. Denaturant-induced unfolding of MjTRX was performed
at several temperatures in the presence of GdnSCN at pH 6.5 in 10mM potassium phosphate
The concentration of MjTRX was 0.1~0.35mg/ml. 4

NMR Spectroscopy

The heteronuclear NMR experiments were carried out with '°N labeled MjTRX wild
type and E25/36/51D triple mutant sample in 90%H,0/10%°H,0. All experiments were
done using Varian UNITY plus 600 Spectrometer (at Advance Analysis Center of KIST) at
30 °C. The concentration of protein was about 2 mM. Two-dimensional 'H-">C constant
time HSQC, 3D 'H -*"N NOESY-HSQC, 'H -'°N TOCSY-HSQC, "> HNHA, ' HCACO
and HNCO" were acquired with the BC- or "N-labeled sample, and BC-, PN-edited
NOESY,'” HNCACB and CBCA(CO)NH * were acquired with the "’C-, "N-labeled sample
NMR data were processed using the program NMRPipe.?!

Assignments and Distance Restraints

Starting with the identifications of 5N- and HN-chemical shifts in '"H-"’N HSQC, spin
systems were partially identified in 'H-"N TOCSY-HSQC, and the sequential assignments
of each amino acid were made using HNCACB, CBCA(CO)NH, and 'H-"N NOESY-
HSQC with a mixing time of 120 ms. Chemical shift indices were calculated by the
method of Wishart et al. * NOE distance restraints were derived from 3D C-, "N-edited
NOESY with a mixing time of 120 ms. All NOE cross peaks were assigned using a program
PIPP. The NOE intensity was converted into three groups of classes (1.8-2.7, 1.8-3.5, and
1.8-5.0). The 3JHNHa scalar-coupling constant of the o-proton to the amide proton was
obtained from the HNHA experiments. The backbone torsion angle ¢ was restrained to -85

to -25 for 3JHNHa < 5.5Hz, -70 to -170 for *Jynua 8-9 Hz. The \ torsion angles were
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restrained to -70 to —10 for the helix and to 85 to 175. The side chain torsion angles
were restrained based on cross peak intensities deduced from *N-edited TOCSY and "N-

edited NOESY spectra.”®  Additional backbone H-bond restraints were given where
secondary structures were indicated, based on NOE connectivity. For each hydrogen bond,
two restraints (rnp.o, 1.7-2.3; tno, 2.5-3.3) were used. Additionally, 3JHI\JI{m—coupling

constants >* were directly included in the simulated annealing protocol during refinement.

Structure Calculation

The structures were calculated with a distance geometry and simulated annealing
protocol using an X-PLOR program. > The secondary structures were initially identified
with the chemical shift index,? 3JHNHa—coupling constants, and medium range NOE
connectivity.27 In the initial structure calculations from an extended chain, NOE restraints
and hydrogen bonds in the helix region were included. When the initial structures were
obtained, ‘Junue-coupling constants and dihedral angles were included. During the
calculations, ambiguous assignments were clarified and the refinements of structures were

achieved with the inclusion of the chemical shift database potential. %%

RESULTS

Differential Scanning Calorimetry of MjTRX

The thermodynamic stability of MjTRX was examined by differential scanning
calorimetry (DSC) and compared to well-characterized E. coli thioredoxin, ETRX, As
observed in other hyperthermophilic proteins,” the heat denaturation of MjTRX was not
reversible under the conditions used in DSC experiments. However, heat-denaturation of
MjTRX was not accompanied by further heat absorbing or releasing processes, and the heat-
denatured samples were clear after cooling down to the room temperature, indicating that
the unfolded chains did not aggregate (Fig. 1). Therefore, the unfolding process could be
%2 When denaturants such as GdnSCN were added to the

samples, the temperatures of the unfolding transition (7},) and the enthalpy of the unfolding

interpreted thermodynamically.

(AH,) were linearly dependent on the concentration of denaturant (Fig. 1). The

thermodynamic parameters were also obtainable between pH 3.0-3.5 without adding
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Fig. 1. Thermograms of MjTRX at various GdnSCN concentrations. The concentration of
GdnSCN is written on the thermograms. The graphs in the inset indicate the unfolding
transition temperatures and the enthalpies of the unfolding dependent on the concentration

of GdnSCN.

denaturants with the unfolding transition temperature of 92-96 °C. It was not possible to
get thermodynamic parameters at other higher or lower pHs because the proteins aggregated
at high temperature or unfolded at too high temperatures. Extrapolation of the measured
T, and AH,, to zero denaturant concentration yields T}, of 116.5+0.6°C and AH,, of 107.3 +
1.7 kcal mol’, respectively. Extrapolated T, is the same value observed at pH 6.5 in 50
mM potassium phosphate buffer. ~ All thermograms at the measured denaturant
concentrations show two-state transition behavior and were independent of scan rates (data
not shown), indicating that the native and unfolded forms equilibrate rapidly in comparison
with the time constant of the instrument. Also the concentration of MjTRX (from 0.3 to 3
mg/ml) did not affect T, of proteins indicating the absence of oligomerization.”
Enthalpies of the unfolding at transition temperatures (AHc.) were a linear function of Tn
(Fig. 2) in the range of temperatures 75-110 °C with the apparent AC, of 1.41 + 0.06 kcal

mol 'deg™.
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Fig. 2. The correlation of the enthalpy of unfolding and the unfolding transition temperature.
Open circles are from the thermal unfolding at pH 6.5 with GdnSCN and closed circles are
from the thermal unfolding at pH 3.0, 3.2 and 3.6. The ACp of 1.4 kcal/mol/K are obtained
from the slope.
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Fig. 3. Temperature dependency of free energies of MjTRX (solid line) and ETRX (dotted
line). The maximum free energies of MjTRX and ETRX are 9.9 Kcal/mol at 47°C and 9.0
Kcal/mol at 28°C.
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Enthalpy and entropy (AS,,) of the unfolding at the transition temperature were 107.3 £ 1.7
kcal mol’ and 275 *+ 5 cal mol'deg’, respectively. These parameters were used in
conjunction with the Gibbs-Helmholtz equation (Eq. 1) to evaluate AG® at the given

temperature.
AG (T)=AH,(1-TIT,) + AC,(T-T,) - T In(T /T,)] (Eq. 1)

The temperature dependency of the free energy of the unfolding of MjTRX shows that
the temperature of maximum stability is shifted to the higher temperature around 47 °C,
compared to the mesophilic proteins that have the maximum stability around 10 °C .*
However, the maximum free energy of the unfolding of MjTRX (9.9 Kcal mol'l) is close to
that of ETRX (9.0 Kcal mol™). The maximum free energy of the unfolding of ETRX was
obtained around 28 °C (Fig. 3). On the other hand, the heat capacity of MjTRX (1.41 £ 0.06
kcal mol'deg™) was smaller than that of ETRX (1.66 % 0.05 kcal mol'deg™).

Solution structure of MjTRX

The structure of MjTRX was determined to see whether there are any structural reasons for
the higher unfolding transition temperature. The three dimensional structure of MjTRX was
defined by 1128 experimentally derived NOE distance restraints, 120 dihedral angle
restraints, 36 hydrogen bonds, and 67 3JHNHa coupling constants. The root mean square
deviation for backbone and all heavy atoms of 20 minimized structures around mean atomic
displacements of the whole molecule (residues Met'-Leu®) was 0.63 and 1.06 A and those
of well structured regions (residues 4 to 85) are 0.48 and 0.92 A, respectively. More than
85% of residues is in the most favorable region in Ramachandran plot (Table 1) with no
violation of NOE restraints greater than 0.5 A and dihédral angles greater than 5°.  The
three-dimensional structure consists of three o-helices (residues 16-30, 46-52 and 74-84)
and 4 B-sheet (residues 4-10, 35-41, 60-62 and 65-68) arranged in BafofBo similar to a
glutaredoxin. Among the B-sheet, B3 and B4 (60-62 and 65-68) are short and not very well
defined, which is found in 15 low energy structures out of 20 (Fig. 4). The electrostatic
potential surface of MjTRX indicates that the hydrophobic surface is exposed around the

active site but the other side of protein is negattvely charged. The secondary structures of
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these regions are somewhat deviated from the regions predicted by the chemical shift
index®. The structure of MjTRX at 30 C, pH3.3 obtained in this study is consistent with the
structure at 60 C, pH 6.1. 36

Table 1. Summary of structural restraints derived from NOEs, coupling constants.

NOE distance restraints
Intra-residual 533

Sequential 250
Medium-range(1<|i-j|<4) 155
Long-range(]i-j|=5) 190

Hydrogen bonds 2%36°

Angular restraints:

Dihedral angle y 47

Dihedral angle ' 28

Coupling constants 67
Ramachandran plot?

Most favorable region 87.2
Additionally allowed region 12.2
Generously allowed region 0.6
Dihedral angle ¢ 45

Disallowed region 0.0
Atomic rmsd values(A)  residues 4-85
Backbone atoms 0.48
Heavy atoms 0.92
X-PLOR energy terms (kcal/mol)
| . -281 t 40.9
Eyong 23 * 2.8
Eunge 202 t 6.0
Eimproper 32 * 3.1
Evdw -640 * 32
Ecdih 1 x 04
Enog 101 + 14.3

“ For each hydrogen bond, two distance restraints are used : runo 1.7-2.3, Ino 2.5-3.3.
Coupling constants are used for restraints based on Clore and co-workers.”® Coupling
constants are values obtained from HNHA experiments. °The program PROCHECK_nmr
* was used to analyze the quality of the structure. The values for X-PLOR energy terms
were obtained with force constraints of 4 kcal/mol/A* (Evaw), 50 kcal/mol/ A? (Enog), and
200 kcal/mol (Egin). Evaw €nergy is L-J energy of XPLOR 5 energy terms.



10 Duck Yeon Lee er al /J. Kor. Magn. Reson., Vol. 8, No. 1, 2004

Fig. 4. Structure of MjTRX. A, stereoview of the backbone atoms (N, Ca, C’) of 20
structures of MjTRX. The root mean square deviation about the mean coordinate position
for residues 4-85 is 0.48 A for the backbone atoms and 0.92 A for all heavy atoms. Other
structural statistics are summarized in Table 1. B, ribbon drawing of the MjTRX. The view
is the same as in A in the left and opposite side of view in the right. The active site disulfide
bridge is shown in the right. At the bottom of each ribbon drawing, the electrostatic
potential surface of MjTRX is shown in the same view as in ribbon drawing. The
electrostatic potential surface is color-coded with the negatively charged surface in red (<—
15 KgT) and the positively charged surface in blue (>15 KgT). Ribbon drawing was
generated by programs MOLSCRIPT * and RASTER3D,” and electrostatic potential
surface was generated by a program GRASP .*
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DISCUSSION

The increased thermodynamic stability seems to be acquired by a protein through the
small structural modifications that affect the thermodynamic parameters such as enthalpy
and entropy of the unfolding. Many researchers have reported that the hyperthermophilic

protein is stabilized by ion-pairs—the so called ‘ion-network’— * *'

and so is highly
dependent on the salt concentration. The unfolding transition temperature of a methionine
aminopeptidase from Pyrococcus furiosus is decreased by 25°C in a buffer containing
100mM of KC1* 1In the case of MjTRX, the unfolding transition temperatures were
changed less than 4 °C with varying the salt concentration from 0 to 1M of NaCl, which
shows that electrostatic interactions are not the major factor inducing the high unfolding
transition temperature. However, the thermodynamic parameters of MjTRX investigated by
DSC and CD shows possible clues leading to the high unfolding transition temperature. First
although the AG,x of MjTRX (9.9 Kcal-mol'l) was not much different from that of ETRX
(9.0 Kcal-mol™), the corresponding temperature to the AGpay of unfolding is shifted to about
20 °C higher than that of ETRX. Second, the residual AH of MjTRX (10.9 cal-g™") is lower
than that of ETRX (13.4 cal-g™") at 116 °C. Third, entropy of the unfolding of MjTRX
(3.09 cal residue™-K™") is lower than that of ETRX (3.97 cal residue’-K™) at 116 °C. And
fourth, heat capacity of MjTRX (1.41 Kcal-mol"-K™) is lower than that of ETRX (1.66
Kcal-mol™-K™"). These results indicate that the thermodynamic stability of MjTRX is not
much higher compared to mesophilic protein but the unfolding transition temperature is
higher because the temperature of maximum stability is shifted to the higher temperature
compared to the mesophilic protein. The maximum free energy is similar to that of ETRX
because enthalpy and entropy of the unfolding are decreased simultaneously. By definition,
Gibb’s free energy of the unfolding (AG = AH - TAS) would be the same if the degree of
reduction in both enthalpy and entropy were the same. In the case of MjTRX, enthalpy of
the unfolding is lower than ETRX at a given temperature. If we assume that enthalpies of
the unfolded state of both MjTRX and ETRX are similar, lower enthalpy of the unfolding
indicates the higher enthalpy, fewer interactions, in the folded state of protein. So, the fewer
interactions and resulting higher flexibility of MjTRX in the folded state is responsible for
the low enthalpy and low entropy of the unfolding. Another factor affecting entropy of the
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unfolding is the number of proline residues. The numbers of proline per 100 amino acid
residues are 7.95 and 4.63 for MjTRX and ETRX, respectively. So, the entropy in the
unfolded state would be lower in MjTRX than in ETRX. Low entropy in the unfolded state
due to many prolines and high entropy in the folded state due to the fewer interactions
reduce the entropy of the unfolding. The entropy of the unfolding in aqueous media includes
two components: one is associated with the increase of configurational freedom in the
polypeptide chain and the other with the hydration of groups that become exposed on
unfolding. Hydration entropy is proportional to the water accessible surface area, and
decreases in magnitude with temperature, vanishing at about 125 °C.* Therefore, it is
usually assumed that at 120 ~ 130 °C, hydration effects do not contribute to the entropy of
protein unfolding in aqueous media, and at this temperature, the measured values

4042 Because the Tm of

correspond to the configurational entropy of unfolding.
hyperthermophilic proteins is mostly above 100°C, the value of entropy that affects the
stability of hyperthermophilic protein is conformational entropy. Consequently, reduced
flexibility of polypeptide backbone and side chain in the unfolded state also contributes to
protein stability. In the case of MjTRX, weaker interactions in the folded state and many
prolines are likely to be associated with the reduced entropy of unfolding.

Then, why does MjTRX have a higher unfolding transition temperature? We can find
the reason from the lower entropy. The maximum stability of protein is obtained at the

temperature where the entropy of unfolding becomes zero (Eq. 2).

AS = ASy+ AC, In (T/ Tp) =0 (Eq. 2)
Tonax = €Xp (-ASo AC)* T, (Eg. 3)

(Eq. 3) indicates that the temperature of maximum stability (T, is dependent on the
entropy and heat capacity of unfolding. Low entropy and/or high heat capacity of unfolding
shifts the temperature of maximum stability to the higher temperature. However, the high
heat capacity increases the steepness of the free energy curve, thereby decreasing the
transition temperature of the unfolding.

The transition temperature of the unfolding of the protein becomes higher by, 1)

increasing the maximum free energy, ii) lowering heat capacity, which flattens the free
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energy curve or iii) shifting the temperature of maximum stability to higher temperature. In
the case of MjTRX, the transition temperature of the unfolding becomes extremely high by
decreasing entropy of the unfolding and simultaneously flattening the free energy curve by
lowering the heat capacity. Although the ratio of entropy to heat capacity affects the
temperature of maximum stability, the degree of change in entropy was bigger than the heat
capacity, resulting in the higher temperature of maximum stability.

Heat capacity of the unfolding is associated with the solvent accessible surface area.
While more buried non-polar solvent accessible surface area increases heat capacity, more
buried polar solvent accessible surface area decreases heat capacity. After all, less buried
non-polar solvent accessible surface area and/or more buried polar solvent accessible
surface area would decreases heat capacity. In MjTRX, the changes of a non-polar and polar
solvent accessible surface area by unfolding are 70.1x0.8 A%residue and 40.4%0.5
A’/residue, respectively compared to 78.9 A%fresidue and 43.7 A*fresidue for ETRX. This
analysis indicates that MjTRX has lower heat capacity due to the less buried non-polar
solvent accessible area.

In conclusion, MjTRX has high unfolding transition temperature by decreasing
entropy of the unfolding, although the maximum free energy of protein is similar to that of
the mesophilic protein. The decreased entropy of unfolding is associated with the reduced
enthalpy of unfolding and resulting increased flexibility in the folded state and the reduced
chain entropy in the unfolded state due to the increased number of prolines. In addition, the
buried non-polar solvent accessible area is smaller resulting in lower heat capacity of
unfolding, which flattens the free energy curve contributing to a high unfolding transition

temperature.
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