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Triosephophate isomerase (TIM) is a dimeric enzyme in eucarya, bacteria
and mesophilic archaea. In hyperthermophilic archaea, however, TIM
exists as a tetramer composed of monomers that are about 10% shorter than
other eucaryal and bacterial TIM monomers. We report here the crystal
structure of TIM from Thermoproteus tenax, a hyperthermophilic archaeon
that has an optimum growth temperature of 86 °C. The structure was
determined from both a hexagonal and an orthorhombic crystal form to
resolutions of 2.5 A and 2.3 A, and refined to R-factors of 19.7% and 21.5%,
respectively. In both crystal forms, T. tenax TIM exists as a tetramer of the
familiar (Ba)g-barrel. In solution, however, and unlike other hyperthermo-
philic TIMs, the T. tenax enzyme exhibits an equilibrium between inactive
dimers and active tetramers, which is shifted to the tetramer state through a
specific interaction with glycerol-1-phosphate dehydrogenase of T. tenax.
This observation is interpreted in physiological terms as a need to reduce
the build-up of thermolabile metabolic intermediates that would be
susceptible to destruction by heat. A detailed structural comparison with
TIMs from organisms with growth optima ranging from 15 °C to 100 °C
emphasizes the importance in hyperthermophilic proteins of the specific
location of ionic interactions for thermal stability rather than their numbers,
and shows a clear correlation between the reduction of heat-labile, surface-
exposed Asn and GIn residues with thermoadaptation. The comparison
confirms the increase in charged surface-exposed residues at the expense of
polar residues.
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curiosity about the molecular adaptation that
guarantees adequate stability and function of the
cell constituents under these extreme conditions.
Given the potential biotechnological applications of
proteins resistant to heat-denaturation, the major
focus of research has been an attempt to discover
the structural determinants of protein thermo-
stability. Over the last decade, several comparative
analyses of crystal structures of homologous

Introduction

The lifestyle of hyperthermophilic organisms
growing in habitats of temperatures exceeding
80 °C, and sometimes in excess of 100 °C, arouses
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dihydroxyacetone phosphate; GAP, glyceraldehyde 3-
phosphate; EMP, Embden-Meyerhof-Parnas; PGK, 3-
phosphoglycerate kinase; FBPA, fructosebisphosphate
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dehydrogenase; GAPN, non-phosphorylating
glyceraldehyde-3-phosphate dehydrogenase.
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proteins from organisms with different optimal
growth temperatures have been performed,'™
uncovering an unexpected diversity of adaptation
mechanisms of the various proteins.”"' Almost
without exception, the structural differences
between homologous proteins from mesophiles
and thermophiles have been interpreted simply

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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with respect to thermodynamic and kinetic thermo-
stability. However, other aspects of thermoadapta-
tion, such as the need to guarantee adequate
function at high temperature and the interaction
with the intracellular milieu of the thermophilic
cell, have largely been neglected. The comparative
studies have shown that in some but not all proteins
analyzed, the number of ionic interactions increases
with increasing temperature, especially at the upper
range of the temperature scale, the number of
internal cavities decreases, and the proportion of
secondary structure increases, reflecting the
requirement for a more compact and rigid confor-
mation stabilizing the protein against heat-
denaturation. A further striking observation is that
some proteins from hyperthermophilic organisms
exist in a higher oligomeric state than their
mesophilic counterparts, suggesting that the
additional subunit interactions support the stability
of the whole molecule under extreme conditions.
The more stringent conditions in the upper tem-
perature range also result in changes of amino acid
composition in some proteins, such as an increase in
charged residues and a decrease in labile residues,
e.g. asparagine, glutamine and cysteine, especially
at the surface of the protein. Most of these rather
general structural properties do not change uni-
formly in all proteins with adaptation to high
temperature. Only the increase of charged, suface-
exposed residues at the expense of polar residues
seems to represent an obligate trend in thermo-
adaptation.”” For a full understanding of the
molecular principles of thermoadaptation, further
detailed analyses of the structural background of
intrinsic stability are necessary, which must be
complemented by studies considering the indi-
vidual demands for specific catalytic and regulatory
properties of proteins in the thermophilic cell,
including the intracellular milieu conditions
influencing both their stability and function in vivo.

For several reasons, triosephosphate isomerase
(TIM) represents an ideal candidate for studies of
protein thermoadaptation. TIM catalyses the inter-
conversion of dihydroxyacetone phosphate
(DHAP) and D-glyceraldehyde 3-phosphate
(GAP) within the Embden-Meyerhof-Parnas
(EMP) pathway,® and is ubiquitous in nature. Tt
has been characterised extensively both structurally
and biochemically. Three-dimensional structures of
TIMs from psychroPhilic,14 mesophilic’>™® moder-
ately thermophilic'®?° and hyperthermophilic'*
organisms are known, thus allowing a comparative
structural analysis across a broad temperature
range of 15-100 °C.

The two hyperthermophile crystal structures of
TIMs are from the bacterium Thermotoga maritima
(optimal temperature (T,p¢) 80 °C) and the archaeon
Pyrococcus woesei (Tope 100 °C)."* Whereas eucaryal,
bacterial and archaeal TIMs adapted to lower
temperatures are homodimers, the hyperthermo-
philic TIMs are tetrameric.”**> The TIM of
T. maritima (TmTIM) exists as a bifunctional fusion
protein in vivo, with the N terminus of TmTIM

linked covalently to the C terminus of 3-phospho-
glycerate kinase (PGK). The wild-type protein is
tetrameric, comprising four PGK-TIM chains linked
covalently through disulphide bonds.*

Here, we report the crystal structure of TIM from
Thermoproteus tenax (TtxTIM), a hyperthermophilic
archeon with T, 86 °C. In contrast to the TIMs of
T. maritima, Methanothermus fervidus or P. woesei,
TtxTIM does not form stable tetramers, but exists
in a dimer/tetramer equilibrium. This observation
prompted us to analyze the structural basis for the
weaker tetrameric association in more detail, and to
focus on the biochemical and functional properties
of TXTIM. Our results suggest that specific func-
tional requirements, dictated by the physiology at
high temperature, influence the mechanisms of
protein thermostabilisation significantly, thereby
expanding our appreciation of the various factors
involved in thermoadaptation.

Results

Structure of the TtxTIM

Deduced primary structure

The TtxTIM gene comprises 678 bp and codes for
226 residues (Figure 1). Like other archaeal TIMs,
independent of their mesophilic or thermophilic
origin, the T. tenax enzyme with a molecular mass of
23.3 kDa is approximately 10% smaller than that of
the eucaryal and bacterial counterparts. Also
common to all archaeal TIMs analyzed to date,
there is a low level of sequence similarity with the
eucaryal and bacterial enzymes (20-25% identity).

Spatial structure

Two crystal forms of TtxTIM were obtained: a
hexagonal crystal form of the apo-enzyme in 50 mM
Hepes—-KOH (pH 7.5), 0.8 M sodium potassium
phosphate and an orthorhombic crystal form of the
binary 2-carboxyethylphosphonic acid/TIM com-
plex in 0.1 M sodium acetate (pH 4.6), 0.2 M
ammonium sulfate, 20-30% (w/v) PEG 4000
(Table 1). Both crystal forms are in the closed
conformation, providing a good basis for compari-
sons with the other known TIM structures. Within
the asymmetric unit of both crystal forms there are
two homotetramers, ABCD and EFGH. Each tetra-
mer comprises a dimer of classical TIM dimers, AB
and CD in one tetramer, EF and GH in the other. The
orthorhombic crystal form is used in the analysis
due to the higher resolution of the data. The TtxTIM
structures in the hexagonal and orthorhombic
forms are very similar, having an rms difference of
0.2 A, with the exception of the dimer interface
residues 6669, which have an rms difference of
0.6 A.
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Figure 1. Structural alignment of TtxTIM and PwTIM sequences. Strands are marked in red, helices in green, catalytic
residues in magenta and conserved dimer interface residues in blue. The residues marked with an asterisk are involved

in the tetramer interface of each TIM.

Monomeric structure

Each subunit of TtxTIM displays the same fold as
the other TIMs. Figure 1 shows a sequence
alignment of the TtxTIM and the P. woesei TIM
(PwTIM). The two archaeal TIMs share 52%
sequence identity, which is reflected in the rms

difference between the C* atoms of the two TIMs of
0.97 A. This is compared to the lowest rms
difference of 1.72 A when comparing the PwTIM
with any of the other TIMs. Surprisingly, the
sequence comparison between TtxTIM and
PwTIM shows that many of the non-conservative
substitutions occur within the tetramer interface

Table 1. Summary of the X-ray data and refinement statistics for the two TtxTIM crystal forms

Crystal
Hexagonal Orthorhombic

Spacegroup P6522 P2,2,2
Resolution (A) 30-2.5 16.2-2.3
No. observations 440,620 582,128
No. unique reflections 99,570 86,753
Completeness (%) 97.2 (98.3) 97.9 (99.2)
Rumerge (%) 5.8 (36.4) 104 (23.1)
(I/o()) 20.8 (3.4) 6.8 (2.6)
R-factor (%) 19.7 215
Rireo(%) 22.6 25.9
rmsd from ideality

Bond lengths (A) 0.005 0.011

Bond angles (deg.) 1.282 1.651
Number of atoms

Protein 13,007 13,005

Ligand 32 72

Water 711 459

Average B-factors (Az)
Protein (chain)

Ligand
Water

31.0(A), 34.6(B), 26.4(C), 29.7(D), 35.2(E),

43.7(F), 54.9(G), 46.3(H)
38.6

34.1

13.1(A), 17.0(B), 14.6(C), 16.6(D), 18.6(E),

21.5(F), 25.5(G), 28.8(H)
18.4

19.2

Numbers in parentheses refer to the highest-resolution shell.

=Xt —

merge

intensity of that reflection, and the summation is of all the measurements.

DI’y I(k), where I(k) is the value of the kth measurement of the intensity of a reflection, {I) is the mean value of the
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Figure 2. Superposition of the TtxTIM (purple) and PwTIM (red). (a) Superposition of the monomers with the
o-helices and dimer interface loop labeled. (b) Superposition of the classical TIM dimer, each as an C* trace. (c) A stereo
diagram of the TtxTIM and PWTIM tetramers superimposed, showing the twist in the TtxTIM tetramer interface.

helices, and in the loop following 3, which is the
dimer interface loop. The levels of secondary
structure are comparable, with TtxTIM having
59.7% of its residues involved in secondary struc-
ture elements compared to 59.5% of PwTIM
residues. The monomeric structures are highly
superimposable, with the B-strands being very
similar, but there are some differences in some of
the loops and the helices (Figure 2(a)).

The N terminus of the PwTIM is fixed to the core
of the barrel via an ion-pair. This is not conserved in
the TtxTIM, although the TtxTIM N terminus also
points back into the core of the barrel, but not to the
same extent as the PWTIM. The C-terminal end of
helix 4 is closer to the core of the barrel in the
TtxTIM, but the C-terminal end of helix 6 is further
from the core in the TtxTIM. Both these helices are
involved in the tetramer association. However, the
TtxTIM helix 4 does not have either of the ion-pair
networks seen in the PWTIM. The other major point
of difference between the two hyperthermophilic
archaeal TIMs is in the dimer interface loop, which

has swung 2.1 A from the PWTIM at the farthest
point. The two archaeal TIMs are also similar in
size, with monomeric volumes of 26,700 A3 and
27,300 A%, dimeric volumes of 55,000 A’ and
56,500 Af, and tetrameric volumes of 113,200 and
114,400 A for TtxTIM and PwTIM, respectively.

Dimer association

The conformation of the classical TIM dimer is
different in the TtxTIM compared to both the more
thermostable PWTIM and the less thermostable
TIMs (Figure 2(b)).

There is an obvious shift in the position of the
second monomer, which is not seen in any of the
other TIMs. It is not clear how this shift is achieved,
as, although there are differences in the chemical
nature of the exposed surface area between the
TtxTIM and all the other TIMs (Table 2), there are
also differences between PwTIM and the other TIMs
and yet the dimer conformation is essentially
identical.! A key difference in the dimerisation of
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Table 2. Subunit volumes, accessible surface area (ASA) of monomers and oligomers, and the nature of the exposed

surface area of TIMs adapted to various temperatures

TIM Vm (15 °C) Ye (37 °C) Bs (65 °C) Tm (80 °C) Ttx (86 °C) Pw (100 °C)
Monomer volume (A% 31,100 30,800 30,800 33,000 26,700 27,300
ASA (A? 11,130 11,300 10,700 11,900 10,100 9900
% Buried 46.0 45.6 49.3 423 423 45.0
% Exposed charged 42.5 449 39.9 52.0 47.7 52.0
% Polar 22,6 28.8 274 20.4 19.0 18.5
% Hydrophobic 27.7 20.8 25.9 21.1 27.3 27.3
Dimer volume (A% 63,800 64,100 63,700 68,900 55,000 56,500
ASA (A?) 18,900 19,300 17,800 20,200 17,200 17,100
% Buried 49.0 494 53.4 47.2 477 489
% Exposed charged 45.2 48.3 44.2 56.2 54.2 54.1
% Polar 23.0 26.6 27.5 19.8 15.8 14.4
% Hydrophobic 242 19.6 21.7 17.5 24.8 27.4
Tetramer volume (10\3) - - - 140,600 113,200 114,400
ASA (A? - - - 38,200 31,400 31,400
% Buried - - - 479 50.3 50.6
% Exposed charged - - - 56.1 58.2 57.4
% Polar - - - 19.4 14.1 15.4
% Hydrophobic - - - 18.0 22.0 22.7

The optimal growth temperature of each organism is given in parentheses. Abbreviations: Vm, Vibrio marinus; Ye, yeast; Bs, B.

stearothermophilus, Tm, T. maritima, Ttx, T. tenax, Pw, P. woesei.

TtxTIM compared to the PWTIM is in the burial of
hydrophobic residues. The PwTIM shows no
change in the proportion of hydrophobic surface
area exposed on formation of the dimer, whereas
the dimerisation of the TtxTIM decreases the
amount of hydrophobic exposed surface area from
27.3% to 24.8%. This is comparable to the burial of
hydrophobic surface area upon dimerisation of the
less thermostable TIMs.

Tetramer association

The TtxTIM tetramer is also arranged as a dimer
of classical dimmers, as seen in the PWTIM tetramer
(Figure 2(c)),' and in common with the PwTIM
tetramer, there is no evidence of ion pairs across the
interface, the tetramer being stabilized predomi-
nantly by hydrophobic interactions across residues
in helices 4, 5 and 6, and the loops linking them.
There are 17 residues from each TtxTIM monomer
involved in the interface compared to 16 from each
PwTIM monomer. Of the interface residues, 13 are
in equivalent positions and, of those, only four are
conserved completely (Figure 1). These sequence
changes give rise to a slightly less hydrophobic
interface in TtxTIM (40% polar and 61% hydro-
phobic) compared to the PwTIM (31% polar and
69% hydrophobic). The TtxTIM has a more exten-
sive interface than the PwTIM, with 9.6% of each
monomer contributing to a total interface accessible
surface area of 900 A2. This is in comparison with
700 A% in the PwTIM, only 7.6% of each monomer.

Electrostatic interactions

TtxTIM does not show any significant difference
in the number of ion-pairs, either intramolecular or
intermolecular, when compared with the PwTIM or
the other TIMs. The only TIM that has a

significantly higher number of ion-pairs is the
hyperthermophilic T. maritima TIM. It is clear that
the archaeal representatives of the TIM family do
not exploit ion-pairs as a means of achieving
thermoadaptation. In contrast with the PwTIM,
TtxTIM does not lack the “conserved” salt-bridge
seen in all the other TIMs.* Although not in exactly
the same place as in the other TIMs, TtxTIM has an
ion-pair network between Argl54, Glul83 and
Asp187, which serves to tether helices 6 and 7 to
each other, as in the other TIMs. However, TtxTIM
does lack some of the unique ion-pairs seen in the
PwTIM structure: the pair linking the N terminus to
the core of the barrel is lost, as are both of the
networks found in helix 4. It does have the ion-pair
responsible for tethering the two sections of helix 6
to each other, Glu144 and Lys156. Despite a lack of a
role for ion-pairs in the stabilisation of the
hyperthermophilic TIMs, it is interesting to note
that the three most stable TIMs: TmTIM, TtxTIM
and PwTIM, all have more charged exposed surface
area than any of the less thermostable TIMs, at the
expense of polar residues (Figure 3).

Deamidation

The apparent correlation of increased thermo-
stability with a decrease in the amount of exposed
polar surface area is mirrored by a decrease in the
number of polar residues in thermophilic gen-
omes.'” Given the susceptibility of asparagine to
deamidation, and to a tenfold lesser extent gluta-
mine, it is possible that surface-exposed Asn and
GlIn residues are more susceptible to deamidation
than buried ones. Consequently, a possible mech-
anism for thermostabilisation is to reduce the
number of surface-exposed Asn/GIn residues, or
to protect them from deamidation. Using the
criteria outlined in Materials and Methods, all of
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the Asn and GIn residues that fulfill both criteria 1
and 2 are solvent-accessible (Table 3). With adap-
tation to the upper temperature range there is a
decrease in the total number of surface-exposed
Asn and GIn residues, especially in the number of
amidated residues with preferred susceptibility to
deamidation (fulfilling both criteria).

Biochemical and enzymic properties of TtxTIM

Oligomerisation state of TixTIM under non-
denaturing conditions

Determination of the sedimentation equilibrium
by analytical ultracentrifugation with protein
solutions of 5 to 500 pg/ml of recombinant TtxTIM
showed the existence of a rapid equilibrium
reaction between dimers and tetramers with
molecular masses of 46,600 Da or 93,000 Da,
respectively (Figure 4). Analysis of the apparent
molecular mass of the protein as a function of total
protein concentration at 25 °C yielded Kp, values of
7(4+2)X10" 8 M. Dilution-dependent inactivation of
enzyme solutions gave hints that dimers and
tetramers differ regarding their enzymatic activity.

W charged
O polar
@ h'phobic

Figure 3. The graph shows the
nature of the exposed surface area
in each classical TIM dimer.

For a more defined correlation between oligomeric
state and enzyme activity, a stock solution of
0.5 mg/ml of recombinant TtxTIM was diluted to
1 pg/ml at 25 °C and the activity was tested over the
course of two hours. As shown in Figure 4, the
concentration-dependence of the average molecular
mass as deduced from the sedimentation equi-
librium centrifugation experiments, and the con-
centration-dependence of the residual enzyme
activity of the various enzyme solutions coincides
very well, indicating that dimeric TtxTIM is
virtually inactive. As a confirmation for the
reversibility of dissociation, a re-concentration of a
10 pg/ml solution, with 71% residual activity, back
to the initial concentration of 0.5 mg/ml resulted in
a full restoration of activity.

Kinetic parameters of the tetrameric TtxTIM

K. and V.. values for both directions of the
enzyme reaction were determined only at 70 °C, i.e.
16 deg. C below the physiological optimum, in
order to avoid rapid heat-destruction of the labile
substrates.”? The K,, values for DHAP and GAP
(calculated for the reactive (unhydrated) substrate,

Table 3. Solvent-accessible asparagine and glutamine residues and their susceptibility to deamidation in TIMs adapted

to different temperatures

TIM Vm (15 °C) Ye (37 °C) Bs (65 °C) Tm (80 °C) Ttx (86 °C) Pw (100 °C)
A. Asparagine

Residues/monomer 12 12 5 6 6 8
SA 6 5 2 1 1 2
Susceptible (1)* 3 8 3 1 2 2
SA and susceptible (1) 3 5 2 1 1 2
Susceptible (1+2)* 2 5 1 0 1 0
SA and susceptible (1+2)* 2 5 1 1

B. Glutamine

Residues/monomer 8 7 14 8 2 2
SA 5 2 9 4 1 0
Susceptible (1) 7 4 8 3 1 0
SA and susceptible (1) 4 2 6 3 1

Susceptible (1+2)* 4 2 5 1 1 0
SA and susceptible (1+2)* 4 2 5 1 1

The optimal growth temperature for each organism is indicated. SA, solvent accessible. For abbreviations of organisms, see the legend to

Table 2.

? 1 and 2 refer to the criteria outlined in the Structure analysis section of Materials and Methods.
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Figure 4. Average molecular mass and specific activity of TIM solutions as a function of protein concentration at 25 °C.
Average molecular mass was determined by sedimentation equilibrium centrifugation. Specific activity (enzyme assay
at 35 °C) was determined after equilibrating the protein solution over two hours at the given concentration. Data were fit

according to equation (1) (see Materials and Methods).

which is present at 17.6% at 70 °C)** have been
determined to be 0.9 mM and 0.2 mM, respectively.
Like other mesophilic or thermophilic TIMs, TxTIM
exhibits a significantly higher V.. for the GAP/
DHAP isomerization (6200 units/mg; auxiliary
enzyme: M. thermautotrophicus GLPDH) as com-
pared to the reverse reaction (2000 units/mg;
auxiliary enzyme: T. tenax GAPN). Using T. tenax
GLPDH instead of M. thermautotrophicusGLPDH as
auxiliary enzyme for the GAP/DHAP isomeriza-
tion, Vimax increases even to 9500 units/mg indicat-
ing a specific interaction between both T. tenax
enzymes.

Reversible and irreversible inactivation of TixTIM
influenced by temperature, proteins and low
molecular mass compounds

A tenfold dilution of a freshly prepared
0.5mg/ml of TtxTIM solution incubated at tem-
peratures from 5 °C to 80 °C, resulted in a decrease
of activity down to 55-65% residual activity with a
very similar time-course of inactivation over the
whole temperature range (Figure 5). Also evident in
Figure 5, the final activity as determined after two
hours of incubation at the respective temperature
decreases only slightly up to 80°C. The similar
time-course of inactivation over the given tempera-
ture range suggests that at higher temperatures,
where no appropriate molecular mass determi-
nations are possible, respective changes of the
oligomeric state of the TtxTIM (i.e. dissociation to
dimers) would be responsible for the observed
deactivation. We cannot exclude the possibility,
however, that the dimers become active at higher

temperatures and thus compensate the loss in
activity resulting in that rather unexpected minor
temperature dependence of deactivation. Some
confirmation that dissociation into dimers is due
to the observed deactivation in the temperature
range up to 80 °C, is that at 80 °C the inactivation is
reversible showing a 100% return of activity after
cooling down to room temperature and concentrat-
ing the sample up to 0.5 mg/ml.

Interestingly, the reversible deactivation of
TtxTIM is hindered or even prevented completely
by the presence of GLPDH. As shown in Figure 6,
the addition of recombinant M. thermautotrophicus
GLPDH results in an approximate 95% stabilisation
of the activity at 80°C, and the addition of the
T. tenax GLPDH completely stabilizes the TtxTIM
activity. In contrast, no effect could be observed
with hen egg-white lysozyme or other T. tenax
enzymes such as fructosebisphosphate aldolase
(FBPA), glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) or non-phosphorylating glyceralde-
hyde-3-phosphate dehydrogenase (GAPN). This
suggests a specific interaction of TtxTIM with
GLPDH, particularly with the T.tenax enzyme.
Low molecular mass solutes such as glycerol,
inositol, trehalose, KCl, K,HPO,, K,SO, at concen-
trations of 100 mM are not able to prevent the
reversible inactivation of TtxTIM.

Above 85 °C, the inactivation kinetics become
more complex. As shown in Figure 7, at 92 °C, an
initial fast inactivation reaction (o5 =two minutes),
which is probably due to dissociation, is followed
by a slower decrease of activity (tp5=45 minutes).
After cooling and concentration of a sample
inactivated to 5% residual activity, no reactivation
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could be observed, indicating that irreversible
denaturation occurs, probably in the course of the
second, slower inactivation reaction.

A search for compounds protecting the enzyme
against irreversible thermal denaturation led to the
observation that trehalose, which is present in
T. tenax at concentrations of approximately
60 mM,* prevents the second, slow inactivation
reaction. Addition of 100 mM trehalose to the TIM
solution resulted in an activity decrease of only
60%, similar to the activity level reached at
temperatures below 85 °C (Figure 6) and allowed a
100% return of the activity upon a reconcentration
of the solution to 0.5 mg/ml. Other solutes such as
KCl, NH,SO, and cyclic 2,3-diphosphoglycerate®
are less efficient (Figure 7) or in the case of K;SOy,

glycerine and di-myo-inositol-1,1’-phosphate, not
at all active in stabilizing the enzyme.”

Discussion

The investigations on TtxTIM suggest that more
detailed studies are necessary to differentiate
between the various structural prerequisites of
thermoadaptation, and that factors other than just
structure need to be considered for a full under-
standing of protein stability and function at high
temperature.

The contribution of electrostatic interactions to
thermostability is highlighted in this study.
Although there is no direct numerical trend in the
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Figure 6. Influence of various proteins on the reversible inactivation of a freshly prepared 50 pg/ml solution of TtxTIM
at 80 °C. The time-course of inactivation is shown without additions (Hl), and in the presence of (200 pg/ml each)
GLPDH of T. tenax (*), GLPDH of M. thermautotrophicus, (#) GAPN of T. tenax ( A), 1,6-fructosebisphosphat aldolase of
T. tenax (), phosphorylating GAPDH of T. tenax (O) and hen egg lysozyme (@®).
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Figure 7. Thermal inactivation of a freshly prepared 50 pg/ml solution of TtxTIM at 92 °C in the absence and in the
presence (100 mM each) of various low molecular mass compounds. Control (without additives) (), trehalose (), KCl

(@), NH4S0, (A), cyclic 2,3 diphosphoglycerate (*).

number of ion-pairs or ion-pair networks, there are
specific regions where electrostatic interactions may
be important for thermal stability. TtxTIM has an
ion-pair network similar to that of the less thermo-
stable TIMs, responsible for tethering helices 6 and
7 together, a network not found in the more
thermostable PWTIM. TtxTIM does not have either
of the networks found in helix 4 of PWTIM, which
point back into the core of the monomer. These
networks possibly serve to stabilize helix 4 in its
formation of the tetramer, and may account for
some of the differences in the tetrameric association
seen in TtxTIM. However, without further experi-
ments to determine the contribution of these
networks to the overall thermostability of PwTIM,
this cannot be proven. On the other hand, both
TtxTIM and PwTIM share a potentially stabilizing
ion-pair not seen in any of the other TIMs, tethering
the two sections of helix 6 to each other.

The observation that there is a higher proportion
of charged surface-exposed area in each of the
hyperthermophilic enzymes compared with the less
thermostable TIMs, correlates well with previous
ﬁ1r1dir1gs,12’28 which showed that the surfaces of the
hyperthermophilic proteins had an increase in
charged residues at the expense of polar residues.
These findings reflect the large difference in the
proportions of charged versus uncharged amino
acid residues as deduced from comparisons of
complete genomes of mesophiles and
hyperthermophiles.*

Exposed asparagine and glutamine residues are
potential weak points in protein structure, due to
their susceptibility to deamidation and cleavage of
the peptide bond, especially at temperatures above
90 °C. From that it seems plausible that these weak
links are protected or eliminated particularly in
hyperthermophilic proteins. As shown in the
present study, there is a clear tendency in

hyperthermophilic TIMs to reduce these residues
from solvent-accessible positions, where such
hydrolytic destructions should occur preferentially.
On average, the neutralization of these weak points
will result in an overall reduction of Asn and Gln in
the majority of hyperthermoghilic proteins, as
deduced by statistical analyses.*®

Another trend in thermoadaptation of hyper-
thermophiles is a striking preference for higher
oligomeric states in hyperthermophilic proteins.
Besides TIM, there are several examples of
hyperthermophilic proteins that have a higher
oligomeric state than their mesophilic counterparts,
e.g. 3-phosphoglycerate kinase™ or dihydrofolate
reductase®® and aldolases.’> Experimental data
confirm the importance of the additional subunit
contacts for the thermal stability of the higher
oligomer in some cases.>>°

We might assume that the slightly lower thermo-
stability of TtxTIM compared to PwTIM is mainly
due to its weaker tetramer association. Although
the tetramer interface of TtxTIM is more extensive
than that of the more thermostable PwTIM, it is also
less hydrophobic, supporting the notion that an
increase in hydrophobicity leads to an increase in
stability. Many proteins employ an increase in the
burial of hydrophobic residues for stabilization.
Recent examples include the GAPDH from
M. fervidus, which has more hydrophobic contacts
than mesophilic GAPDH, facilitated by additional
helices,” and the alcohol dehydrogenase from
Thermoanaerobacter brockii, which has more hydro-
phobic interactions at subunit interfaces than its
mesophilic counterparts.”’

The tetramer contacts are also localised slightly
differently in the TtxTIM and PWTIM. In both cases,
most of the contacts are contributed by residues in
helices 4 and 5; however, TtxTIM has more contacts
from loop 4 and the loop following helix 6, while
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PwTIM has more contacts from the central areas of
the tetramer interface, loop 5, helix 5 and the loop
following helix 5. These differences contribute to a
looser association of the TxTIM tetramer compared
to the PWTIM tetramer.

The question arises as to why T. tenax prefers a
TIM with a variable dimer/tetramer equilibrium in
contrast to the other hyperthermophiles such as
T. maritima, M. fervidus or P. woesei, which have very
stable tetrameric TIMs. Obviously, T.tenax uses
other mechanisms for thermostabilising its TIM.
Thus, we assume that the observed increased burial
of hydrophobic surface area upon formation of the
classical TIM dimer in the TtxTIM compared to the
PwTIM indicate stronger dimer contacts, which
could compensate the weakly stabilizing contacts
across the tetramer interface. Extrinsic stabilizing
factors such as trehalose, which is present in
T. tenax, seem to be engaged additionally in
protecting the protein against heat-denaturation, as
indicated by the protecting effect of the disaccharide
against irreversible denaturation at 92 °C.

To begin answering why T. tenax does not employ
strong tetramer contacts for stabilizing its TIM, we
suggest that other factors may compensate and lead
to stabilization for physiological reasons. The
highly specific influence of the GLPDH of T. tenax
on the dimer/tetramer equilibrium of TtxTIM,
combined with the significantly higher specific
activity of TtxTIM (1.5-fold) determined with
GLPDH of T. tenax as an auxiliary enzyme, clearly
indicates a close interaction between TIM and
GLPDH with obvious regulatory effects. We there-
fore suggest that the rapid equilibrium between
active tetramers and virtually inactive dimers
should sensitize the TtxTIM for internal signals
controlling the activity of the enzyme, thus making
TtxTIM the first regulated TIM to be described.
GLPDH is one candidate for such control, which
through its interaction with TIM increases the
production of DHAP, possibly leading to an
increase in the synthesis of phosphoglycerides. A
more favoured hypothesis for explaining the
rationale behind this interaction would take the
hyperthermophilic environment into account. At
high temperatures, there is also the need for
sufficient stability of metabolites and intermediates.
Several intermediates of the EMP pathway, such as
DHAP, GAP, phosphoenolpyruvate and especially
1,3-bisphosphoglycerate, are highly thermolabile
and need to be protected against heat-destruction.
As shown by previous investigations,***7%%° the
catabolic EMP pathway of T. fenax is characterized
by significant deviations from the common glyco-
lytic pathway, which are interpreted as thermo-
adaptive measures to avoid thermolabile
intermediates or at least to minimize their intra-
cellular pools and therefore to reduce the velocity of
their heat destruction.

The proposed interaction between GLPDH and
TIM may be a further modification of the pathway
in T. tenax, reducing the intracellular pools of labile
intermediates of the EMP pathway under anabolic

rather than catabolic conditions. Under anabolic
conditions, the pathway proceeds, starting with a
unidirectional phosphoenolpyruvate synthetase,
exclusively via reversible enzyme reactions, includ-
ing phosphorylating GAPDH and 3-phospho-
glycerate  kinase, which are expressed
predominantly under autotrophic conditions.**
GLPDH seems to be the only enzyme that could
effectively adjust the labile intermediates to a lower
level through reducing DHAP to the thermostable
glycerol 1-phosphate. When considering metabolic
thermoadaptation, an acceleration of this reaction
by stimulating the GAP/DHAP conversion by TIM
under autotrophic conditions is meaningful.

Although we do not understand the structural
details and can only argue the functional import-
ance of a TIM/GLPDH interaction, it is reasonable
to assume that physiological reasons are respon-
sible for the alternative strategy of thermoadapta-
tion shown by TtxTIM. The example further
demonstrates that, due to the balance of stability
demands with the individual requirements of
function, we cannot expect iron rules for structural
thermoadaptation of proteins. Nature seems to be
flexible enough to manage appropriate stability by
various means. Function, for the most part, dictates
the means.

Materials and Methods

Enzyme assay

Activity tests of TIM were performed in both direc-
tions, with dihydroxyacetone phosphate (DHAP) or
glyceraldehyde 3-phosphate (GAP) as substrate.’® The
assay mixture for standard tests of the DHAP/GAP
isomerization (assay temperature 70 °C) contained 90 mM
Hepes-KOH (pH 7.3), 10 mM NAD*, 4 mM DHAP and
7.5 units of recombinant GAPN of T. tenax.*® For the
DHAP/GAP isomerisation, different auxiliary enzymes
were applied, depending on the assay temperature. At
30-55°C, glycerol-3-phosphate dehydrogenase from
rabbit muscle (Sigma-Aldrich) was applied (lten units
of enzyme, 2 mM GAP, 0.5 mM NADH). For tempera-
tures above 55°C, the recombinant GLPDH of
M. thermautotrophicus or T. tenax were used (12.5 units of
enzyme, 2 mM GAP, 0.5 mM NADPH).

Preparation of the recombinant GLPDH of
M. thermautotrophicus and T. tenax

The recombinant GLPDH of M. thermautotrophicus was
expressed in Escherichia coli BL21-CodonPlus(DE3)-RIL
after cloning the gld gene from the M. thermautotrophicus
genome40 into the expression vector pET 1lc, via two
restriction sites (Ndel and BamHI) introduced by PCR
mutagenesis with the primers:

5'CATGGAGAACCATAACATATGGTCACGGTCA
TTG3' (sense)

and

5'CGAAATAAACTCCGGATCCCCTAAAATTCGG3'
(antisense)
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In the case of GLPDH of T. tenax, the coding gene
identified in the T. tenax genome*' was amplified with the
mutagenic primers:

5'ACAAAATCCATATGAAATTTCTTGAAGS' (sense)

and

5'GCCGCATGAGCTCATATTAGATG3' (antisense)

introducing two new restriction sites (Ndel and SacI)
and converting the orignal start codon GTG to ATG The
fragment was inserted into the pET24A expression vector
and expressed in E. coli BL21-CodonPlus(DE3)-RIL
(Stratagene). Cell-free extracts were heat-precipitated at
80 °C for 30 minutes, centrifuged, dialysed against 50 mM
Hepes (pH 7.0) and applied to the assay.

Purification of TIM from T. tenax cells

Autotrophically grown T. tenax cells (10 g wet weight)
were resuspended in buffer A (50 mM Hepes (pH 7.0),
10 mM 2-mercaptoethanol) and disrupted by passing the
suspension through a French Press cell at 150 MPa. After
centrifugation (at 40,000g for 30 minutes), the supernatant
was incubated at 80 °C for 30 minutes and centrifuged
again. TtxTIM was then precipitated in 40-50% saturated
ammonium sulfate. Overnight dialysis was carried out
against buffer A at 4°C, then ammonium sulfate was
added to a final concentration of 1.4 M and the protein
solution was applied to a phenyl-Sepharose CL-4B
column (Pharmacia 30 cm X 2.5 cm; flow-rate
0.5 ml/minute) equilibrated with buffer A containing
1.4 M ammonium sulfate. The protein was eluted with a
linearly decreasing gradient of ammonium sulfate
(1.4-0.0 M) and an increasing gradient of ethylene glycol
(0-30%) in a total volume of 400 ml. Fractions with the
highest activity were pooled, dialysed against 20 mM
sodium phosphate buffer (pH 7.0), 5 mM dithiothreitol,
and applied to a Fast Flow hydroxylapatite column (Fluka
25 cm X2 cm; flow-rate 0.2 ml/minute). The protein was
eluted by a stepwise increase of the phosphate concen-
tration from 50 to 100 mM. For the final purification, the
protein solution was dialysed against buffer A and loaded
onto a Red 120-agarose column (Pharmacia 6 cm X1 cm;
flow-rate 0.3 ml/minute) equilibrated with the same
buffer. After rinsing the column with a sixfold bed
volume of buffer A, homogeneous protein was eluted
by adding 10 mM sodium phosphate to buffer A. Usually,
the recovery from 10 g of cells was 50 ug of protein at a
1700-fold enrichment.

Sequencing of the TxTIM gene, expression of the gene
in E. coli and purification of the recombinant protein

The TtxTIM gene was identified by Southern
hybridization®* with a nucleotide probe generated by
PCR  amplification  using the  degenerated
primers  5’ATAAAYTTYAARGCNTAYGG3'  and
5'ATMAAYTCNGGNGGYTC3' deduced from the hepta-
pepetides INFKAYG of the N-terminal region of the
protein (as determined by N-terminal sequencing of the
protein) and EPPELIG, a highly conserved sequence
region within archaeal TIMs (positions 161-167 in an
archaeal consensus alignmen’c).22 The PCR product
comprising 450 bp was cloned in E. coli TOP10 using
PCR-TOPO 2.1 as the vector. For hybridization, the PCR
product was labeled using the DIG High Prime Kit,
according to the manufacturer’s instructions (Roche).

Genomic T. tenax DNA prepared as described*** was

digested by BamHI and transferred to Biodyne B nylon
membranes (Pall) by capillary blotting.”> Southern
hybridisation allowed for the identification of a 3.3 kb
BamHI fragment giving a strong hybridization signal,
which was selected, cloned and sequenced in both
directions.

For expression of the TtxTIM, the coding region was
cloned into pJF118EH* via two new restriction sites
(EcoRI and Pstl) introduced by PCR mutagenesis with the
primers:

5'GGCAGTCCCCGGAATTCACCATGAGGCTTC3’
(sense)

and

5'CCTGAGGCAGCTGCAGTCAGCGGAGCTC3'
(antisense)

To produce TIM, E. coli DH5a. cells were transformed
with the recombinant plasmid The sequence of the
expression clone was confirmed by sequencing both
strands. For purification, 5 g of recombinant E. coli was
resuspended in 50 mM Tris-HCl (pH 7.3) containing
30 mM 2-mercaptoethanol. The suspension was passed
through a French Press cell (150 MPa) and cell debris was
removed by centrifugation (at 50,000, for 30 minutes at
4 °C). After heat-induced precipitation (80 °C, 30 minutes)
and centrifugation, the supernatant was dialysed against
50 mM Tris-HCl (pH 7.3), 10 mM 2-mercaptoethanol,
then applied to a Red 120-agarose column. Final
purification was achieved by gel-filtration using a HiLoad
26/60 Superdex 200 Prep grade column (Pharmacia
60 cm X 2.6 cm; room temperature; flow-rate 0.75ml/
minute). Usually, 5mg of homogeneous protein was
isolated from 5 g of E. coli cells.

Molecular mass determinations by analytical
ultracentrifugation

Sedimentation equilibrium analyses were conducted
using an analytical ultracentrifuge Optima X-LA
(Beckman Instruments, Palo Alto, CA) equipped with
six-channel cells and an AnTi 50 rotor. The protein
concentration was varied between 5pg/ml and
900 ng/ml. Dilutions were performed with 50 mM
Hepes—KOH (pH 7.0). Centrifugation was performed at
15,000 rpm at 25°C. The samples were measured at
230 nm and 280 nm, respectively. The apparent molecular
mass M(app) was determined using the software
provided by Beckman Instruments. On the basis of the
apparent values, the dissociation constant for a
dimer/tetramer equilibrium could be calculated accord-
ing to equation (1):

M(app) = ((cqD) + (¢ T))(cq + cv) €

where ¢4 and ¢, are the concentrations of the dimeric and
tetrameric forms, respectively. D and T represent the
molecular mass of the dimer and tetramer. ¢p can be
expressed as a function of ¢y, and the dissociation
constant, Kp:

cp = c4/Kp )

cum is a function of the total protein concentration, Ciotal,
according to:

em = —0.5Kp/2 + [(0.5Kp/2)? + 0.5Kpciom]™®  (3)
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Monitoring the influence of protein concentration,
temperature, low molecular mass compounds and
various proteins on the reversible and irreversible
inactivation of TtxTIM

To investigate the influence of extrinsic factors on the
activity of the enzyme, TIM solutions (volume 250-500 pl;
protein concentration 1-300 pg/ml; buffer 50 mM Hepes—
KOH (pH 7.0)) were incubated in the presence and in the
absence of various additives at different temperatures
(5-92°C) and the time-course of inactivation was
followed by withdrawing aliquots from the incubation
mixtures and immediately testing them for enzyme
activity. The enzyme assays were performed at 35 °C
using rabbit muscle glycerol-3-phosphate dehydrogenase
as auxiliary enzyme. To follow the kinetics of reversible
and irreversible inactivation, the incubation was started
by adding a defined volume of a freshly prepared
solution of TIM at a concentration of 0.5mg/ml (by
diluting a 2 mg/ml stock solution kept at 4 °C under N,
immediately prior to the experiment) to the incubation
mixture and the activity was measured over the course of
one to two hours.

Crystallisation

Two different crystal forms of TtxTIM were obtained.
The first was a hexagonal crystal form, obtained using
10 mg/ml of TtxTIM in 50 mM Hepes-KOH (pH 7.0),
0.3M KCl, 2mM DTT, crystallisation conditions 0.1 M
Hepes-KOH (pH 7.5), 0.8 M sodium potassium phos-
phate. The crystals diffracted to 2.5 A on station X11 at
DESY in Hamburg, and belong to spacegroup
P6522/P6,22 with cell dimensions a=b=186.9 A, c=
287.8 A, a=p=90°, y=120°, suggesting two tetramers in
the asymmetric unit with a Matthew’s coefficient, V=
3.9 A’Da!. Molecular replacement using the PWTIM as
a phasing model was unsuccessful. A second crystal form
was obtained using 10 mg/ml of TtxTIM incubated with
20 mM 2-carboxyethylphosphonic acid (2-CP), a substrate
analogue. Orthorhombic crystals with cell dimensions a =
1541 A, b=91.0A, ¢c=141.2 A, a=B=7y=90° were
obtained in 0.1 M sodium acetate (pH 4.6), 0.2 M
ammonium sulfate, with PEG4000 at any concentration
between 20% and 30% (w/v). Crystals grew within
48 hours at 20 °C. Cryoprotection of the crystals was
achieved by the addition of 15% glycerol to the mother
liquor, and they were then flash-frozen at 100K. Data were
collected on station BW7A* at DESY in Hamburg to
2.3 A. Data were processed and scaled using DENZO and
SCALEPACK.* Details of the data collection statistics are
given in Table 1.

Structure solution

A molecular replacement solution using the PwTIM
structure as a search model was obtained with the
orthorhombic data. The unit cell of the orthorhombic
crystal form also suggested two tetramers in the asym-
metric unit with Vy=2.65A%Da"'. As TtxTIM and
PwTIM share a 52% sequence identity, the residues in
the PWTIM model were mutated using O*® to those of the
TtxTIM sequence. The rotation function and translation
function calculations as implemented in the CNS were
used.® Using a mutated PwTIM dimer as the search
model, and data from 154 A, the top 126 peaks from the
rotation function were used to search for a translation
function solution. The top solution was fixed and a
second translation function search was carried out. The

position of the second dimer could be determined only
subsequent to pre-translational Patterson correlation
refinement, as implemented in CNS, in this case treating
each monomer as a rigid body in order to refine the
rotation function peaks prior to translation. All domains
were subjected to post-translational rigid-body refine-
ment. The same procedure was repeated to search for the
third and fourth dimers. The hexagonal crystal form was
solved readily by molecular replacement using the
refined orthorhombic tetramer structure.

Structure refinement

CNS was used to refine the two tetramers in the
orthorhombic asymmetric unit to 2.3 A. A 10% subset of
the data was omitted from all refinement calculations for
cross-validation. The R-factor dropped to 31.3% and the
free R-factor to 36.7% after simulated annealing, during
which non-crystallographic (NCS) restraints were
applied. The NCS restraints were removed and rounds
of energy minimisation and individual B-factor refine-
ment, and addition of water molecules resulted in a final
R-factor of 21.5% and R-free of 25.9%. The final model is
almost complete, with monomers A and B lacking the
final three residues, as there was no defined density in
these regions. However, monomers D and E are both
complete, and the other monomers are lacking only one
or two C-terminal residues. The substrate analogue, 2-CP
was present in each monomer. The hexagonal crystal
form was solved by molecular replacement using the
refined orthorhombic model, and refined to 2.5 A using
CNS with NCS restraints maintained throughout, to a
final R-factor of 19.7% and R-free of 22.6%. Each monomer
had a phosphate group in the active site, which was
present in the crystallisation buffer. Validation with
PROCHECK™ reveals that the overall stereochemistry
of both models is good, with the Ramachandran plot
showing 98.2% of the residues in the core and
allowed regions in the orthorhombic model, and 98.7%
in the hexagonal, and 1.3% (orthorhombic) and 0.7%
(hexagonal) in generously allowed regions. Both crystal
forms have Alal80 in a disallowed region, although the
density for this residue is well defined.

Structural analysis

The TIM structures were superimposed on the basis of
the three conserved catalytic residues (Lysll, His93,
Glul40 in TxTIM numbering) and improved to extend
across as many C* atoms as possible using O. Secondary
structure assignment was made using the DSSP soft-
ware.”! Exposed surface areas were calculated using the
program GRASP** Hydrogen bonds between protein
atoms were calculated using HBPLUS,*® with the default
parameters for distances and angles. Ion-pairs were
assigned when atoms of opposite charge were found
within 4 A of each other.>® Interface accessible surface
area was calculated through the Protein-Protein Inter-
action server,”® using a probe radius of 1.4 A. Figure 6 was
created using BOBSCRIPT*® and GL_RENDER (L. Esser
& ]. Deisenhofer, unpublished). Estimation of the
susceptibility of a given asparagine or glutamine residue
to deamidation was made on the basis of the following
two criteria;”’ each of which has two parts, both of which
have to be satisfied. The residue may be susceptible if (1i)
the side-chain oxygen atom has no hydrogen bond with
the N+1 peptide nitrogen atom, and (1ii) the C* (Asn) or
C® (Gln) atom points in the right direction for attack by
the carboxy peptide nitrogen atom. (2i) There is no steric
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hindrance of the formation of a succinimide ring from
surrounding side-chains, and (2ii) there is no complex
hydrogen bonding network nearby.

Protein Data Bank accession numbers

The coordinates of the orthorhombic and hexagonal

crystal form models have been deposited with the RCSB
Protein Data Bank with accession numbers 1w0l and
1wOm, respectively.
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