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Crystal Structure of Enterococcus hirae Enolase at 2.8 A Resolution
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We report the crystal structure of an enolase from Enterococcus hirae, which is the
first report of a structure determination among gram-positive bacteria. We isolated
the enolase gene and determined the base sequence. The amino acid sequence
deduced from the DNA sequence suggests that this enolase is composed of 431 amino
acids. The amino acid sequence is very similar to those of enolases from eukaryotic
and prokaryotic organisms, being 65% and 50% identical to enolases from Escherichia
coli and yeast, respectively. The enolase prepared from E. hirae lysate yielded crys-
tals containing one dimer per asymmetric unit. X-ray diffraction patterns were
obtained at 2.8 A resolution on a SPring-8 synchrotron radiation source. Crystals
belong to space group I4 with unit cell dimensions of a = b =153.5 A, ¢ = 90.7 A. The E.
hirae, yeast, E. coli and lobster enolase structures are very similar. The E. hirae eno-
lase takes an “Open” conformation. The regions in the structure that differ most from
other enolases are loops L4 (132-140) and L3 (244-265). Considering the positions of
these loops relative to the active site, they seem to have no direct involvement in
function. Our findings show that the three dimensional structure of an important
enzyme in the glycolytic pathway is evolutionarily conserved among eukaryotes and
prokaryotes, including gram-positive bacteria.

Key words: enolase, Enterococcus hirae, glycolytic pathway, gram-positive bacteria,
recrystallization, X-ray structure.

Abbreviations: PGA, D-(+)-2-phosphoglyceric acid; PEP, phosphoenolpyruvate; EDTA, ethylenediaminetetraace-

tate; TOF-MS, time-of-flight mass spectroscopy.

Enolase (2-phospho-D-glycerate hydrolyase, EC 4.2.1.11)
is a “metal-activated metalloenzyme” (1) that catalyses
the reversible dehydration of D-(+)-2-phosphoglyceric
acid (PGA) to phosphoenolpyruvate (PEP) as a composite
reaction of glycolysis and gluconeogenesis (2). Enolases
from various organisms comprise dimers with two identi-
cal subunits (3, 4). Enolase shows an absolute require-
ment for certain divalent metal ions for activity. The nat-
ural cofactor is Mg?*, which gives the highest activity (5,
6). Two types of metal binding sites, site I and site II, con-
tribute to the catalysis (7). Metal binding at site I, tradi-
tionally called the “conformational” site, induces a confor-
mational change in the active site and enables binding of
substrate or substrate analogues. The metal ion bound at
this site is difficult to eliminate without the use of high
chelator concentrations. The second metal ion, called the
“catalytic” metal ion, is bound at site II (8, 9) and its bind-
ing induces the catalytic reaction (7).

The structure of an enolase from yeast was first
reported by Lebioda and coworkers (10-12). Duquerroy et
al. investigated the structure of the enolase from lobster
(13) and Karin and Ben the enolase from E. coli (14). The
structures of apoenolase (12) and various substrate com-
plexes, such as enolase-Mg?2* (15), enolase-Mg2+-PGA (16),
enolase-PGA-2Mg?* (17), enolase-Mg2-PGA/PEP (16) and
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so on, are available, in addition to those of a series of
inhibitor complexes.

Recent high-resolution structural data on enolase-sub-
strate complexes have made it possible to correlate the
structure with the enzymatic characteristics of enolase
and various site-specific mutants (I8). The enzymatic
reaction is suggested to involve the stepwise dehydration
of 2-phosphoglycerate (19, 20) through an anti B-elimina-
tion mechanism (21; Scheme 1). In the first step, a base
abstracts the proton from C2 of 2-phosphoglycerate,
forming a carbanion. In the second step, the hydroxyl
group at C3 is eliminated by general-acid catalysis of the
carboxyl group of Glu204. Lys345 and Glu211 in yeast
enolase (E. hirae: Lys 339 and Glu204, respectively) have
been proposed to act as a catalytic base-acid pair (17, 18).
An alternative proposal suggests that Glu211 and Glu168
in yeast enolase share a proton, which then catalyzes the
abstraction of the hydroxyl group (14, 16).

Enolase exists universally among living organisms from
mycoplasma to human. The alignments of the amino acid
sequences and the structures of these enolases show
them to be very similar (Fig. 1). Thus enolase is consid-
ered to be evolutionarily conserved because the enzyme is
concerned with the glycolytic and glyconeogenetic path-
ways and is a universally important protein. The struc-
tures of enolases from a higher eukaryotic organism, lob-
ster, a lower eukaryotic organism, yeast, and a gram-
negative bacterium, E. coli, have been elucidated up to
now, however, the structures of gram-positive bacterial
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and archaebacterial enolases have not yet been deter-
mined. In consideration of the conservation of this
enzyme throughout evolution, it is important to compare
the structures from various organisms. Here, we present

the first report of the X- ray structure of an enolase from
a gram-positive bacterium, E. hirae.

Homo 1 MSILKI |HARD IFESRGNPTVEVDL YTNKGGLFGRAAVP kL] Fig. 1. Alignment of the amino acid sequence of E.
Lobs 1 SITKVFART- IFDSRGNPTVEVDL YTSKG—LFRAAVP 3 hirae enolase with those of other enolases. Num-
Arabi } MTKWHMSPSRMMESWMWMEW"DSWH&D: ”236:;2?% 2: bers at the ends of each line are those of amino acid
yeast ARSVYDSRENP . . . .
B A IV 1GRE | | DSRGNPTVEAEVHLEGG-FVEMAP " remd}lgs of .dlfferent enolases §tartlr}g from the amino
myeo 1 GSSNLNINSK | TO IFAYOVF DSRGVP TVACUVKLASGVGEAMVP e termini. Alignment of the amino acid sequence of the
Bacl 1 Y IVDVYAREVLDSRGNPTVEVE  YTETG-AFGRALVP a7 E. hirae (hirae) enolase with those of the Homo sapiens
hirae 1 SI| TOVYARE ILDSRGNPT I EVEVYTESG-AFGROMVP a7 lung-specific a enolase (Homo), Homarus gammarus

Ll (Lobs), Arabidopsis thaliana (Arabi), Saccaromyces
Homo 40 ["SGASTGIY| EALLELRONDKTRYMOGKGVSKAVEH INKT | APAL I SNVWVECDK IDNH—LDMDGSENKSKFGRRAILGYSLA 123 cerevisiae (yeast), E. coli (Ecoli), Mycoplasma genital-
Labs SGASTGVH] EAL~EWRDGOKSKYHG-KSVENAVKN-VNDV | VPE | | KSGLKVTOOKECDEFMCKLDGTE—NKSSLAANAILGVSLA 116 ium (myco), and Bacillus subtilis (Bacil) enolases is
Arabi SBASTGIY | EAL-ELRDGOKSVYGE-HEVLOA |KN- INELVAPKL | —GVDVRNGADVOALMLELDGTP—NKSKLGANA ILGYSLS 162 h Tdentical resid 1 d as follows: red
yeast SGASTGVH EAL-EMRDGDKSKIMG—KGVLHAVKN-VIDV | APAFVKANIDWKDOKAVODFL ISLDGTA—HIKSKLGANA LGYSLA. 116 S ow il ldentical residues are coloured as 1o Jows: re
Feoli 39 | SGASTGSR|EAL-ELADGIKSRPLG-KGVTKAVAA-VNGPI AL G-K-DAKDUAGIDKIMIDLOGTE—MKSKFamaiLAVsLA -~ 116 indicates residues that are identical in all, blue indi-
myeo SGASTGEK| EA1-ELRDNDPKNYF G-KGVNEAVDN-VIKVIAPKL | G-L-NAFDOLTVOOAMIKLONTP—NKAKLGANAILSVSLA. 125 cates residues that are identical in gram-positive bac-
Bacil SGASTGEY | EAV-ELRDGDKDRYLG—KGYLTAVNN-VNE | | APELLG—F-DVTEGNA | DGLL | ELDGTE—NKGKLGANA|LGVSMA 115 teria, green indicates residues that are identical in
hirase SGASTGEY) EAV-EL RDGDKARYGG-KGVTKAVDN-VINN| | AEAT | G~Y-DVRDOMA | DKAMI ALDGTP—NKGKLGANA ILGVS 1A 116 eukaryotes and cyan indicates residues that are identi-
Homo 124 VCSNAGATAEKGVPLYR HI&D—L:&;—N?FE V] ILPVPAFNVINGG smlxt;wc A MDE*FMIPPC&WPDAIRIGAEVM 203 cal in prokaryotes. L1, L2, L3, and L indicate loopl,
i T Y . A
Lobs 117 1C-KAGA-AELGIPLYR HIAN-LAN—YDE-V. ILPVPAFNVINGG wernerersesRTevitn. 193 100P2 loop3, and loopd, respectively. Asterisks indicate
Anabi 163 VO-RAGAGA-KGVPLYK HICE-TSGTK—ELY | WPVPAPNVINGS| SaGNS_|WermILveaTsrsesForesevimie 240 important residues for catalysis.
yeast 117 A-SRAAA-AEKNVPLYK| HLAD-LSKSKTSPYV -LPVPFLILNGG| SHAGGAL AJLOEFMIAPTGAKTFAEALRIGSEVIHNLK- 194
Ecoli 117 N-AKAAA-RAKGMPLYE | HIAE-LNG-TPGKYS —MPVPAMNIINGG] EHADNNVOY |OEFMIQPVGAKTVREA IRMGSEVEHHLAK 193
myco 126 V-SKAAA-KADNSSLFD! Y ISNKL | GLNTTNFV. -LPVPALIVINGG] FOEFNINPLGAKKMHEALKMASETFHALON 203
Bacil 116 C-ARAAA-DFLOIPLYQ Y——LGGFNSK—T -LPVPAMNIVNGG] EHACNNVD| |CEFMIMPVGAPNFREALRMGADIFHSLKS 191
hirme 117 V-ARAAA-DYLEVPLYH Y-—-LGGFNTK—V| -LPTPYMNI INGG] FOEFMIMPVGAFTFREALRMGAEVFHALAA 191

* 13

Homo 204 VI—KEKYGKDATNVGOEGGF APN | LENKEALELLK-TAIGK-AGYSD-KWWIG—NDVA [ASEFYR—DGK-YOLDFNSP-DOPS 277
Lobs 194 VI—KARFGLDATAVGDEGGFAPN | LNNKDALDL | G-EAIKK-AGYT-GKIEIG—MOVA | ASEFYK—ONN I YDLD" KTANNDGS 269
Arabi 241 | |—KTKYGODACNVGDEGGF APNVODNREGLVLL 1-DAIEK-AGYT-GK IKIG—MDVA | ASEFFMK-DGR-YDLNFKKGPNDGA 315
veast 195  SLTKKR-YGASAGNVGDEGGVAPNIQTAEEALDL IV-DAI-KAAGHD-GKVKIGL—DCA | SSEFFK—DGK-YOLDFKNPNSIKS 270
Ecoli 194 VL—KA-KGM-NTAVGDEGGYAPNL GSNAEALAV | A-EAV-KAAGYELGK-DITLAMOCA |ASEFYK—DGK-YVLA—CEG— 267
myco 204  LL—KK-RGL-NTNKGDEGGFAPNL KLA-EDALD IMVEA I -KLAGYKPWD-DIAI A 10VA JASEFYD-EDKKL YWFKK-G I KANIL 280
Bacil 192 VLSAK—GL-NTAVGDEGGFAPNLGSNEEALGT IV-EAI EK-AGFKPGE-EVKLAMDAA | SSEFYNKEDGK-YHLS—CEGVWE- 265
hirse 192 |L—KS-RGL-ATSVGDEGGFAPNL GSNEEGFEV | |1-EA|EK-AGYVPGK-DVVLAMDAA | SSEFYDKEKGY-YVLADSGEGE-H~ 265
Homo 270 ——RY 1| SPDACADLYKGFVLGHAVENYPYGYS | EDPPF DQDDGANKKLFTGSLYG I CVVGDOLTVTKPEAR | AKAVEEVKACNCL 360
Lobs 270 -——0K| | SGDGLROMYMEF ——CKDFP|-VS | ED—F DOOCWETWSEMT SGTT— | 0| VGDOLTVTNP-KR | TTAV-EKKACKC- 340
Ambi 316 —HVL] SAESLADLYREF-1——-KDFF|-VS| ED-PFOGODWSSWASLOSSYD— | OLVGDOLLVTNP KR | AEA | —KKOSCNA 387
veast 271 —K-L| TGPOLADLY-HS—L—MKRYP | VS| ED-F AEDNEAWSHFFKTAG— | 01 VADDLTVINP-KR | ATAI-EKIAA-DA 341
Ecoli 268 W-KAF—| TSEEFTHFL-EE-L—TKOYP |-V | ED-GL DESDADCFAYOTKVLGDK | CLVGDOLFVTNT-K ILKEGI-EXGIA-NS 337
myco 281 NAKDWSL | TSKEMIAYL-EK-L—TKKYP|-| 5| ED-GL SENDWECMNOLTKT | GSHI 0| VGDOTYCTNA-ELAKKCV-AONTT-N: 357
Bacil 266 —————] TSAEMVDWY-EE-L—VSK-YP |- S| ED-GL DENDWE CHKLL TERL GRKVOLVGDOLFVTNTRKLS-EG | -KNGVG-HE 335
hirse 266 ————| TTDEMIKFY-EE-L—VSK-YP || 5| ED-GL DENDADCFKKL TOVLGDKVOLVGDOLFVTNTOKLS-EG I-EXGIA-NS 335

*
Homo 361 LLLKVNG | GSVTESLOACKLAGSNGHCVIPYSHRLSGE TEDTFMADLVVGLCTGO | KTGPTCRSERLAKYNQLLR | EEAEAG-SKARF a7
Lobs 341 LLLKVNDIGSVTES | DAHLLARKNGIGTY-VSHR-SGETEDCF | ADLVGLCTGO| KTGAPCRSERLAKYNGILRIEFEL-G-SGAKF 424
Arabi 389 LLLKVNGIGTVTES | QAALDSKAAGHVI-VSHR-S-ETEDNF | ADLSVGLASGD | KTGAPCRSERLSKYNOLLR IEEEL-G-NVR-Y 469
veast 342 [ LLKVNG|GTLSES IKAAGDSFAAGHCVI-VSHR-SGETEDTF | ADLVVGLRTGO | KTGAPARSERLAKLNQLLR | EEEL ~GDN-AVF 425
Ecoli 338 |LIKFNOIGSLTETLAA|KMAKDAGY TAV-1SHR-SGETEDAT | ADLAVGTAAGD | KTGSMSRSDRVAICYNGL IR EEAL-GEK-APY 421
myco 358 |LIKLNOIGSISET 10T | EVAKKANWSOY- 1 SHR-SGETEDTT I ADLAVAAQTGO KTGSMSRSER | AKYNRLLY IEIEL-GDK-GKY 441
Bacil 336 LIKVNQIGTLTETFDA| EMAKRAGYTAV-1SHR-SGETEDST I ADI AVATNAGD KTGAPSRTDRVAKYNGLLR IEDOLAE-T-AQY 419
hirse 336 ILIKVNQIGTLTETFEA| EMAKEAGYTAV-VSHR-SGETEDST I SDI AVATNAGD| KTGSLSRTDRIAKYNOLLRIEDOL-GEV-AEY 419
Homo 448 AGRNFRNFRIN 458
Lobs 425 AGKN-RAPS 43
Arabi 470 AGEAFRSP 4
Yeast 426 AGENFHHGDKL 436
Leoli 422 NGRKEIKGOA 43
Myco 442 LGRNTFTNIKPKNFNI 457
Bacil 420 HGINSFYNLNK 430
hiroe 420 KGLKSFYNLKAA 431
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EXPERIMENTAL PROCEDURES

Amplification and Sequencing of E. hirae Enolase
DNA—Genomic DNA was extracted from E. hirae
(ATCC9790) (22). PCR primers were designed by refering
to the E. feacalis enolase gene (THE INSTITUTE FOR
GENOMIC RESEARCH, Gene page: EF1961) that is
closely related to E. hirae. The primers were (N-term) 5'-
ATG TCA ATY ATY ACT GAY GTN TAY GCA CGC GAA-
3" and (C-term) 5'-AGC ATC CAA GAA GCA CCC AT-3,
where Y stands for pyrimidine and N for any base. E.
hirae DNA was subjected to PCR amplification with these
primers. The DNA sequence of the amplified enolase
gene was directly determined by dideoxy sequencing (23).

Amino Acid Sequencing of E. hirae Enolase—The N-
terminal amino acid sequence of the enolase was ana-
lyzed by Takara Shuzo (Shiga).

Culture of E. hirae—E. hirae cells were cultured at
37°C in KTY medium for 9 hours (24), washed, and dis-
rupted using a French press as described previously (24).
The cell lysate was obtained after centrifugation at
20,000 xg for 15 min at 4°C after disruption.

Purification of Enolase—Streptomycin sulfate was
added to 1% saturation to the cell lysate. The solution
was stirred for 30 min at 4°C and then centrifuged at
20,000 xg for 30 min at 4°C. Ammonium sulfate was fur-
ther added to the supernatant to 40% saturation. The
solution was stirred for 1 h at 4°C and then centrifuged at
20,000 xg for 30 min at 4°C. Ammonium sulfate was
added to the supernatant to 75% saturation to precipitate
enolase. The 75% ammonium sulfate pellet obtained was
resuspended in distilled water and dialyzed against 3 lit-
ers of buffer A [20 mM MES-Tris (pH6.0), 10% glycerol, 5
mM MgSO,, 1 mM dithiothreitol (DTT), 100 mM KCl] for
12 h at 4°C.

The dialyzed sample was loaded onto a Q-column (Bio-
Scale Q20, BIO-RAD; column size, 15 x 113 mm) equili-
brated at room temperature with buffer A. The enzyme
was eluted with a linear gradient of 0 to 700 mM KCl in
the same buffer. The enolase fractions were dialyzed
against 3 liters of buffer B [5 mM Tris-HCI (pH 7.5), 100
mM KCl, 10% glycerol, 1 mM DTT, 5 mM MgSO,] for 12h
at 4°C. The sample was loaded onto a Q-column equili-
brated at room temperature with buffer C [20 mM Tris-
HCI (pH 7.5), 10% glycerol, 5 mM MgSO,, 100 mM KCI, 1
mM DTT] and eluted with a linear gradient of 100 to 700
mM KCI in the same buffer. The enolase fractions were
concentrated to 1 ml and the sample was loaded onto a
gel filtration column (Superose 6HR; Amersham Bio-
sciences; column size, 20x500 mm) equilibrated with
buffer D [20 mM Tris-HCI (pH 7.5), 10% glycerol, 5 mM
MgSO,, 50 mM KCl, 2 mM DTT] and eluted with the
same buffer.

Enolase Assay—Enzyme activity was assayed as
described by Lee and Nowak (25). The assay mixture con-
sisted of 50 mM Tris-HC1 (pH 7.5), 2 mM PGA, 1 mM
MgCl,, 50 mM KC], and 0.01 mM EDTA in 1 ml and the
reaction was performed at room temperature. The
increase in absorbance at either 230 or 240 nm was meas-
ured. The arbitrary specific activity was defined as the
change in absorbance at 240 nm/min or at 230 nm/min
divided by enzyme concentration expressed as absorb-
ance at 280 nm (26). The kinetic data are reported as spe-
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Table 1. Data collection and refinement statistics.

Data collection

space group 14
Unit cell
a=b(A) 153.5
c@) 90.7
I/sigma (last shell) 7.6 (2.2)
R yerge (%) (last shell) 9.3(34.2)
Completeness (%) (last shell) 100 (100)
Refinement
Resolution range (A) 20.0-2.80
R-factor (%) 17.5
Rfree (%) 23.9
Model statistics
B-factor (A2)
Average 38.8
main chain 38.1
side chain 39.3
water 35.2
rm.s.d.2
bond (A) 0.006
angles (deg.) 1.22
Ramachandran plota
favored 639
allowed 100
generously allowed 7

2Values determined using CNS (32) and PROCHECK (35), respec-
tively.

cific activity in standard activity units (micromoles of
product per minute per milligram = units per milligram).
One unit of our arbitrary activity measured at 230 nm
[(AAy3p/Aqgy) min!] corresponds to 0.32 unit/mg and one
unit of activity measured at 240 nm [(AAy/Agg,) min1]
corresponds to 0.576 unit/mg. The specific activity of pure
yeast enolase at pH 7.5 is 330 (AAyg)/A,g,) min! at 30°C
or 124 units/mg at 22°C (27). Protein was assayed by the
method of Lowry et al. (28) with bovine serum albumin as
the standard.

Crystal Growth and Recrystallization—Twenty mg/ml
enolase was equilibrated at 5°C by the hanging drop
method in Tris buffer (100 mM, pH 7.5), 25-30%
PEG4000 and 0.2 M Li,SO,. We obtained crystals (0.2 x
0.2 x 0.03 mm) comprising more than 7 dimers per asym-
metric unit. These crystals were them dissolved in buffer
D and the protein was recrystallized under the same con-
ditions. Protein concentrations were between 5 and 8 mg/
ml. Crystals, approximately 0.1 x 0.1 x 0.1 mm, were
obtained in 3-5 days.

X-Ray Data Collection and Processing—Diffraction
data were collected at 100 K with a MARCCD detector at
SPring-8 BL41-XU beamline and the wavelength was set
to 1.0 A. The data were processed with MOSFLM (29)
and the CCP4 suite (30). The crystals belonged to space
group /4 and had unit cell dimensions of @ = b = 153.5 A
and c= 90.7 A. The crystals contained one dimer per
asymmetric unit (Vi = 2.86 A%/Da) and diffracted to 2.80
A resolution. A summary of the data collection statistics
is given in Table 1.

Molecular Replacement—The molecular structure of
the enolase was solved by molecular replacement with
the Molrep software (31) programs of the CCP4 suite,
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Table 2. Purification table.

T. Hosaka et al.

Purification step (mg)aprotem(mg)b (uipii; ;fnﬁg) total units® PuI%;fz:grt:on A/ Aseo
streptomycin fractionation 5,387 (2,585) 2.57 13,845 1.0 0.52
(NH,),SO, fractionation 3,510 (1,260) 2.31 8,108 0.90 0.68
Q column (pH 6.0) 771 (90.3) 6.60 5,089 2.57 0.45
Q column (pH 7.5) 344 (33.3) 114 3,922 444 0.45
gel filtration 108 (27.3) 279 3,073 10.9 0.55
recrystalization N.DJd 162 N.Dd 65.6 1.77

abProtein was estimated using A,g, and measured by the method of Lowry et al. (28), respectively. ‘Values were rep-
resented by using the protein content estimated by Ayg,. INot determined.

using a yeast enolase dimer as a search model (1IEBH)
(15). One dimer was placed in the asymmetric unit. Iter-
ative cycles of rigid body refinement, simulated anneal-
ing, individual B-factor refinement with CNS (32) and
solvent flattening with DM (33) were carried out.
XtalView (34) was used to inspect the electron density
maps, models and the manual rebuilding of the model
structure. After the first three cycles of refinement, the
yeast residues were mutated to the corresponding E.
hirae residues. Then cycles of simulated annealing,
energy minimization and B-factor refinement with CNS
and model rebuilding were repeated. Water molecules
were placed automatically with CNS. Water and glycerol
molecules were placed manually with XtalView at posi-
tive peaks of the difference map |Fq|—|F,|. In total, 176
water molecules were introduced into the model. The
final R-factor was 17.5% and the Ry, 23.9%.

Structure validation was done with PROCHECK (35):
85.7% of residues were in the core region of the Ramach-
andran plot, 13.4% in the allowed regions, 0.9% in the
generously allowed regions and no residues in the disal-
lowed region.

RESULTS AND DISCUSSION

The Sequence of E. hirae Enolase—The amino acid
sequence of E. hirae enolase was deduced from the DNA
sequence of the PCR-amplified DNA fragment. We identi-
fied the open reading frame (ORF) composed of 431
amino acids. Residues 1-22, which were determined by
N-terminal amino acid sequencing, were identical to the
deduced amino acid sequence. The ORF was compared
with other known enolase sequences, showing that all
enolases, including those from eukaryotes and prokaryo-
tes, are highly homologous (Fig. 1). E. hirae enolase is
50% and 65% identical to yeast and E. coli enolases,
respectively (Fig. 1). E. hirae and Mycoplasma genital-
ium enolases share 54% sequence identity. We concluded
that the primary sequence of enolase has remained con-
served throughout evolution. Loops L1 (38-45), L2 (152—
159), and L3 (244-265) have been defined as catalytic
loops in previous reports on structure and function (14).
Therefore, we defined loop L4 (132-140) additionally, as a
unique loop in enolases from gram-positive bacteria (Fig.
1, Bacil & hirae).

Purification and Crystallization of Enolase—Ammo-
nium sulfate fractionation was performed followed by
chromatography on a Q-column and gel filtration. This
procedure yielded enolase with a specific activity of 27.9

arbitrary units/mg at 22.1% yield. The purification proc-
ess is summarized in Table 2.

After recrystallization, we obtained adequate diffrac-
tion data. By recrystallization, the Aggy/Aqq, value of the
protein solution increased from 0.55 to 1.77, so it appears
that recrystallization was effective for purification
increasing the quality of the crystals (Table 2). Corre-
spondingly, the specific activity increased to 162 arbi-
trary units/mg (Table 2), which is comparable to the
value obtained for yeast enolase (25). The resuspended
solution was analysed by TOF-MS and a molecular
weight of 46,623.5 was determined. This molecular
weight is almost identical to that calculated from the
amino acid sequence (46,220 Da).

Overall Structure—Crystals contained one dimer per
asymmetric unit (Vy = 2.86 A%Da) and diffracted to 2.80
A resolution. A summary of the data collection statistics
and refinement results is given in Table 1. The overall
structure of the homodimer enolase comprised of all 431
amino acids was determined (Fig. 2). Presently, 176
water molecules (temperature factors < 66 A2), two SO,
and Mg?* around the active sites have been identified in
the dimeric model. Additionally, we identified 6 glycerol
molecules around the dimer surface, since we used glyc-
erol as cryoprotectant. Glycerol molecules were placed
manually with XtalView at positive peaks of the differ-
ence map |F,|—|F,|. At first, three or four water mole-
cules were placed at each position. But, these water mol-
ecules were so closely located that they repelled each
other by simulated annealing. Therefore, we believe that
these peaks correspond to glycerol molecules.

This structure shows the identical secondary structure
of members of the enolase superfamily. One subunit of
enolase showed two domains. The N-terminal domain
comprised residues 1-133 and consisted of a three-

Fig. 2. Stereo view of the E. hirae enolase dimer. The dyad axis
is oriented vertically. The glycerol molecules are coloured in
magenta, the Mg?* ions are in blue and the SO,% ions are in red.
The rendered protein model was made with Rasmol (39).
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Fig. 3. Stereo view of E. hirae and yeast enolases. Comparison
of the enolase structure of E. hirae (red) with those of yeast (cyan,
20NE; yellow, 1IEBH) enolases is shown. Mobile loops are labeled.
Superpositions of the Co atom coordinates of the E. hirae enolase
and respective enolases of “Closed” type (cyan) and “Open” type
(yellow) are indicated.

stranded antiparallel B-sheet followed by four a-helices.
The C-terminal domain consisted of an eight-stranded
mixed o/B-barrel with the connectivity ppao(Ba)s. These
domains were connected through L4 (Figs. 1 and 3). Like
other members of the triose-phosphate isomerase (TIM)
barrel architecture family (36), the principal enolase
domain showed an 8-fold barrel. However, it deviated
somewhat from the simpler (Ba)s topology of the TIM bar-
rel and had an unusual Bpaa(Ba)s organization (11, 36).

The electron density was very well refined except for
parts of the surface and loops. Especially, poorly ordered
regions of the atomic model (loops L1, L2, and L3, which
are movable toward the active center) were omitted at
the initial stages of refinement. In these regions, the cor-
relations between the observed and calculated electron
densities remained lower than average and main-chain
isotropic temperature factors were higher than average
even after refinement. All residues in the main chain
were well-defined except residues 41-43 in both subunits
and residues 152 and 252 in subunit B. Also, the side
chain densities at the surface of subunit B were less clear
and indicated some disorder.

The average values of temperature factors for all
atoms in subunits A and B were 34.5 and 41.4 A2, respec-
tively. The higher B-factor region was found around L3 of
subunit B. Because the contact between molecules is
loose at this region, the structure may be disordered. It
was difficult to distinguish the water molecules and side
chains of L3 around this region.

The structures of E.hirae, lobster, yeast (1IEBH, 20NE)
(15, 16) and E. coli [1E9I (A), (D)] (14) enolases are very
similar. The root-mean-square distance (r.m.s.d.)
between Co. positions in two subunits of E. hirae enolase
is 0.61 A. The rm.s.d’s of Ca atom positions in both sub-
units are 1.1 A and 1.4 A by comparing the E. hirae eno-
lase with yeast enolase “Open” type (1IEBH) and yeast
enolase “Closed” type (20NE) that binds the substrate,
respectively (Fig. 3). Also, the rm.s.d’s of Co atom posi-
tions are 0.9 A and 1.4 A by matching the E. hirae eno-
lase with E. coli enolase “Open” type (1E9I subunit A)
and E. coli enolase “Closed” type (1E9I subunit D),
respectively. The L1, L2 and L3 regions of the “Open” con-
formation shift largely towards the active site in the
“Closed” conformation with bound substrate. Considering
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(B)

Fig. 4. Stereo views of the L3 and L4 regions. Comparisons of E.
hirae (red), E. coli (cyan; 1E9I: subunit A) and yeast (yellow; 1IEBH)
“Open” enolase L3 and L4 regions are shown. Superposition was
done with “Databases and Tools for 3-D Protein Structure Compar-
ison and Alignment” (40). (A) L3 region. (B) L4 region.

the positions of these three loops, we believe that the
structure of E. hirae enolase corresponds to the “Open”
conformation (14, 16).

L3 and L4 Regions—The primary to tertiary struc-
tures of prokaryotic and eukaryotic enolases are fairly
conserved (Figs. 1 and 3), suggesting strong evolutionary
conservative pressure. The largest differences between
the prokaryotic and eukaryotic enolases are at loops L3
(244-265) and 14 (133-139).

The L3 loops of E. hirae and E. coli (E. coli: 248-267)
enolases are 5 residues shorter than yeast enolase (yeast:
249-273) (Fig. 1) (16, 37). Compared to animal enolases,
this L3 loop is on average four residues shorter in
prokaryotic enolases and 2 residues longer in plant eno-
lases (16, 37). The L3 loops of prokaryotic enolases from
E. hirae and E. coli show anti-parallel B-sheets, while
those of eukaryotic enzymes from yeast and lobster have
more flexible structures (Fig. 4A) (14-16). The region
moves towards the active site upon substrate binding
(Figs. 3 and 4A) (14-17). However, the differences in the
L3 structures do not seem to affect enzyme activity. Thus
we do not think that the L3 region plays an important
functional role.

The L4 loop connects the N-terminal domain and bar-
rel domain. In comparison with other enolases, the L4
loop of the gram-positive bacterial enolase seems to have
a unique amino acid sequence and structure (Figs. 1 and
4B). Characteristic amino acids in L4 loop of enolase from
gram-positive bacteria accounted for up to 21.2% of the
characteristic amino acids commonly found in the whole
amino acid sequences of enolases from gram-positive bac-
teria (Fig. 1, blue letters). The L4 loops of enolases from
gram-positive bacteria, E. hirae and Bacillus subtilis, are
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Fig. 5. (A) Structure at the active site of the E. hirae enolase
with the sulfate and magnesium ions. The rendered protein
model was made with Rasmol (39). (B) Schematic representation of
the environment of the Mg?* at the active site of enolase. The dis-
tances are shown in angstroms.
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shorter than those from animals, plants and gram-nega-
tive bacteria (Figs. 1 and 4B). Correspondingly, the aver-
age temperature factor at this loop (21.3 A2) is lower than
other regions in the enolase (L4/all regions: 0.55). This
shorter L4 loop in E. hirae may cause a tighter connec-
tion of the N-terminal and barrel domains, which in turn
may have some relevance to structural stability. In this
respect, an investigation of heat stability and/or protease
sensitivity of various enolases is required. However, since
the L4 loop resides far away from the active site (about 28
A), we do not think that the difference in this region is of
catalytic significance.

The highly conserved primary sequences of enolases
among various organisms indicate the biological impor-
tance of enolase in the universal metabolic pathway. Our
study of the three dimensional structure of an enolase
from a gram-positive bacterium, E. hirae, reinforces this
view: the three dimensional structures are also highly
conserved among various organisms. In this respect, the
structure determination of an enolase from an Archae-
bacterium is awaited.

The Active Site—The active sites of E. hirae, yeast, lob-
ster and E. coli enolases show very similar primary struc-
tural features (Fig. 1). All residues involved in catalysis
(Glu163, Glu204, Lys339) are well conserved (Figs. 1
and 5).

Two magnesium ions per subunit are required for cata-
lytic activity (7). The second magnesium ion is bound
with lower affinity after the substrate is bound (8, 9). The
E. hirae enolase structure corresponds to the “Open” con-
formation (Fig. 3), therefore, one magnesium ion should
be detected in the electron density map. We identified the
magnesium ion surrounded by Asp241, Glu287 and
Asp314 (Fig. 5). We also identified one water molecule
near the magnesium ion, although in yeast enolase

T. Hosaka et al.

(1IEBH) three water molecules near the magnesium ion
were identified (15). The resolution of our sample was not
sufficient to distinguish such electron density in this
region.

The E. hirae enzyme also shows high electron density
at the position corresponding to the phospho group in the
yeast enolase complex with 2-phospho-D-glycerate (G2P)
and phosphoenolpyruvate or with an intermediate ana-
logue (15, 17). In the substrate-free forms of both yeast
and lobster enolases, sulfate ions have been found at the
corresponding position (12, 13). In the E. hirae enolase
structure (Fig. 5), we attributed the high electron density
to a sulfate ion, because the solution for crystallization
contained 0.2 M Li,SO, and 2.5 mM MgSO,.

The Dimer Interface—Precise analysis of the E. hirae
enolase dimer interface with the ‘Protein-Protein Inter-
action Server’ (38) showed that the enolase dimer inter-
face is more planar than the average homodimer inter-
face. The E. hirae enolase subunit contact in the dimer
had a burial of surface of 3148.5 A% which is similar to
the average buried surface of 3370 A2 found for other
homodimeric proteins (38). The dimer interface of E. coli
and yeast enolases also have similar surface burials of
3332.7 A% and 3575.9 A2, respectively (14). The value for
the interface planarity, defined as the r.m.s.d. of the
interface atoms from the best fit plane through the inter-
face,is 1.8 Ain the E. hirae enolase dimer as compared to
an average value of 3.5 A. The enzyme shows no known
cooperative effect, so the interface does not seem to have
any allosteric function.

In both subunits, the dihedral angles assigned to
Arg396 lie in the generously allowed regions of the Ram-
achandran plot. This residue was omitted prior to refine-
ment and the electron density map was calculated.
Therefore, this position is not model biased. Arg396
resides at the dimer interface and connects the last
strand with the helix of the barrel domain. The CO atom
of Arg396 forms hydrogen bonds with the amide nitrogen
atoms of Arg399 and I1e400. Additionally, the NH atom of
Arg396 forms hydrogen bonds with the OD1 and OD2
atoms of Asp398 and with the CO atom of Ser14. Inter-
estingly, the residues corresponding to Arg396 in E. coli
enolase (Arg398), yeast enolase (Arg402), and lobster
enolase (Arg401) are all in the generously allowed
regions (14). The residue is retained by interactions with
the environment in a stressed state that stabilizes the
dimer structure.

We thank Dr. Masahide Kawamoto of JASRI for valuable help
with data collection using synchrotron radiation of BL41XU,
SPring-8. The atomic coordinates for E. hirae enolase have
been deposited in the Protein Data Bank as entry 1IYX. The
DNA sequence of the E. hirae eno gene is available from the
GenBank/EMBL/DDBJ databases under accession number
AB091345.
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