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ABSTRACT. The crystal structure of the closed form of citrate synthase, with citrate and CoA bound, from
the hyperthermophilic ArchaedRyrococcus furiosubas been determined to 1.9 A. This has allowed
direct structural comparisons between the same enzyme from organisms growing optimalZ £pRjj,

55 °C (Thermoplasma acidophiluymand now 100°C (Pyrococcus furiosys The three enzymes are
homodimers and share a similar overall fold, with the dimer interface comprising primarily ameigtical
sandwich of four antiparallel pairs of helices. The active sites show similar modes of substrate binding;
moreover, the structural equivalence of the amino acid residues implicated in catalysis implies that the
mechanism proceeds via the same atidse catalytic process. Given the overall structural and mechanistic
similarities, it has been possible to make detailed structural comparisons between the three citrate synthases,
and a number of differences can be identified in passing from the mesophilic to thermophilic to
hyperthermophilic citrate synthases. The most significant of these are an increased compactness of the
enzyme, a more intimate association of the subunits, an increase in intersubunit ion pairs, and a reduction
in thermolabile residues. Compactness is achieved by the shortening of a number of loops, an increase
in the number of atoms buried from solvent, an optimized packing of side chains in the interior, and an
absence of cavities. The intimate subunit association in the dirReffigriosusenzyme is achieved by
greater complementarity of the monomers and by the C-terminal region of each monomer folding over
the surface of the other monomer, in contrast to the pig enzyme where the C-terminus has a very different
fold. The increased number of intersubunit ion pairs is accompanied by an increase in the number involved
in networks. Interestingly, all loop regions in tRefuriosusenzyme either are shorter or contain additional

ion pairs compared with the pig enzyme. The possible relevance of these structural features to enzyme
hyperthermostability is discussed.

The Archaea are a phylogenetically distinct Domain of determined for the open (ligand-free) and closed (ligand-
organisms that inhabit a diverse range of extreme environ-bound) forms of the enzyme from pig and chicken heart
ments. Phenotypically, they can be divided into a number (Remingtonet al., 1982; Remington, 1992; Ushet al.,
of groups, including halophiles, methanogens, thermophiles, 1995) and the open form from the thermophilic Archaeon
and psychrophiles (Woesg al., 1990). Pyrococcus furiosus ~ Thermoplasma acidophilurfRussellet al, 1994), which
is a hyperthermophilic Archaeon, growing optimally at 100 grows optimally at 55C. P. furiosuscitrate synthaseRfCS)
°C. Structural studies on homologous proteins from meso- exists as a homodimer &, = 81 600, with each monomer
philic and hyperthermophilic organisms may reveal intrinsic comprising 376 amino acids. The gene for the enzyme has
features necessary for the stabilization of proteins at high previously been cloned, sequenced, and expressétsin
temperatures, and such knowledge may have a profoundcherichia coliand a purification scheme for the recombinant
impact on our understanding of the fundamentals of protein enzyme established (Muat al,, 1995).
stability and on the potential use of thermostable proteins in  The catalytic activities of the citrate synthases are similar
biotechnological processes. at their normal operating temperatures. g, values, in

For our comparative studies we have chosen the enzymemicromoles of product formed per minute per milligram of
citrate synthase (E.C. 4.1.3.7) (Muit al, 1994), which  protein, are 28 23 for pigCS at 37°C, 100+ 14 for
catalyzes the condensation of oxaloacetate and acetyl-CoATpCS at 60°C, and 226+ 12 for PfCS at 90°C. Although
to form citrate and CoA. There is a large database of known PfCS has a growth optimum at 9800 °C, the instability
sequences for this enzyme, and crystal structures have beeaf oxaloacetate beyond 96C limits the assay to this
temperature. These data suggest that there is a catalytic cost
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at high temperatures. There is Iimited information on f[he Table 1. X-ray Data and Refinement StatisticsRi€S
thermodynamics of thermal unfolding for hyperthermophilic 1o 30
proteins, with no clear consensus on the expected values for Adata A data
AG of unfolding compared to mesophilic proteins which

have typicalAG values from 5 to 15 kcal/mol (Privalov, Sﬁ%edﬁgﬁgiﬂonsﬁ - 00) 923;12243 Zgggfn
1979). For thermostable proteins, the unfolding free energy unique reflectionsk > 20) 90047 22732
curve may be shifted to higher temperatures or flattened completeness (%> 0o) 98 96
without a change in maximumG (Jaenicke, 1991; Vielle Compliteness (%) (1.971.90) 98
& Zeikus, 1996). In a recent study of the small (7 kDa) &efgegoﬁg (1.97-1.90) i‘é’g 10.0
monomeric DNA-binding protein Sso7d froulfolobus Rfactor > 20) (%) 191 20.8
solfataricus(growth optimum 8C°C), AG of unfolding has free R-factor F > 20) (%) 23.2 26.2
a maximum of 7 kcal/mol at 9C, falling to 2.8 kcal/mol at R-factor F > 0o) (%) 19.4 215
80 °C and 1 kcal/mol at 100°C, showing a reduced ‘:geg'fargtt‘;n(':a;r?]‘? (%) 235"?390 22%90
thermodynamic stability at higher temperatures (Knapp no. of ﬁgand atoms 116 116
al., 1996). Citrate synthase is a much larger protein and no. of solvent atoms 482
functions only as a dimer, suggesting that maintenance of rmsd in bond lengths (A) 0.006 0.014
its dimeric integrity at higher temperatures will be important.  "Msd in bond angles (deg) 172 1.66

. . . av main chairB-factor (A2) 21.3 21.4
A full therm_odyna_\mlc analysis of a range of citrate synthases L, main chairB-factor () of large domain ~ 19.9 19.0
from organisms living from 0 to 102C is required, although av main chairB-factor (A2) of small domain ~ 25.0 26.9
clearly to monitor the unfolding of a protein at temperatures
>100 °C will involve specialized equipment. MarResearch image plate at station X-11, Hamburg, operat-

PCS exhibits 30% sequence identity with pigCS and 42% ing at a wavelength of 0.9083 A. The crystal was soaked
identity with TpCS. Insights into the basis of protein for 5 minin mother liquor containing 30% (v/v) glycerol as
thermostability can be derived from sequence information a cryoprotectant (Garman & Mitchell, 1996). Cell shrinkage
alone (Menendez-Arias & Argos, 1989), but clearly there is Was observed upon flash-freezing, with= b = 98.29 A
a need to place any sequence differences into a structurapndc = 238.02 A.
context via structural determination of specific enzymes [for ~ Data processing was performed using Denzo/scalepack
recent reviews, see Russell and Taylor (1995), Dagtiel. (Otwinowski & Minor, 1997), with intensities being reduced
(1996), and Vieille and Zeikus (1996) and references to amplitudes using Bayesian statistics as implemented in
therein)]. We now report the crystal structure of the closed the program TRUNCATE (CCP4, 1994) (Table 1).
form of citrate synthase from the hyperthermophilic archaeon ~ Molecular ReplacementThe structure oPfCS was solved
P. furiosus which allows direct structural comparisons by the method of molecular replacement using the program
between the same enzyme from organisms growing optimally AMORE (Navaza, 1992) using the 3.0 A data set. The
at 37°C (pig), 60°C (Tp. acidophilum)and now 100°C volume of the asymmetric unit indicated that it contained

(P. furiosus. one or two dimers. A search model was constructed which
consisted of theTpCS dimer superimposed on the pigCS
MATERIALS AND METHODS dimer, both models were reduced to polyalanine, and the

L ) . pig enzyme also had its first 35 and last 11 residues removed.
Crystallization. The recombinanPfCS was purified as  The two models were used simultaneously in AMORE.

detailed in Muiret al. (1995). Briefly, a cell extract oE. Results are discussed in terms of an AMoRE correlation
coli cells expressing the recombindfCS was heat-treated  qefficient (Navaza, 1992) with significance of peaks in
at 85°C for 15 min to denature most of the host proteins  erms of standard deviations above the mean. Using an outer
and was then subjected to affinity chromatography on a patterson cutoff radius of 25 A and data in the resolution
Matrex Red GelA column, with specific elution of the | ange of 26-4 A, a list of 20 rotation function peaks was
enzyme with oxaloacetate and CoA (Jane¢sal, 1994).  gpiained with the top peak having an AMORE correlation
Fractions with citrate synthase activity were concentrated andqefficient (CC) of 13.2 (3.26). A translation function,
buffer-exchanged in an Amicon Centriprep concentrator (30K using data in the resolution range of-20 A, in space group
cutoff). Crystals were grown by the hanging-drop, vapor- pg,2 2 gave a clear solution with a CC of 41.5 (82
diffusion method at room temperature, using the Crystal \yhich used the 14th highest peak in the rotation function
Screen from Hampton Research as the precipitating agents[CC of 11.3 (2.78)]. The next highest solution of the
Crystals grew in the presence of 0.1 M sodium citrate and {rangation function had a CC of 27.9 (46)2 A translation
1.0 M ammonium phosphate as the precipitating agent and¢nction in the enantiomorphic space grobf:2:2 gave a
at a protein concentration of 2 mg/mL in 20 mM Tris-HCl  highest CC of 29.8 (4.87. Attempts were made to identify
buffer (pH 8.0) containing 25 mM KCI. a position of a possible second dimer in the asymmetric unit
Data Collection. Initial X-ray data were collected on a of the crystal in space group4,2;2. All attempts were
300 mm MarResearch image plate mounted on an Enraf-unsuccessful, and a difference Fourier revealed no significant
Nonius X-ray generator operating at 45 kV and 80 mA. Dif- additional density, confirming that the asymmetric unit
fraction extended to beyond 3.0 A but was limited in-house contained a single dimer d?fCS. The crystals therefore
to 3 A by thelongc-axis. The crystals belong to space group have a relatively high (65%) solvent content. The dimer
P4,2,2/P452:2 with a = b = 99.5 A andc = 243.0 A. was then subjected to rigid-body refinement within AMoRE
After the solution and refinement of tifCS structureto  to give a CC of 52.9 and aR-factor of 51.8%. The solution
3.0 A (see below), a synchrotron data set to 1.9 A resolution gave no bad clashes with symmetry-related molecules in the
was collected from one crystal at 100 K on a 300 mm unit cell.



Hyperthermostable Citrate Synthase Biochemistry, Vol. 36, No. 33, 1999985

Ficure 1: Stereo drawing of the 1.9 AR — F. electron density map around citrate and CoA in monomer RfiBS (contoured atd).
Produced using Molscript (Kraulis, 1991).

Refinement and Model BuildingElectron density maps Refinement of the 1.9 A Structur@he 3.0 A structure
were significantly improved using the solvent flattening was initially subjected to cycles of rigid-body refinement,
algorithm of Wang or 2-fold noncrystallographic real space using X-PLOR version 3.851, using data in the resolution
averaging using RAVE (Kleywegt & Jones, 1994a). Using range of 15-4 A. This resulted in arR-factor of 34.2%

a polyalanineTpCS monomer as an initial model, side chain (Rree = 36%). A bulk solvent correction was applied to the
atoms were built and deviations of the main chain were data (Jiang & Bfager, 1994), and an initial round of
modeled using the program O (Joresal, 1991). Refine- simulated annealing refinement to 2.5 A reducedRHactor
ment was undertaken using X-PLOR (version 3.1) (Ryer 10 29.3% Rree = 33.3%), after individuaB-factor refine-

et al, 1987, 1990) via a standard simulated annealing ment. No ncs restraints were applied throughout reflngment
protocol, but due caution was observed throughout since thedu€ to the high observation:parameter ratio present in the
data extended, initially, to only 3.0 A. The fréfactor data. Manual rebuilding and refinement Fo 1.9A dgcreased
(Brunger, 1992) was used, and its change, rather than thatihe R-factor to 24.7% .'R”ee = 30.0%). Sigmaa-weighted

of the conventionaR-factor, was always used to monitor 2Fo — Fe eIectron.dens.lty maps were Salculatgd,”and sqlvent
the refinement. Tight noncrystallographic symmetry re- m.°|?CUIeS were identified using the Waterplck. ?"go”t.hm
straints between the two monomers of the dimer were within X-PLOR. The model was manually modified using

maintained throughout the refinement, using a weight of 400 O and subjected to further rounds of refinement using data
1 R—2 g ’ 9 ght o in the resolution range 16a..9 A. The currenR-factor is
kcal molt A-2. Citrate and CoA were also modeled into

0 ) v~ . .
the observed density. CoA was present in the active site égﬁ%/ol:r?ﬁrsee;?lﬁifd(:ang?gg’ \t/)v(;tirrlér%so%%wztlgzz Ii)rn

frOﬂ:I.ItS use in the purification oPfCS. A .flnal round of respectively (Table 1). Figure 1 shows the quality of the
positional refinement was undertaken with the large and gjactron density map at 1.9 A around the citrate and CoA.
small domains acting as individual groups in the noncrys- A Ramachandran plot reveals that 94% of residues lie in
tallographic symmetry restraints, followed by groupgd  he most favored regions and none in disallowed regions.
factor refinement. The final freR-factor for the modelis Al residues lie in acceptable environments as judged by a
27.3% and th&factor 21.5%k > 00), with rms deviations  3D—1D profile plot (Luthyet al, 1992). The initial five

for bond lengths and bond angles being 0.014 A and°1.66 residues at the N-terminus are not included in the final model
respectively (Table 1). A Ramachandran plot reveals that of either monomer and the final C-terminal residue of one
91% of residues lie in the most favored regions and none in monomer due to poorly defined electron density.
disallowed regions. All residues lie in acceptable environ-

ments as judged by a 3BLD profile plot (Luthy et al, RESULTS

1992). The initial four residues at the N-terminus are not  Oyerall Structural Comparisons. BIS exists as a dimer
included in the final model due to poorly defined electron of identical monomers, with each monomer composed of 16
density. o-helices distributed between a large and a small domain
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I Helix A | Helix B
PigCS ASSTNLKDILADLI PRKEQARIKTFRQQHGNTVVGQI TVDMMYGGMEGMKGLVYET
TpCS PETEEI SKGLEDVNI KWTRL
PfCS NTEKYLAKGLEDVYIDQTNI
ix elix

PigCS SVLDP DEGIRFRGYSI PEES%%LPKAKGGEEPLPEQLFWLLVTGQI PTEE?V%W
IpCS TTIDGNKGILRYGGYS T1T4A GAQDEEIT OYLFLYGNLPT RK

PCS CYIDGKEGKLYYRGYSVEELAEL STFEEVVYLLWWGKLPSLSELEN
I ! Helix F I I Helix G I Heli

PigCS S WAKRAALPSgVVTMEgNFPTNLHEMSOLSAAITALNSEl SNFARAYAEGIH
TpCS KGYKI PDF RQLPRESDAVAMOMAAVAAMAASETK FKW
PfCS FRKELAKSRGLPKEVIEIMEALPKNTHPMGALRTIVSYLGNIDDSGDIPYV

| Helix [ | I Helix J
PigCS MTKYWELIYEDCMDLI AKLP CVAAKI YRNLYREGSSI GAI DSKLDWS ANFTNMLG
TpCS NKDIDBDXAAEMIQBMSAITVNVYRHIIM NMP A ELPKPSDSIYAESFLNAAF
PfCS TPEEVYRIGI SVTAKIPTI VANWYRI KN GLEY VPPKEKLSHAANFLYMLH

Helix K ] Helix L Helix M |
PigCS YT DAQFTELMRLYLTI HSDPDHMEGGNYS AHTSHLVGSALSDPYLSFAAAMNGLAG
TpCS GRKATKEEIDAMNTALILYTDHEVP ASTTAGLVAVSTLSDMIYSGITAALAALIKG
PfCS GEEPPKEWEKAMDVALILYAEIMEI N ASTLAVMIVGSTLSDYYSAILAGI GALKG
Helix N — Helix O J
PigCS PLIMGLANOEVI VWLTOLOKEVGKDVSDEKLRDYI WN TLNSGRVVPGYGHA VLMK
TpCS PLHGGLAAEAAIAOFD|E1K DPAM VEKWFNDNIINGKKRLMGFGHRVYKT
PfCS PIMGGAVEEAI KQFMEI G SPEK VEEWFFEK ALQCOIMRKI MGAGcHERY vy RT
Helix P I I Helix O |

PigCS TDPIAY T REFALKHLP [ HDPMFKILVAQLYKI vpzvviI TEQGIMABRINP WP N V
TpCS YDPRAKIFKGIAEKLISSKKPEVHKVYEIATKLEDFGIKAFGS KGI YPNTD
PfCS YDPWART FKKYASKLG DKKLFEIAERLERLVEETYLSK MG si NV

Helix R | Helix S - Helix T
PigCS AHSGVLILQYYGMTEMN YYTVILFGVSINALGVLAQLI WSRALGFPLEMPKSMSTDG
TpCS YFSGIVYMSIGFPLRNNIIYTALFALSRVTGWOAHFIEYVEEQQRLIRPRAVYVGP
PfCS YWSGLVFYGMKIPI E LYTTIFAMGINI AGWTAHLAEYVS HNMI IIPRLQYVGE
. 1
PigCS LT KLVDSK
TpCS AERKYVPI AERK
PfCS I GKKYLPI ELRR

FiIGURE 2: Structure-based sequence alignment of pigGQ&;S, andPfCS. a-Helices for pigCS;TpCS, andPfCS are indicated by lines
above their respective sequence. Active site residues are highlighted in inverse type for pigdS&uidesidues in the small domain are
italicized. Produced using Alscript (Barton, 1993).

[helices C-G and kS, following the nomenclature of pigCS reveals a root mean square deviation (rmsd) of 2.19
Remingtonet al. (1982)]. The reduction in the number of A for 356 Co atoms. In pigCS, the small domain (helices
helices compared with pigCS (20 helices) is due to the N—R) is known to rotate relative to the large domain upon
absence of helices A, B, H, and T (Figure 2). Both archaeal binding of substrates. The relative orientation of the two
enzymes are shorter than the eukaryotic enzyme with pigCS,domains in the closed form &#fCS is very similar to that
TpCS, andPfCS containing 437, 384, and 376 residues per in pigCS. The average main chaBifactor for the small
monomer, respectivelyPfCS also contains two smalhg3 domain is higher than that of the large domain (Table 1),
helices at the N- and C-termini (residuesTl and 37t indicating increased flexibility of the small domain with
375). PigCS contains a small section of antiparglisheet respect to the large domain, a feature observed previously
formed by residues 5669. This secondary structural unit in both pigCS and'pCS. In comparing the overall structures
is also present ifPfCS (residues 2036), but an additional  of the two archaeal enzymes, it should be noted that, at
section of intersubunit parallgtsheet is also formed between present, we have only the structures of the closed form of
the N-terminus of one monomer and the C-terminus of the PfCS and the open form dfpCS. However, superposition
other monomer (residues 148 and 358-362). Superposi-  of the large domains oPfCS andTpCS shows a rmsd of
tion of the closed form ofPfCS onto the closed form of 0.88 A for 251 @ atoms, and superposition of the small
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domains shows a rmsd of 0.57 A for 9mGitoms. This
reflects the fact that the sequence identity between the small
domains is 53% compared with only 39% between the large
domains.

Common to the dimeric citrate synthases, the monemer
monomer association remains an eighielical sandwich,
comprising four antiparallel pairs of helices (F, G, L, and
M). However, dramatic differences between the folds of the
pigCS, TpCS, andPfCS occur at the N- and C-termini. In
pigCs, the N-terminus forms a long helix (residues27),
which, for the main part, extends over the surface of the
monomer to which it belongs. BoffCS andTpCS are 35
residues shorter at the N-terminus compared with pigCS
(Russellet al., 1994; Muiret al.,, 1995). The C-terminus of
PfCS adopts a totally different fold from that in pigCS
(Figure 3). That s, it is four residues longer that the pigCS
C-terminus, and it folds in an extended form over the surface
of the other monomer to give the appearance of monomers
embracing one another (Figure 3a), whereas it forms a small
helical region in pigCS.

It should be noted that the density of the five amino acids
at the N-terminus of thBfCS was too weak to be interpreted,

a similar situation being found in tHEpCS crystal structure
(Russellet al, 1994). These observations may reflect a
flexibility in the N-terminal region of the two proteins,
although this would be surprising in view of the general
overall compactness of the hyperthermophilic citrate synthase
as detailed below.

The Actie Site. (i) Citrate Binding.Citrate binds in an
analogous manner to that previously observed in pigCs, via N _ _
the interactions with three arginine side chains (271, 337, FIGURE 3: (a, top) Space-filling representation of tRECS dimer

and 356, where the prime on the amino acid denotes a highlight;]ng tue C-terminal residues of each rfr_]l?_nomer wrapping

idue on the other monomer of the dimer) and three around the other monomer. (b, bottom) Space-filling representation
r(?S'_ u . of the pigCS dimer [orientation as in (a)]. Produced with MidasPlus
histidines (188, 223, and 262) (Figures 1 and 4). The (Ferrinet al, 1988; Huanget al., 1991).

structural location of these residues is identical in €S
and pigCS. fore, the catalytic mechanism is likely to be the same in both
(i) CoA Binding PigCS provides three arginine ligands €nzymes, via concerted aeithase catalysis.
for the three phosphate groups of CoA (Arg 324 and Arg (iv) Active Site Water StructurePigCS has seven water
46 for theo- and g-phosphates and Arg 164or the 3- molecules within a 10 A sphere of the citrate/oxaloacetate
phosphate). Two lysine residues (366 and 368) are also inmolecule, all buried from bulk solvent. Six of these water
the vicinity of the disphosphatePfCS also provides ligands  molecules are highly conserved RICS, with the position
for these phosphates, but their structural location is distinctly of the remaining one being occupied by the OH group of
different: Arg 164 in pigCS is located in the HI loop of Tyr 265. This level of conservation between enzymes from
the second monomer, but this loop is dramatically shortenedsuch diverse organisms suggests a possible integral role of
in PfCS. Instead, the'®hosphate of CoA interacts with  water, and its positioning, in the catalytic mechanism.
Lys 254 and Lys 305 irPfCS, both located on the small Structural Differences between Mesophilic and Thermo-
domain of the molecule. The- andS-phosphates interact  philic Citrate SynthasesGiven the overall similarity in the
with Arg 263, Lys 266 (structurally equivalent to Arg 324 folds, active sites, and subunit interfaces of the citrate
in pigCS), and Arg 353in PfCS. Therefore, in both  synthases, detailed structural comparisons can now be made
enzymes, one ligand comes from the second subunit.between the same protein from a mesophile (pigCSQ7
Recognition of the rest of the CoA molecule is very similar a thermophile TpCS, 60°C), and a hyperthermophil®{CS,
in both enzymes (Figures 1 and 4) and involves hydrogen 100°C). Care has to be taken when includifipCS in the
bonds to main chain atoms of the protein. The terminal C comparisons between the “closed” (liganded) forms of the
and S atoms of CoA are not visible in the electron density; PfCS and pigCS, since only the structure of the “open”
such was the situation in the crystal structure of pigCS (unliganded) form of theTpCS is known. Nevertheless,
complexed with citrate and CoA (Remingten al, 1982). structural regions unaffected by the conformational change
(iii) Catalytic Residues.His 274, His 320, and Asp 375 induced by substrate binding, for example, subunit interface
(pigCS numbering) have been implicated crystallographically interactions, can be included in direct comparisons between
(Usheret al., 1995) and by mutagenesis experiments (Alter the three enzymes.
et al., 1990; Kurzet al., 1995) to play a central role in the (@) Loops. TES has four loops that are significantly
mechanism of action in pigCS. His 223, His 262, and Asp shorter than those in the pigCS, between helices-©,
312 are the structurally equivalent residue®f@S. There- G — | (involving the complete deletion of helix H),
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Ficure 4: Details of binding of citrate and CoA to monomer ABICS. Produced using LIGLOT (Wallaa al., 1995).

N — O, and Q— R. PfCS has these same four short loops A grid. The cavity calculations were carried out on the dimer
and a further two loops that are shortened compared to bothof PfCS, using the multirotational approach suggested by

the pigCS andI'pCs, between helices P Q and R— S

(Figure 1).

(b) Cavities. Detection of cavities capable of accom-

Kleywegt and Jones (1994b) in order to reduce errors caused
by the grid specifications. It was previously reported that
the number and size of internal cavities in the oS

modating a water molecule was undertaken using VOIDOO were fewer than in the open pigCS: three cavities with a
(Kleywegt & Jones, 1994b) with a 1.4 A probe and a 0.75 volume of 211 & compared with seven with a volume of
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Table 2: Variation in Size and Internal Packing of PigGpCS, andPfCS

pigCS closed
pigCS closed (N-terminus deleted) PfCS closed pigCS open TpCS open
volume x 10¢(A3) 9.98 9.18 8.65 9.96 8.71
accessible surface area3A 31700 29900 27205 33400 30200
atoms buried (%) 53.1 52.0 54.0 50.1 50.7

a Closed refers to the enzyme conformation with citrate and CoA bound, and open refers to the nonliganded conformation of the enzyme. Two
sets of data are given for the closed conformation of the pigCS, first for the whole molecule and second with the first 35 residues of the N-terminus
deleted from the model. Accessibility calculations were performed on the citrate synthase dimers with GRASP éi@hdl991) and volume
calculations with VOIDOO (Kleywegt & Jones, 1994b).

612 A3, respectively (Russetit al, 1994). Calculations with  Table 3: lon Pairs in Citrate Synthdse
the closed pigCS reveals four cavities with a volume of 304

. " igCS TpCS PfCS
A3, whereas the close®fCS does not contain any cavities. & A cutoff P9 P
The two_largest cavities present in the p|g_CS monomer = -\ ion pairs 82 (315) 90 (318) 105 (376)
(present in both open and closed forms) are filled by single  intraion pairsin A~ 35 (124) 39 (132) 42 (119)
amino acid replacements in bofipCS andPfCS. Ala 118 intraion pairsin B 35 (124) 41 (137) 39 (115)
in pigCS is replaced by Tyr 76 ipCS and Arg 75 irPfCS, 5 /_i\nte; '?f toB 12 (67) 10 (48) 24 (142)
: H : Cuto

and Ser .412 in pigCSs is replaced by Tyr 355TipCS and total ion pairs 64 (271) 65 (252) 69 (204)
Tyr 348 in PCS. intra ion pairsin A 26 (102) 30 (109) 25 (82)

(c) Accessible Surface Area and Volume.C8fhas a intraion pairsinB 26 (102) 29 (107) 24 (83)
reduced accessible surface area and volume compared to4 Aﬂte: '?r toB 12 (67) 6 (35) 20 (128)

H £ H Cuto
pigCSs (Table 2), and the percentage o.f atoms buried is also total ion pairs 36 (185) 43 (184) 43 (217)
greater. It must be noted that these differences are not due  jna jon pairsin A~ 12 (59) 21 (81) 14 (50)
solely to the N-terminal extension present in the pigCS, since  intraion pairsinB 12 (59) 18 (76) 12(47)
identical calculations for an N-terminally deleted (35 resi- inlterAtotB 12 (67) 4(27) 17 (119)
H 7 H H Invoivemen
duets);l) pigCS shon(_:S sﬂll to be sflgn|f|cantly mc;]rehcompact Arg 22038 (58%) 19/34 (56%) 24/33 (73%)
(Table 2). Comparing the open form BHCS with the open Lys 18/50 (36%) 30/54 (56%) 29/64 (45%)
form of pigCS, the thermophile is also more compact than  His 10/28 (36%) 8/12 (67%)  6/16 (38%)
the mesophile. Glu 28/48 (58%) 29/50 (58%) 43/76 (57%)
iati Sp 0 0 0
(d) MonomerMonomer Association.The monomer A 20/42 (48%) 16/38 (42%) 9/22 (41%)

monomer association is composed of two parts: the eight- 2The number of ion pairs is given using a 6, 5dah A cutoff
helix sandwich, which is the main component, and the distance between charged groups. An estimate of the Coulomb energy

. - ) . . assuming a distance-dependent dielectric is given in parentheses. This
interaction of the C-terminus of one monomer with the other was calculated as 332.0BK;), in kcal/mol, whereD is the distance

monomer. First, the complementarity of packing of the tWo 4 the center of the ion pair from the center of mass of the dimer, in A,
monomers can be viewed in terms of a gap volume index, andr; is the distance between the ions, in A. The percent involvement
defined as the gap volume between the two monomersin ion pairs of charged amino acids is calculated usirg3tA cut-off
divided by the interface accessible surface area (Jones &distance. A and B refer to the two monomers of the native dimer.
Thornton, 1995). The gap volume index is 1.86 for pigCS
and 1.17 for thePfCS, a lower figure being indicative of Both the N- and C-termini are involved in intersubunit
closer packing. The gap volume index fopCS is 1.10, contacts inPfCS, whereas the first 25 and the final 10
but the final 14 C-terminal residues (which form an extensive residues in pigCS exhibit no interaction with the other
set of intersubunit interactions in tHECS) are not present  subunit.
in the final model ofTpCS, due to poorly defined electron (e) lon Pairs. Table 3 presents the number of ion pairs
density. If the gap volume index is recalculated for a observed in pigCSTpCS, andPfCS, identified using cutoff
C-terminally deleted model of the hyperthermophilic enzyme, distances between oppositely charged residues of 4 A
a figure of 1.02 is obtained. The nature of the subunit (Barlow & Thornton, 1983), 5 A, and 6 A. The major
interface is discussed irg)( difference between the hyperthermophile and mesophile is
As described above, with respect to the C-terminal a consistently significant increase in intersubunit ion pairs
interactions, irPfCS the C-terminus of one monomer wraps observed in the hyperthermophilic citrate synthase compared
around the other monomer, clasping the two together in anwith the mesophilic enzyme (Figure 5), whereas no signifi-
intimate embrace (Figure 3). An ion pair between Arg 375 cant increase is observed TpCS compared with pigCS.
(the penultimate residue) and Glu'48ay also strengthen  Also, even upon introduction of a larger cutoff distance (6.0
this association. In a study of a different crystal form of A) the number of intersubunit ion pairs in pigCS does not
PfCS, albeit at a lower resolution than this study (3.5 A, change, whereas the number of possible ion pairs increases
unpublished results of the authors), where citrate was notin PfCS.
present, the C-terminus was not defined in the electron Many of the additional intersubunit ion pairs PfCS
density. In addition, the C-terminus of the open form of compared with pigCS are located primarily in helix G and
TpCS was not observed in the electron density despite thehelix M which make up the central four helices of the eight-
high sequence similarity t8fCS, including the two residues helical sandwich of the subunit interface, with helices F and
forming the terminal ion pair ifPffCS. Therefore, it may be L the outer four helices (Figure 6a). Residues Hi§ 839
that the C-terminus only becomes ordered upon substrate99, Asp 113, Asp 206, and Lys 219rom both subunits,
binding, thereby stabilizing the closed form of the enzyme. form a five-membered ion pair network at each end of these
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Ficure 5: Orthogonal views of intrasubunit ion pair interaction®itS (top panels) and pigCS (bottom panels). Tleafms of residues
involved in intersubunit ion pairs are displayed in CPK representation. Solid circles denote a glutamic acid or aspartic acid residue and an
arginine, lysine, or histidine residue. Produced using Molscript (Kraulis, 1991).

helices. The lack of these ion pairs in pigCS is apparent in of charge-neutral hydrogen bonds in the three enzymes also
Figure 5, bottom left panel. A further two four-membered shows little difference, with pigCS,pCS, andPfCS having
intersubunit ion pair networks are also presentRfCS an average of 0.37, 0.29, and 0.33 per residue, respectively.
(residues Asp12, Glu 189, Arg 356, and Arg 358). Helix G However, an increase in intersubunit H-bonds, 51 compared
was previously proposed to be the site of an important to 40, is observed iPfCS compared with pigCS.

difference between the subunit interfaces of pigCSHEIS, (g) Proline in 8-Turns. PigCScontains 8 prolines in 21

a trend toward hydrophobicity being observed in the ther- g-turns, TpCS has 2 in 16, an®fCS has 4 in 18.

mophilic enzyme where the number of alanines increased (h) Helix Capping. The three citrate synthases are almost
from 3 to 8 (Russelet al, 1994). Therefore, the structure  gniirely o-helical, yet there were no significant differences
of the hyperthermophilic citrate synthase has revealed anj, ihe extent of helix capping, where the inherent dipole at
alternative approach to maintaining dimeric integrity at high e N-terminus was cancelled by the presence of a negatively

temperatures. Also, an intersubunit ion pair is located at charged residue (Richardson & Richardson, 1988). PigCS
both the N-terminus (Lys 8Asp 16) and the C-terminus  has 11 such caps (at Ncap, N1, or N2, where Ncap is the

(Glu 48-Arg 375). A four-residue intersubunit network  |asique preceding the first residue, N1, of the helBCS
present in pigCS (Asp 420 and His 246) is replaced by a 550 has 11. an@fCS has 9.
hydrophobic cluster ifPfCS, comprising a high percentage )

of isoleucine residues (see later), surrounded byacompleteGIn, Met, and Cys can be classed as thermolabile due to

fing of mtersubunlt. 'on p§|r§ (Figure 6b). ) their tendency to undergo deamidation or oxidation at high
A number of the ion pairs in thBfCS are located in loop  temperatures and therefore may be naturally discriminated
regions, such that in all nonhelical regions of the hyperther- against in thermostable proteins. A trend is observed that
mostable enzyme either extra ion pairs are present or thesg|iows the expected pattern; pigCS has 18 Asn (4.1%), 17
loop regions connecting the helices are shorter compared withgn (3.9%), 15 Met (3.4%), and 4 Cys (0.9%)CS has 15
the mesophile. Asn (3.9%), 10 GIn (2.6%), 12 Met (3.1%), and 0 Cys (0%),
(f) Hydrogen Bonds.The number of hydrogen bonds was and PfCS contains 11 Asn (2.9%), 5 GIn (1.3%), 9 Met
calculated using HBPLUS (McDonald & Thornton, 1994) (2.4%), and 1 Cys (0.3%), These changes can now be put
on the dimeric forms of each enzyme. Pigd®CS, and into a structural context. On eight occurrences, an Asn or
PfCS have an average of 0.99, 0.97, and 0.98 H-bonds perGIn in pigCS is changed to a charged residu®i8S that
residue, respectively, showing no significant difference in now forms an ion pair, with only a single example of the
hydrogen bonding between the three enzymes. The numbereverse. TpCS has five such replacements, with two

(i) Thermolabile ResiduesOf the 20 amino acids, Asn,
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FIGURE 6: (a, top) Five-membered intersubunit ion pair network®i€S viewed down the 2-fold axis of the dimer. Equivalent helices

(G and M) from each monomer are colored similarly. (b, bottom) Orthogonal view of (a), highlighting the two five-membered intersubunit
ion pair networks, the ring of intersubunit ion pairs, and the six-membered isoleucine cluster (colored in yellow). Produced using Molscript
(Kraulis, 1991).

examples in the reverse directiorRfCS andTpCS also organisms growing optimally at 37, 60, and 100. The
eliminate three and two thermolabile residues, respectively, enzymes from the two Archaedp. acidophilumand P.
via loop shortening. In the case of methionines, not only furiosus are both recombinant proteins, although we have
hasPfCS proportionately fewer methionines but they are all not been able to detect significant structural or functional
effectively buried from solvent in contrast to pigCS arpCS differences between these and the nonrecombinant counter-
which have more methionines, many of which are exposed. parts (Muiret al, 1994, 1995). Furthermore, on the basis
()) Isoleucine Clusters. A significant increase in the  of an Arrhenius analysis of the respective rates of irreversible
number of isoleucine residues is observe®i@S compared  thermal inactivation (Muiret al, 1995), the three citrate
with pigCS. These substitutions result in the formation of synthases have thermostabilities commensurate with the
isoleucine clusters sandwiched between the intersubunitgrowth temperatures of their host organisms. Thus, the
helices (F, G, L, and M) and helices | and S in each overall structural homology, including that of the active site
monomer. A cluster of six isoleucines (15, 190, and 355 and the mode of substrate binding, permits the identification
from both monomers) forms a hydrophobic cluster inside of structural trends in going from the mesophilic to thermo-
the ion pair ring (see above and Figure 6b). llel5 and lle355 phjlic to hyperthermophilic protein. These trends can now
are conserved ifipCS. be discussed in the context of the differing stabilities of the
citrate synthases and in particular the structural basis of
hyperthermostability.

The crystal structure @?fCS has enabled a direct structural Of all the structural features analyzed, three trends that
comparison to be made between the same enzyme frommay contribute to thermostability in citrate synthase feature

DISCUSSION
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prominently: compactness, an increase in number and natureconsequent susceptibility to thermal denaturation. Similar
of intersubunit ion pairs, and a reduction in thermolabile additional interactions at the termini have been previously
residues. proposed to be an important contributor to thermostability
CompactnessAn increase in compactness with increase of other proteins (Dat al., 1992; Starictet al., 1996), by
in thermostability is achieved through several routes: shorter reducing the fraying in these regions. However, the possible
loops, a reduction in cavities, and greater surface comple-flexibility at the N-terminus ofPfCS andTpCS remains
mentarity at the dimer interface, all of which lead to a greater surprising in this respect.
percentage of atoms buried from solvent. A tighter internal Interestingly, the C-terminus &ffCS appears to be ordered
packing may be achieved through the formation of isoleucine only in the presence of substrates, which in turn increase
clusters. the thermostability of both this enzyme and fRgCS (in
Shorter Loops.Both PfCS andTpCS have a number of  the presence of 5 mM citrate and 1 mM CoA, the first-order
shorter loops compared with pigCS. This observation, that rate constants for irreversible thermal inactivations are
the higher the growth temperature of the organism the decreased 12-fold for PfCS at 163 and 15-fold for TpCS
shorter the protein loops, is consistent with high tempera- at 91°C). PigCS is also more thermostable in the presence
ture molecular dynamic simulations on bovine pancreatic of these ligands (the rate constant for inactivation being
trypsin inhibitor, which revealed that loop and turn regions reduced 4-fold at 48C), which induce the closed conforma-
are likely to be the part of the structure that unfolds first tion and thereby reduce the accessible surface area and
during thermal denaturation (Daggett & Levitt, 1993). increase the number of atoms buried. Significantly, both
However, a multiple sequence alignment of all known citrate TpCS and PICS have a lower accessible surface area
synthase sequences based on the crystal structures of pigC&nd a higher number of atoms buried than the mesophilic
TpCS, andPfCS shows that a number of nonthermostable enzyme.
citrate synthases may also contain such shorter loops, Isoleucine Clusters.The high percentage of isoleucines
although not to the same extent as observed in the thermo-n PfCS results in the formation of a number of isoleucine
philic enzymes. Nevertheless, a number of other thermo- clusters in the core of the protein. Such clusters were also
stable proteins, e.g., 1[4Fe-4S]ferredoxin frdtmermotoga observed in another hyperthermostable enzyme, glutamate
maritima (Macedo-Ribeircet al, 1996) and a thermostable dehydrogenase from. furiosus(Yip et al, 1995). Isoleu-
endocellulase (Sakoest al, 1996) do show reduced size of cine may be favored over leucine in the formation of
loop regions, indicating a possible role in protein thermo- hydrophobic clusters due to the ability to exist in all three
stability. x1 angles compared to predominantly two for leucine side
Fewer Caities. Cauvity filling/forming mutations have  chains, thus enabling a tighter packing in the core of the
highlighted the important role of internal packing in protein molecule and enhancing van der Waals interactions.
stability (Erikssoret al, 1992; Richards & Lim, 1993), and The low accessible surface area and high percentage of
therefore the absence of large cavitie®f@S may contribute  atoms buried, maximizing internal packing interactions in
to its hyperthermostability by eliminating areas in the PfCS, have also been noticed in another hyperthermophilic
structure where nonoptimal packing occurs. A decrease inenzyme structure, aldehyde ferredoxin oxidoreductase from
size and number of cavities was also noticed in the P. furiosus(Chanet al, 1995) Although in this case no
thermophilic triose-phosphate isomerase fiatillus stearo- mesophilic counterpart is known, a comparison was made
thermophiluscompared with the same enzyme from meso- with a test set of other globular proteins of similar size to
philic sources (Delbonget al, 1995). A high degree of provide a measure of the enzyme’s relative size. More
internal packing was also observed in the thermostable recently, the structure of the TATA-box binding protein from
protein ecotin (Shiret al., 1996). P. furiosushas been elucidated, and this enzyme also shows
Greater Surface Complementarity at the Dimer Interface. a similarly compact nature. In contrast, the crystal structures
The improved complementarity of the monomers at the eight- of the hexameric glutamate dehydrogenase fRarfuriosus
helix interface in going from pigCS tdpCS to PfCS, as (Yip et al, 1995) and monomeric indole-3-glycerol phos-
revealed by the gap volume index calculations, once againphate synthase fror8. solfataricuggrowth temperature:
follows a trend as the growth temperature of the organism 80 °C) (Henniget al, 1995) do not show such a marked
increases. This improved complementarity may allow the trend toward compactness when compared with their meso-
two monomers to remain associated in an intact dimer at philic equivalents. Therefore, a very compact/well-packed
high temperatures through optimized packing interactions. protein does not seem to be a universal prerequisite for
Dimer to monomer dissociation is thought to be the initial hyperthermostability.
step in the thermal inactivation of pigCS (McEvily & lon Pairs. The importance of surface ion pairs in
Harrison, 1986). determining protein thermostability was first highlighted by
The C-terminus ofPfCS differs significantly from that  Perutz and Raidt (1975), while comparing ferredoxin and
observed in pigCS, resulting in extensive monowmer hemoglobin structures, and was subsequently proposed to
monomer interactions. Citrate synthase is only active as abe involved in stabilizing a number of other thermostable
dimer since residues from both monomers participate in the proteins (Walkeet al., 1980; Kornddfer et al., 1995). There
active sites, and therefore the embracing of one monomeris an increase in the numberiofersubunition pairs inPfCS,
by the C-terminus of the other monomer may be necessaryand their involvement in complex networks mirrors that
for dimer integrity at high temperatures. Additionally, in a observed in the recently reported structure of the hyperther-
manner analogous to that discussed above for loop regionsmophilic P. furiosusglutamate dehydrogenase (Yép al.,
polypeptide termini tend to be flexible regions of proteins, 1995). The presence of ion pair networks was also observed
and the involvement of the C-terminusPiCS in monomet in S. solfataricusindole-3-glycerol phosphate synthase
monomer contacts may reduce this flexibility and the (Henniget al, 1995) and the TATA-box binding protein
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The positioning of ion pairs is also crucial. Loop or
random coil regions of a protein tend to be the most flexible
areas and probably are the most likely to deform at high
temperatures. All loop regions ¢#fCS are altered with
respect to pigCS by either loop shortening or increased ion
pair interactions. A similar strengthening of loop regions
was also observed irB. splfataricusindole—3—glycerol REFERENCES
phosphate synthase (Henrggal., 1995).
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