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ABSTRACT: D-Ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO), the most abundant enzyme,
is the paradigm member of the recently recognized mechanistically diverse RuBisCO superfamily. The
RuBisCO reaction is initiated by abstraction of the proton from C3 oftthidbulose 1,5-bisphosphate
substrate by a carbamate oxygen of carboxylated Lys 201 (spinach enzyme). Heterofunctional homologues
of RuBisCO found in species dacilli catalyze the tautomerization (“enolization”) of 2,3-diketo-5-
methylthiopentane 1-phosphate (DK-MTP 1-P) in the methionine salvage pathway in which 5-methylthio-
p-ribose (MTR) derived from "smethylthioadenosine is converted to methionine [Ashida, H., Saito, Y.,
Kojima, C., Kobayashi, K., Ogasawara, N., and Yokota, A. (2003) A functional link between RuBisCO-
like protein ofBacillusand photosynthetic RuBisC@cience 302286-290]. The reaction catalyzed by

this “enolase” is accomplished by abstraction of a proton from C1 of the DK-MTP 1-P substrate to form
the tautomerized product, a conjugated enol. Because the RuBisCO- and “enolase”-catalyzed reactions
differ in the regiochemistry of proton abstraction but are expected to share stabilization of an enolate
anion intermediate by coordination to an active site?Mgve sought to establish structurfinction
relationships for the “enolase” reaction so that the structural basis for the functional diversity could be
established. We determined the stereochemical course of the reaction catalyzed by the “enolases” from
Bacillus subtilisandGeobacillus kaustophilus&Jsing stereospecifically deuterated samples of an alternate
substrate derived from-ribose (5-OH group instead of the 5-methylthio group in MTR) as well as of the
natural DK-MTP 1-P substrate, we determined that the “enolase”-catalyzed reaction involves abstraction
of the 1proSproton. We also determined the structure of the activated “enolase” @okaustophilus
(carboxylated on Lys 173) liganded with Kfgand 2,3-diketohexane 1-phosphate, a stable alternate
substrate. The stereospecificity of proton abstraction restricts the location of the general base to the
N-terminal a+3 domain instead of the C-termingb/()s-barrel domain that contains the carboxylated

Lys 173. Lys 98 in the N-terminal domain, conserved in all “enolases”, is positioned to abstract the
1-proSproton. Consistent with this proposed function, the K98A mutant of2hkaustophilusenolase”

is unable to catalyze the “enolase” reaction. Thus, we conclude that this functionally divergent member
of the RuBisCO superfamily uses the same structural strategy as RuBisCO for stabilizing the enolate
anion intermediate, i.e., coordination to an essentiatlut the proton abstraction is catalyzed by a
different general base.

p-Ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBis-carbon assimilation, RuBisCO has attracted considerable
CO)! catalyzes the fixation of C£o yield two molecules attention because it is an inefficient catalyst: the carboxy-
of 3-phosphoglycerate. As the major enzyme responsible forlation reaction is slowki < 10 s1), and nonproductive
side reactions compete with carboxylation. The latter group
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Ficure 1: Methionine salvage pathway in speciesBafcilli (7). The “enolase” in the methionine salvage pathway is the only functionally

assigned member of the type IV RuBisCOs.

to pb-xylulose 1,5-bisphosphate, and, most notably, oxygen- that the carbamate group of the carboxylated Lys 201
ation to produce 3-phosphoglycerate and 2-phosphoglycolatefunctions both as the general base that initiates the reaction
(5, 6). The partitioning between carboxylation and the side by abstraction of the C3 proton from theribulose 1,5-

reactions reflects alternate fates of the di®enediolate

bisphosphate substrate and also as a ligand for an essential

intermediate derived from abstraction of the C3 proton of Mg?" that stabilizes the resultingjs-enediolate intermediate
thep-ribulose 1,5-bisphosphate substrate. Given this naturalby bidentate coordination to its O2 and O3 atords (

functional promiscuity, the recent discovery of the mecha-

nistically diverse RuBisCO superfamily is not surprisifiy (

Given our interests in the divergent evolution of enzyme
function (L0), we are intrigued by the RLPs. Yokota and

Phylogenetic analyses identify four types of RuBisCOs co-workers reported that species Bé#cilli encode a RLP
on the basis of sequence identity and conservation of residuesghat is the “enolasé”in the methionine salvage pathway

essential for CQfixation (7, 8). Type | RuBisCOs are plant,
algae, and bacterial enzymes that fix £dd are oligomers

(Figure 1) 7). This pathway converts 5-methylthioadenosine
(MTA), a toxic byproduct of polyamine biosynthesis, to

of four obligate dimers of large subunits and eight small L-methionine via 5-methylthio-ribose (MTR). Abeles and
subunits. Type Il RuBisCOs are bacterial enzymes that fix co-workers first characterized this pathway in species of
CO, and are multimers of obligate dimers of divergent Klebsiellg although the pathway is now known to exist in

homologues of the type | large polypeptides. Type llI
RuBIisCOs are archaeal enzymes that fix,@@d are either

many organisms, includinggomo sapiengl1, 12). In most
organisms, a bifunctional “enolase” phosphatase that is a

dimers or pentamers of obligate dimers of the large polypep- member of the HAD superfamilyl@, 14) catalyzes tau-

tides. And, with few exceptionsthe type IV proteins are
bacterial homologues of RuBisCO that do not fix £&hd

tomerization of 2,3-diketo-5-methylthiopentane 1-phosphate
(DK-MTP 1-P) and hydrolysis of the resulting 2-hydroxy-

are obligate dimers of homologues of the large polypeptides 3-keto-5-methylthiopent-1-ene 1-phosphate (HK-MTP 1-P)

(7, 9). Because the type IV proteins do not catalyze,CO

fixation, these are designated “RuBisCO-like proteins”

to yield 1,2-dihydroxy-3-keto-5-methylthiopent-1-ene (DHK-
MTP). This conjugated enol is then oxidized to formate and

(RLPs). In all four types, the active sites are located at the 2-keto-4-methylthiobutyrate (KMTB), the latter yielding

interface between the smaller N-terminat-# domain from
one polypeptide and the larger C-termingl/o)s-barrel

methionine after transamination.
In species oBacilli, the “enolase” phosphatase is replaced

domain from the second polypeptide; the barrel domain by two proteins, the RLP that catalyzes the “enolase” reaction
contains most of the active site functional groups, including and a separate member of the HAD superfamily that

ligands for an essential Mg and multiple acie-base
catalysts.

catalyzes the phosphatase reaction. As the only functionally
assigned RLP, we were interested in establishing strueture

The RuBisCO reaction mechanism involves three partial function relationships for the “enolase” to improve our
reactions: (1) general base-catalyzed enolization of the understanding of how the RuBisCO scaffold can be altered
D-ribulose 1,5-bisphosphate initiated by abstraction of the to catalyze a divergent reaction.

C3 proton, (2) reaction of the resulting Kgstabilized 2,3-
cis-enediolate intermediate with G@ yield 2-carboxyl-3-
ketod-arabinitol 1,5-bisphosphate (2C3KABP), and (3)
hydrolysis of 2C3KABP to yield two molecules of 3-phos-

phoglycerate§). Structural studies reveal that the active site

contains several potential acithase catalysts, including Lys

175 (spinach enzyme numbering), His 294, and the carbamat
group of carboxylated Lys 201. On the basis of the structures

Although both RuBisCO and the “enolase” abstract a
proton from a carbon adjacent to a carbonyl group, the
regiochemistries differ (Figure 2). RuBisCO abstracts the

8 Although the enzyme activity that accomplishes the ketool
tautomerization reaction in the methionine salvage pathway has long

é)een termed an “enolasel,(2), the usual name for this reaction is

‘tautomerase”. Given our interest in the members of the mechanistically
diverse enolase superfamily whose members catalyze reactions that are

of liganded complexes of RuBisCO activated by carboxy- initiated by abstraction of a proton from a carbon adjacent to a
lation of thee-amino group of Lys 201, the consensus is carboxylate group, including the authentic enolase in glycolyig)(

2RLPs are encoded by the genomes of the archAecimaeoglobus
fulgidus (G1:11499182) and the eukaryot@streococcus taur{Gl:
116059291 and Gl:116058749).

we would prefer not to use “enolase” to describe the kefool
tautomerization reaction in the methionine salvage pathway. However,
given the history, we compromise by using “enolase” (in quotation
marks) to refer to the enzyme in the methionine salvage pathway that
catalyzes the keteenol tautomerization reaction.
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Ficure 2: Differing regiochemistries of the enolization reactions catalyzed by the methionine salvage “enolase” and RuBisCO.
N-Terminal Domain ~ C-Terminal Domain
1st Beta 2nd Beta
26 3 98 147 149 173 176
Exiguobacterium sibiricum 25515 QI ALEILTVGEIWTDL TVFGLEILSLD MS | F G IGRD IDLV D D ILYD
Bacillus thuringiensis ATCC 35646 QIALLILT IGEIWTHL TTFGLYLS LD MS I F G I GRN vDiI VvV I LFE
Bacillus cereus ATCC 14579 QIALILTIGEWTHL TTFGdLsLD ms 1 FL4G ]I GRN vDIVEE LRI ILFE
Bacillus anthracis str. AA QIALGLTIGEOWTHL TTFGLiLsLD mMs 1 FLdG JIGRN vDIVEE IS ILFE
Bacillus anthracis A2012 QI ALEILTIGEIWTHL TTFGLEILSLD MS | F G IGRN VDI VvV I LFE
Bacillus thuringiensis SK 97-27 QIALGLTIGEWTHL TTFGdLsLD mMs 1 FL4G I IGRN VDIV ILFE
Bacillus cereus E33L QI ALEILTIGEIWTHL TTFGLYLSLD MS | F G I GRN vDI Vv I LFE
Bacillus cereus G9241 QIALILTIGEWTHL TTFGLdLsLD ms i1 FL4GI ]I GRN vDIVEE LRI ILFE
Bacillus cereus ATCC 10987 QIALGLTIGEOWTHL TTFGLdLsLD mMs 1 FLdGJIGRN vDI VLRI I LFE
Bacillus weihenstephanensis KBAB4 Q | A I[OL T IG . IWTHL TTFGLEILSLD MS | F G IGRN VvDI Vv ILFE
Bacillus cereus NVH 391-98 QIALLILT IGLIWTHL TAFGLILSLD MS | FL4G IGRN VDIV I LFE
Geobacillus k hil HTA 426 GIALEILTIGRUWTDL TTFGLILS LD MS | FE4G IGRD VDLV I LFD
Bacillus licheniformis ATCC14560 Q| A I [QLTVG WTDL TVFG[dLsLD ms i FldcllicrD voL I[NNI LFE
Bacillus subtilis str. 168 alAaTgLTvelwToL TVvFGLiLsLDp ms i1 FLIGLlI1IGRD VDL I | FFE
Bacillus sp. NRRL B-14911 ElALOLTVGwWTDL TVvFGiLsLD ms 1 FL4GIIIGRD I1DIV | FFD
Authentic RuBisCO [ .
60 65 123 175 177 201 204
S C-TerminalDomain
Sth Beta fith Beta Loop 6 Tth Beta Bth Beta
264 265 298 305 335 337 359 360
Exiguobacterium sibiricum 25515 P | FNOEJALSG ADLT[NFPSPYG[IVALA LPVPEIA[JIHPG VINA[LLIGVHG
Bacillus thuringiensis ATCC35646 P IMALLJAVSG ADFSNFPSPYG VALE FSVP[JA[JIHPG VINA JGIHG
Bacillus cereus ATCC 14579 PIMALIJAVSG ADFS UFPSPYGI IVALE FSVPJAlJIHPG VINA |GIHG
Bacillus anthracis str. AA PIMA L JAVSG ADFSEFPSPYGIVALE FSVPJAlJIHPG VINA L JGIHG
Bacillus anthracis A2012 PIMALRIAVSG ADFSINFPSPYGLIVALE FSVPLIALIHPG VINALLIGIHG
Bacillus thuringiensis SK 97-27 PIMALUJAVSG ADFSUFPSPYGIIVALE FSVPJAlJIHPG VINA JGIHG
Bacillus cereus E33L PIMA LJAVSG ADFSEFPSPYG IVALE FSVP JAlJIHPG VINA U JGIHG
Bacillus cereus G9241 PIMA LJAVSG ADFS UFPSPYG IVALE FSVP JAlJIHPG VINA L JGIHG
Bacillus cereus ATCC 10987 PIMALRIAVSG ADFS FPSPYGLIVALE FSVPLIALIHPG VINALULIGIHG
Bacillus weihenstephanensis KBAB4 P IMALNJAVSG ADFS|OFPSPYGL VALE FSVPLIAIUIHPG VINALLIGIHG
Bacillus cereus NVH 391-98 PIMALIJAISG ADFS UFPSPYGIIVALE FPVP JAlJIHPG VINA |GIHG
Geobacillus kaustophilus HTA426 P IMA L JAFSG ADFV| U FPSPYG VALE FPVPJAlJIHPG IVNA |GIHG
Bacillus licheniformis ATCC14580 P IMALLJAVSG ADFSNFPSPYG VALP FAVP[JA[JIHPG 1 INAJGIHG
Bacillus subtilis str. 168 PIMALNIAVSG ADFS FPSPYGLIVALP FAVPLIALIHPG I INALJIGVHG
Bacillus sp. NRRL B-14911 PIMALRIAVSG ADLS FPSPYGLIVALE FPVPLIALIIHPG VINALLIGVHG
Authentic RuBisCO HR G GG
204 295 a7 334 are s 403 404

Ficure 3: Partial sequence alignment of “enolases”. Residues in the “enolases” corresponding to positions directly involved in catalysis
or substrate binding in authentic RuBisCO are highlighted in gray; the sequence numbers at the top are those for the “enolase” from
kaustophilusThe homologous residues in authentic RuBisCOs are shown at the bottom along with the residue numbers for spinach RuBisCO.
The general base in RuBisCO is carboxylated Lys 201. As established in this article, the general base in the “enolases” is Lys 98, highlighted
in red. Two other residues located in the vicinity of C1 of the substrate in the “enolases”, Lys 147 and carboxylated Lys 173, are highlighted
in blue.

proton from C3 of the ketose 1,5-bisphosphate substrate (204 in RuBisCO). The carbamate group of the carboxylated
ribulose 1,5-bisphosphate); the enolase abstracts a protorLys 201 is the third ligand for the essential Mgas well as
from C1 of the ketose 1-phosphate substrate (DK-MTP 1-P). the general base that initiates the reaction by abstraction of
This difference raises the question of whether a “new” base the proton from C3 of thep-ribulose 1,5-bisphosphate
abstracts a proton from C1 in the “enolase” reaction. substrate. The active sites also share an additional Lys that
Within the (B/a)s-barrel domain, the “enolases” share protonates the 3-phosphoglycerate product derived from C1
some, but not all, of the active site residues found in and C2 of the substrate (Lys 147 in the “enolases”; Lys 175
RuBIisCOs (Figure 3). These include a KDDE motif with in RuBisCO) as well as a His that catalyzes attack of water
the carboxylated Lys (Lys 173 in the “enolases”; Lys 201 on C3 of the carboxylated intermediate to initiate cleavage
in spinach RuBisCO) as well as two carboxylate ligands for of the C-C bond (His 264 in the “enolases”; His 294 in
the essential Mg that stabilizes the enediolate intermediate RuBisCO). Clearly, the mechanism of the RuBisCO-
(Asp 175 and Glu 176 in the “enolases”; Asp 203 and Glu catalyzed reaction is much more complex than that of the
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“enolase”-catalyzed reaction, so a larger number of conserved The protein was expressedischerichia colBL21(DE3)
residues is expected in the RuBisCOs. cells without induction. The bacterial culture for a typical
Our approach to answering this question was twofold: (1) preparation utilizd 2 L of LB medium thaf[ was shaken for
determination of the stereochemical course of the proton 36 hat37°C and harvested by centrifugation. The cells were
abstraction catalyzed by the “enolase” so that the location "€Suspended in 60 mL of buffer containing 10 mM Tris-
of the base relative to the bound substrate could be deduced?©! (PH 7.9) containing 5 mM MgGl The suspension was
and (2) determination of the structure of the “enolase” so Sonicated to lyse the cells. The lysate was cleared by
that appropriately located candidates for the base in theCentrifugation. The supernatant was applied to a DEAE-
enolization reaction could be identified. We determined that S€Pharose FF column (2.5 e S0 cm, GE Healthcare)
the “enolases” from bothGeobacillus kaustophilugnd and eluted with a linear gradlgnt (1600 mL) of O tq 1 M
Bacillus subtiliscatalyze stereospecific abstraction of the NaCl buffered W't_h 10 mM _T_”S'HCI“(pH 7'9?, containing
1-proSproton of the DK-MTP 1-P substrate. We determined > mM .MgCIZ‘ Fract|or_1$ containing the enolas_,e were pooled
the 1.7 A resolution structure of the activated “enolase” from and dllallyzed three times against 10. mM Tr|§-HCI (pH 7.9)
G. kaustophilugcarboxylated on Lys 173) in the presence gontﬁlnlng IiPmMI Mngl ?efor7e belggE i'pplﬁld to aThQ-
of 2,3-diketohexane 1-phosphate (DK-H 1-P), an alternate epharose column (1.7 a7 cm, ealthcare). The

substrate. The alternate substrate is a bidentate ligand of thél)mtem was eluted with a linear gradient (250 mL) of O to

essential Mg" via its O2 and O3 atoms. Lys 98, located in M NaCl n 10 mM T.”.S'HC| (pH 7.9) containing 5 mM

. . . . » MQgCl,. Fractions containing 99% pure protein were pooled
the N-terminal+5 domain and conserved in all “enolases”, and dialyzed into 25 mM potassium HEPES (pH 8.0)
is located on thei face of C1 of the ligand. On the basis of Y P P '

. L ; containing 100 mM NaCl and 5 mM Mgg&lThe protein
this structure, the stereochemical identity of the proton that was concentrated to 225 mg/mL using a Millipore Amicon

is abstracted, and mutagenesis experiments, we conclude tha& : : .
. ; aratus fitted with a 10 000 NMWL ultrafiltration mem-
Lys 98, not the carboxylated Lys 173 in the KDDE motf, bF&lane and stored at80 °C. The protein was activated by

is the_general bas_,e in the_ “enolase”-catalyzed re"’?C“OT‘- Thus’incubation with 25 mM sodium bicarbonate at room tem-
Ehe dlffe’r,ent reglochemlstry .of protqn abstraction in the perature for 36-45 min before use.

enolas_e -catalyzed reaction is explalned by a new gen_e_ral Construction and Purification of MutantsSite-directed
base. Divergent members of the RuBisCO superfamily utilize mutants were constructed using the QuikChange method

conserved elements of the RuBisCO active site to stabilize (Stratagene). The sequences of the mutants were verified by
enolate anion.intermediates but a.general ba§e particular tosequencing; the proteins were expressed in BL21(DE3) cells
the new reaction to achieve functional diversity. and purified as described for the wild-type “enolase”.
Cloning, Expression, and Purification of Methionine
Salbage Pathway Enzymes from B. subtilis Strain 1TH&
genes encoding the MTR kinase (GI:2633727), MTR 1-P
isomerase (Gl:2633726), MTRu 1-P dehydratase (Gl:
2633732), and the “enolase” (GIl:2633730) were PCR-
amplified from B. subtilis strain 168 genomic DNA. The
genes were ligated into pET15b (Invitrogen) encoding an

MATERIALS AND METHODS

'H NMR spectra were recorded using a Varian INOVA
500NB MHz NMR spectrometer. All reagents of the highest
grade commercially available were used. Deuterated
riboses were purchased from Omicron Biochemicals (South
Bend, IN). The total phosphate concentration was determined . A

N-terminal six-His tag vector.

using the procedure- of Ames§. o For purification, lysates were prepared from transformed
Cloning, Expression, and Purification of DK-MTP 1-P £ 4jiBL21(DE3) cells as described for the “enolase”. Each

“Enolase” from G. kaustophilus HTA42@ he gene encoding lysate was applied to a Rfi-charged chelating Sepharose

the “enolase” (56419488) was PCR-amplified froB Fast Flow column (1.5 cnx 25 cm, GE Healthcare). The

kaustophilusHTA426 genomic DNA with primers '5  column was washed with 200 mL of 20 mM Tris-HCI (pH
GGAATTCCATATG AGTGCAGTGATG- 7.9) containing 60 mM imidazole, 0.5 M NaCl, and 5 mM

GCAACGTATTTGC-3 and 3-CGAGGATCCTCATGCT- MgCl,, and the protein was eluted with a linear gradient
TCCACCTCAACGACGCCC-3(Bio-Synthesis, Inc.) that (400 mL) of 60 mM b 1 M imidazole in 20 mM Tris-HCI
include a 5Ndd site and a 3BanHl site, respectively. The  (pH 7.9) containing 0.5 M NaCl and 5 mM MgCFractions
PCR mixture (10QL) contained 1uL of 1 ngjuL template  containing protein were pooled and dialyzed into 20 mM
DNA, 2 uL of 50 mM MgSQ, 1 uL of 2.5 unitskL platinum Tris-HCI (pH 7.9) containing 100 mM NaCl and 5 mM
Pfx DNA polymerase (Invitrogen), 1Q:L of 10x Pfx MgCl, and stored at-80 °C.

amplification buffer, 10uL of 10x enhancer buffer, ZL Synthesis af-Ribose 1-Phosphate, BH]-b-Ribose 1-Phos-

of each 20 mM dNTP, ZL of each 20uM forward and  phate, and [22H]-p-Ribose 1-Phosphate-Ribose 1-phos-
reverse primer, and 7@L of ddH,O. The PCR was  phate was synthesized enzymatically using MTR kinase. A
performed in a PTC-200 gradient thermal cycler (MJ typical reaction mixture (13 mL) contained 20 niibose,
Research), with the following parameters: @l for 3 min 20 mM ATP, 5 mM MgC}, 5 mM DTT, and 20 mM Tris-
followed by 40 cycles of 94°C for 1 min, 50 °C for HCI (pH 7.9). MTR kinase was added to a final concentration
1.25 min, and 68C for 3 min; the final extension time was  of 7 M, and the reaction was allowed to proceed f h;

10 min at 68°C. The PCR product was purified by gel longer reaction times resulted in accumulation of a byproduct.
extraction (Qiagen). The amplified DNA was then restricted The enzyme was removed by filtration though a 10 000
usingNdd and BanHI restriction enzymes (New England NMWL ultrafiltration membrane (Millipore), and the reaction
Biolabs) and ligated into the pET17b expression vector (no mixture was applied to a DEAE-Sepharose FF column
N-terminal His tag; Novagen) using T4 DNA ligase (Fisher). (1.6 cmx 7 cm) in the bicarbonate form and washed with
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water. b-Ribose 1-phosphate eluted before ADP or ATP integration standard), and 20 mM potassium phosphate
using a linear gradient (40 mL) from 0 to 0.5 M ammonium (pD 7.6). The “enolase” from eitheB. subtilis or G.
bicarbonate. Product-containing fractions were identified kaustophilusvas added to a final concentration of 200 or
using a colorimetric assay for reducing sugdr®)(pooled, 60 uM, respectively, and the reaction was initiated by
and evaporated to dryness multiple times with water to addition of 15uM MTRu 1-P dehydratase. The appearance
remove excess ammonium bicarbonate.?H]-p-Ribose of the HK-HP 1-P product was monitored by recorditiy
1-phosphate and [2H]-D-ribose 1-phosphate were synthe- NMR spectra as a function of time. Reactions with the

sized from [12H]- and [2°H]-D-ribose, respectively. deuterated substrates were performed under the same condi-
p-Ribose 1-phosphateH NMR (D0, 500 MHz)6 5.48 tions except that the substrate concentration was 3 mM.
(dd,J = 4.2, 6.4 Hz, H-1), 4.07 (¢J = 3.7, 4.2 Hz, H-4), HK-HP 1-P. *H NMR (D,0, 500 MHz)6 7.34 (d,J =

3.97 (ABX,J = 1.5, 4.1, 7.0 Hz, H-2), 3.93 (dd, = 3.8, 8.2 Hz, H-1), 3.73 (dJ = 5.8 Hz, H-5), 2.68 [t (broad)] =
6.3 Hz, H-3), 3.64-3.48 (ABX,J=2.9,4.8, 12.5 Hz, H-5). 5.6 Hz, H-4].

Synthesis of-Ribulose 1-Phosphate, [135#]- p-Ribulose Synthesis of MTR, [#H]MTR, and [2°H]MTR. The 2,3-
1-Phosphate, and [1RH]-p-Ribulose 1-Phosphate-Ribu- O-isopropylidene derivative of methptribofuranoside 18)
lose 1-phosphate was synthesized using MTR 1-P isomerasewas converted to MTR following the procedure described
A typical reaction mixture (610 mL) contained 10 mM by Meyers and Abelesl@). [1-°H]MTR and [2°H]MTR
p-ribose 1-phosphate, 22M MTR 1-P isomerase, and were synthesized from [3H]- and [2#H]-p-ribose, respec-
20 mM Tris-HCI (pH 7.5). The reaction was allowed to tively.
proceed overnight at 3ZC. The isomerase was removed by  Synthesis of MTR 1-P, [IH]MTR 1-P, and [2?H]MTR
filtration through a 10 000 NMWL ultrafiltration membrane, 1-P. MTR 1-P was synthesized from MTR using MTR
and the reaction mixture was applied to a DEAE column in kinase. A typical reaction mixture (10 mL) contained 15 mM
the bicarbonate form (details as described above). Product-MTR, 20 mM ATP, 5 mM MgC}, 5 mM DTT, and 20 mM
containing fractions were evaporated to dryness; the identity Tris-HCI (pH 7.9). MTR kinase was added to a final
of the product was confirmed by 1 NMR spectrum concentration of 13«M, and the reaction was allowed to

recorded at pD 2. [&?H]-p-Ribulose 1-P and [R-?H]-D- proceed for 12 h at 37C. The enzyme was removed by
ribulose 1-phosphate were synthesized fron?H]- and filtration though a 10 000 NMWL ultrafiltration membrane,
[2-?H]-Dp-ribose 1-phosphate, respectively. and the reaction mixture was applied to a DEAE-Sepharose

p-Ribulose 1-phosphatéH NMR (DO, 500 MHz)6 4.46 FF column (1 cmx 7 cm, bicarbonate form) and washed
(q,J= 6.0, 6.3 Hz, H-4), 4.19 (td,J = 2.8, 5.1 Hz, H-4), with water. MTR 1-P eluted before ADP or ATP using a
4.06-3.61 (ABX,J=6.1, 7.0, 9.0 Hz, H-9, 4.03 (d,J = linear gradient (40 mL) from O to 0.5 M ammonium
5.2 Hz, H-3), 3.98 (dJ = 5.9 Hz, H-3), 3.89-3.78 (ABX, bicarbonate. Product-containing fractions were evaporated
J=25,5.0,10.1 Hz, H-5);-3.78-3.70 (ABX, H-1), 3.76~ to dryness multiple times from water to remove excess
3.66 (ABX,J =5.4,5.6, 11.0 Hz, H-1). ammonium bicarbonate. PHIMTR 1-P and [22H]MTR 1-P

Corversion of p-Ribulose 1-Phosphate to-Ribulose were synthesized from [3H]- and [2°H]MTR, respectively.
5-Phosphate for Determination of the Configuration of C1. MTR 1-P *H NMR (D0, 500 MHz)¢ 5.49 (dd,J =
[1-°H]-p-Ribulose 1-phosphate was converted tcHtl-p- 4.3,6.3 Hz, H-1), 4.21 (td] = 3.9, 5.9 Hz, H-4), 4.06 (ABX,
ribulose in a reaction mixture (65@L) that contained 14 J=1.7, 4.1, 6.5 Hz, H-2), 3.91 (dd,= 3.7, 6.4 Hz, H-3),
mM [1-?H]-b-ribulose 1-phosphate, 20 units of calf intestinal 2.71-2.58 (ABX,J=5.6, 6.3, 13.9 Hz, H-5), 2.04 (s, H-6).
alkaline phosphatase (CIAP; Promega), 5 mM Mg@hd Synthesis of MTRu 1-P, [136]MTRu 1-P, and [1R3H]-

15 mM potassium HEPES (pH 8.0). Afté h at 37°C, the MTRu 1-P.MTRu 1-P was synthesized using MTR 1-P
reaction mixture was filtered through a 10 000 NMWL isomerase. A typical reaction mixture (800) contained 5
ultrafiltration membrane to remove the CIAP. To convert mM MTR 1-P, 20uM MTR 1-P isomerase, and 20 mM
the [12H]-D-ribulose to [12H]-p-ribulose 5-phosphate, phosphate buffer (pD 7.5). The reaction mixture was
20 mM ATP and 37uM p-ribulokinase [RBK (7)] were incubated at room temperature for 1 h, and the product was
added. The reaction was allowed to proceed for 1.5 h at 37 used without isolation. [&?H]MTRu 1-P and [R->H]MTRu

°C before isolation of the product by DEAE chromatography. 1-P were synthesized from PHIMTR 1-P and [2¢H]MTR
[1-?H]-p-Ribulose 5-phosphate eluted before ADP and ATP 1-P, respectively.

using a linear gradient from 0 to 0.5 M triethylammonium MTRu 1-P *H NMR (D;O, 500 MHz) 6 4.55-4.43
bicarbonate (pH 7.5) as described above. Product-containing(ABX, J = 6.4, 19.0 Hz, H-1), 4.25 (d] = 5.0 Hz, H-3),
fractions were evaporated to dryness and resuspended ir8.90 (dt,J = 4.9, 8.1 Hz, H-4), 2.5%2.42 (ABX,J = 4.7,
800 uL of D0, and the'H NMR spectrum was recorded. 8.3, 14.0 Hz, H-5), 1.89 (s, H-6).

Corwersion ofp-Ribulose 1-Phosphate to HK-HP 1-P. Corwversion of MTRu 1-P to HK-MTP 1-RTRu 1-P was
D-Ribulose 1-phosphate was converted to 2-hydroxy-3-keto- converted to HK-MTP 1-P by the “enolase” in the presence
5-hydroxypent-1-ene 1-phosphate (HK-HP 1-P) by the “eno- of a limiting amount of MTRu 1-P dehydratase. Reaction
lase” in the presence of limiting MTRu 1-P dehydratase. The mixtures (800uL) contained 5 mM MTRu 1-P, 5 mM
dehydratase and “enolase” were exchanged in{0 Bon- MgCl,, 15 mM NaHCQ, 1 mM maleate, and 20 mM
taining 5 mM MgC}, 100 mM NacCl, and 20 mM potassium  phosphate buffer (pD 7.6). The DK-MTP 1-P “enolase” from
phosphate buffer (pD 7.6) by a minimum of three successive B. subtilisor G. kaustophilusvas added to a final concentra-
concentrations and dilutions ugia 3 mLAmicon apparatus  tion of 10uM, and the reaction was initiated by addition of
with a 10 000 NMWL ultrafiltration membrane. The reaction 1 uM MTRu 1-P dehydratase. The appearance of the HK-
mixture (800uL) contained 5 mMb-ribulose 1-phosphate, MTP 1-P product was monitored by recordifl NMR
5 mM MgChk, 15 mM NaHCQ, 1 mM maleate (as an spectra as a function of time.
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Table 1: Data Collection and Refinement Statistics

SeMetE-PO, E-Mg E-Mg-HCO; E-Mg-DK-H 1-P
Data Collection

beamline NSLS X9A NSLS X4A NSLS X4A NSLS X4A
wavelength (A) 0.97811 (peak) 0.979 0.979 0.979
space group P3,21 Cc2 Cc2 Cc2
no. of molecules in arbitrary unit 2 2 2 2
unit cell parameters

a(h) 132.67 130.76 130.70 130.35

b (A) 59.54 59.01 59.80

c(A) 167.47 109.28 109.47 109.35

S (deg) 103.24 103.28 103.54
resolution (A) 2.55 1.8 1.8 1.7
no. of unique reflections 54519 74695 73839 86288
completeness (%) 97.6 98.3 97. 95.7
Rierge 0.068 0.044 0.045 0.059
averagd/o 38.3 29.6 29.2 24.1

Refinement

resolution (A) 25.6-2.55 25.6-1.8 25.06-1.8 25.6-1.7
Reryst 0.237 0.184 0.196 0.191
Riree 0.245 0.207 0.220 0.209
rmsd for bonds (A) 0.007 0.006 0.007 0.006
rmsd for angles (deg) 1.5 1.3 1.4 1.4
no. of protein atoms 6273 6338 6338 6308
no. of waters 73 727 668 603
no. of Mg?* ions 0 2 2 2
Lys 173 carboxyl no yes yes yes
bound ligand PO Mg?* Mg?*, HCO;s Mg?*, DK-H 1-P
ligand atoms 10 8 19
PDB entry 20EJ 20EK 20EL 20EM

HK-MTP 1-P. 'H NMR (D;0, 500 MHz)$ 7.38 (d,J =
8.2 Hz, H-1), 2.80 [t (broad)] = 7.0 Hz, H-4], 3.73 (dJ =
7.0 Hz, H-5), 1.89 (s, H-6).

(pH 8.5), and 0.2 M ammonium acetate. For this and the
remaining samples, crystals appeared in 3 days and exhibited
a diffraction pattern consistent with space grd@®, with

Spectrophotometric Assay Using 2,3-Diketohexane 1-Phos-two molecules of “enolase” per asymmetric unit.

phate.2,3-Diketohexane 1-phosphate (DK-H 1-P), a desthio

(3) For “enolase,” Mg", and HCQ™, the protein solution

alternate substrate previously reported to be a substrate forcontained “enolase” (13.0 mg/mL) in 20 mM Tris-HCI (pH

the “enolase” phosphatase frdftebsiellg was synthesized
according to the literature procedu8). Spectrophotometric
assays were performed with a Perkin-Elmer Lamda 14-UV
vis spectrophotometer at 278 nmp4 = 2000 Mt cm™?t
for the enol tautomer of HK-H 1-P). Reaction mixtures
(200 uL) contained 0.+5 mM DK-H 1-P, 5 mM MgC},
25 mM NaHCQ, and 25 mM potassium HEPES (pH 7.5).
Enzyme concentrations ranged from 0.1 toiN). Assays

7.9), 100 mM NacCl, 10 mM MgG| and 5 mM NaHC@
the precipitant contained 25% PEG 3350 and 0.1 M HEPES
(pH 7.5).

(4) For “enolase,” Mg", and the stable alternate substrate
DK-H 1-P, the protein solution contained “enolase” (15 mg/
mL) in 20 mM Tris-HCI (pH 7.9), 100 mM NaCl, 10 mM
MgCl;, 1 mM NaHCQ, and 40 mM DK-H 1-P; the
precipitant contained 25% PEG 3350, 0.1 M HEPES

for evaluating the requirement for a carboxylated active site (pH 7.5), and 0.2 M ammonium acetate.

Lys were performed without the addition of NaHE the
assay.
Crystallization and Data Collectiorfzour different crystal

Prior to data collection, the crystals were transferred to
cryoprotectant solutions composed of their mother liquids
and 20% glycerol. After incubation for10 s, the crystals

forms (Table 1) were grown by the hanging drop method at were flash-cooled in a nitrogen stream. A one-wavelength
room temperature: (1) selenomethionine (SeMet)-substitutedsingle anomalous dispersion (SAD) data set for a crystal of

“enolase”, (2) wild-type “enolase” and Mg, (3) wild-type
“enolase,” M@*, and HCQ", and (4) wild-type “enolase,”

SeMet-substituted “enolase” (Table 1, column 1) was col-
lected to 2.55 A resolution at the NSLS X9A beamline

Mg?*, and the stable alternate substrate DK-H 1-P. The (Brookhaven National Laboratory) on a MarCCD-165 detec-

crystallization conditions utilized the following conditions.

tor. Data sets for the complexes with Mgcolumn 2), Mg*

(1) For SeMet-substituted “enolase”, the protein solution and HCQ~ (column 3), and Mg" and DK-H 1-P (column

contained SeMet-substituted “enolase” fr@nkaustophilus
(11.2 mg/mL) in 20 mM Tris-HCI (pH 7.9), 100 mM NaCl,
and 5 mM MgC}; the precipitant contained 1.4 M Na/K

4) were collected at the NSLS X4A beamline on an ADSC
CCD detector to 1.8, 1.8, and 1.7 A resolution, respectively.
Diffraction intensities were integrated and scaled with

phosphate (pH 7.5). Crystals appeared in 6 days and exhibitedENZO and SCALEPACKZ1). The data collection statis-

diffraction consistent with space group3;21, with two
molecules of “enolase” per asymmetric unit.

(2) For “enolase” and M, the protein solution contained
“enolase” (14.8 mg/mL) in 20 mM Tris-HCI (pH 7.9),
100 mM NacCl, 10 mM Mgdj, and 1 mM NaHC@ the
precipitant contained 24% PEG 3350, 0.1 M Tris-HCI

tics are given in Table 1.

Structure Determination and Refinemelnitial attempts
to determine the structure of the “enolase” by molecular
replacement using the structure of the RLP fréhiorobium
tepidum(PDB entry 1TEL) as a search model were unsuc-
cessful. Instead, the structure of the SeMet-substituted
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“enolase” was determined by SAD with SOLVEZ); eight Scheme 1

of the 10 selenium sites were identified. These heavy atom o] 0 o

sites were used to calculate initial phases which were , ¢S OPO;?  HyC OPO3? HO OPO;2
improved by solvent flattening and NCS averaging with ’ \/\g)l\/ \/\g)l\/ \/\g)j\/
RESOLVE @3), yielding an interpretable map for two DK-MTP 1-P DK-H 1-P DK-HP 1-P
monomers in the asymmetric unit for space grdt§21. i . i ) i )
lterative cycles of manual rebuilding with TOM4) and well-defined in one polype_ptlde and partially disordered in
refinement with CNS 25) resulted in a model at 2.55 A  theé second polypeptide, with only the phosphate group and
resolution with arRyys; of 0.237 and amRyee of 0.245. The Ci1 m_cluded in thg final ref_med model. The structure also
two polypeptides were assembled as a tight dimer. In both contained well-defined Mg ions and carboxylated Lys 173
polypeptides, the N-terminal Met and residues -3888 in residues in both polypeptides. Again, the L6 loops at the

the L6 loop at the end of the sixfBrstrand in the f/o)e- ends of the sixths-strands were ordered in both poly-
barrel domain were missing in the electron density maps. Peptides. o _
The active sites did not contain either Kgr carboxylated Final refinement statistics for all four structures are given

Lys 173 residues. Phosphate was included in the precipitant," Table 1.

and a phosphate ion was hydrogen-bonded to the backbon

amide groups of Gly 381, Gly 403, and Gly 404 at the ends 'RESULTS AND DISCUSSION

of the seventh and eighfhstrands in sites analogous to those  Although attempts to crystallize the “enolase” frdgn
occupied by the 1-phosphate group of 2CABP in its complex subtiliswere not successfulr), we were able to determine

with spinach RuBisCO (PDB entry 8RUC). the structure of the “enolase” fror®. kaustophilus Our
The structure of the “enolase” crystallized with Rgvas experimental strategy was to restrict the location of the
determined by molecular replacement with PHASEX®)( general base by determining the stereochemical course of

using the SeMet-substituted “enolase” structure as the searctihe proton abstraction reaction. With the three-dimensional
model. Iterative cycles of automatic rebuilding with ARP structure, we then would be able to identify the general base.
(27), manual rebuilding with TOM, and refinement with CNS Methionine Salage Pathway Enzymes from B. subtilis
were performed. The model was refined at 1.8 A with an Utilize p-Ribose Deratives. The natural substrate for the
Reryst Of 0.184 and arRqee of 0.207. A Mg*™ was clearly “enolase,” DK-MTP 1-P, is susceptible to elimination of
visible in the electron density maps for both polypeptides methanethiol 1, 7, 20); the structures of the substrates for
of the dimer; these were located close to¥ginding sites the “enolase” used in our studies are shown in Scheme 1.
in spinach RuBisCO (PDB entry 8RUC). Lys 173 was  2,3-Diketohexane 1-phosphate (DK-H 1-P), a stable
carboxylated in each polypeptide and a ligand for theMg  desthio alternate substrate, is used to quantitate the activity
ion. of the “enolase”, because formation of the enol product is

The structure of the “enolase” crystallized with Mgand accompanied by an increase in absorbance at 278 nm
HCO;~ was determined by molecular replacement using the (1, 20). Although we also used DK-H 1-P in our crystal-
previous structure as the search model. Iterative cycles oflographic studies, it cannot be readily stereospecifically
automatic rebuilding with ARP, manual rebuilding with labeled with deuterium at C1 for stereochemical studies.
TOM, and refinement with CNS were performed. The model ~ We determined thab-ribose (differs from MTR by the
was refined at 1.8 A with aRgys 0f 0.196 and arRyee of substitution of the 5-SCigroup with a 5-OH group) and
0.220. This structure had clearly visible Ktgions and downstream pathway derivatives are substrates for the
carboxylated Lys 173 residues in both polypeptides as well enzymes in the methionine salvage pathway (Scheme 2).
as a HC@ ion bound close to the phosphate binding site p-Ribose deuterated at either C1 or C2 can be purchased, so
at the ends of the seventh and eigitfstrands in the  we envisaged a strategy for synthesizing chirally deuterated
(Blo)s-barrel domain in each polypeptide, with hydrogen samples ob-ribulose 1-phosphate. These, in turn, could be
bonds to the backbone amide groups of Gly 337, Gly 338, converted to the DK-HP 1-P substrate so that stereochemical
and Gly 361. The L6 loops at the ends of the sjthtrands studies could be performed.
were ordered in both polypeptides. DK-HP 1-P was presented to the “enoclases” fr@n

The structure of the “enolase” crystallized with Rgand kaustophilusandB. subtilis the products were analyzed by
DK-H 1-P was also determined by molecular replacement 'H NMR spectroscopy. In each reaction, the spectrum of the
using the “enolase” crystallized with Mg as the search  HK-HP 1-P product contained a vinyl doublet indicative of
model. The model was refined at 1.7 A with Bg,s;0f 0.191 coupling of the single proton on C1 of the tautomerized
and anRyee Of 0.209. The alternate substrate DK-H 1-P was product to the 1-phosphate group. Gubtilis Figure 4A;G.

HO. HO
o H o H
ATP ADP
H OH A H OPO;2 ——P»

Scheme 2

HO OH Kinase HO OH Isomerase
D-Ribose D-Ribose 1-Phosphate
OH O o OH
|-|o\)\rll\,opo3-2 Ho Ho\/\n)l\,om3-2 OH\/\H)Q,OPO;;Z
OH D h d t: o " " o
D-Ribulose 1-Phosphate = Y "ase DK-HP 1-P Enolase HK-HP 1-P
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Ficure 4: H NMR spectra of samples of HK-HP 1-P produced
by the action of the “enolase” frofa. subtilison samples of DK-
HP 1-P generated in situ from samplespefibulose 1-phosphate.
(A) Partial *H NMR spectrum of unlabeled HK-HP 1-P from
unlabeled ribulose 1-P, (B) &2H]-b-ribulose 1-P, and (C) R-
2H]-p-ribulose 1-P.

Scheme 3 D 3.90 3.85 3.80 3.75 3.70 3.65 PPM
OH O Phosphatase OH O
HO\)\/U\/OPO{Z o -ZospoMon
OH D-Ribulokinase OH
D-Ribulose 1-Phosphate D-Ribulose 5-Phosphate

kaustophilusdata not shown). Each spectrum also contained
a broad triplet associated with a single proton on C4 (a single™ ™. T 77 ¢ T T

. t 3.90 3.I85 3.|80 3.I15 3.|70 3.|65 PPM
deuteron is also located on C4 as the result of the dehydratlonFIGURES. 1H NMR spectra of samples akribulose 1-P produced

and ketonization) as well as a doublet for the methylene p the action of MTRu 1-P isomerase paibose 1-P. (AfH NMR
group of C5. spectrum of unlabeled-ribulose 1-P showing assignments of all

MTR 1-P Isomerase Catalyzes Stereospecific Proton ?(r:(;tgg?t.iéi)'_IPSRt/iglleel\gtI?uﬁ)eocftr[%n; I-(I)]funrli%tl)Jleclggr:iLquDI%sbet aﬁ;nz'd

: -D- -
e s e o Ao o 0] Fatah I specram of (o1
) . ) . ! p-ribulose 1-P obtained from [2H]-p-ribose.

recognized that the configurations of deuteriated samples
could be determined following a two step “mutase” reaction intestinal alkaline phosphatase amdribulokinase. The
in which [12H]-p-ribulose 1-phosphate is converted to resulting'H NMR spectrum matched that of a spectrum of
[1-°H]-Dp-ribulose 5-phosphate (alkaline phosphatase followed [1S-?H]-b-ribulose 5-phosphate previously published by our
by b-ribulokinase; Scheme 3). Previous studies in our laboratory (Figure 6B; panel A is a spectrum of unlabeled
laboratory had assigned the resonances of the C1 protons ob-ribulose 5-phosphatel 7), establishing the stereochemical
p-ribulose 5-phosphatel(). Because the dehydratase- course of the isomerase-catalyzed reaction as well as the
catalyzed reaction does not alter the configuration of C1, stereochemical identity of the product. Thus, we assign the
the assignment of the configuration of f#-p-ribulose 1S configuration to the sample of the PH]-p-ribulose
1-phosphate assigns the configuration of théHdlabeled 1-phosphate obtained from PH]-p-ribose 1-phosphate.
substrate for the “enolase”. We attempted the complementary “mutase” reactions with

p-Ribulose 1-phosphate has a compl&t spectrum the [1°H]-p-ribulose 1-phosphate obtained from 3_}-p-
consistent with the presence of theandj-anomers of its ribose. In this case, although the {}-p-ribulose 1-phos-
hemiketal (Figure 5A,B). Using the successive actions of phate was stereospecifically labeled with deuterium
the kinase and isomerase, both’f}-p-ribose and [2H]- (Figure 5D), the resulting>-ribulose 5-phosphate was a
p-ribose were converted to samples of ?[}-p-ribulose mixture of unlabelec-ribulose 5-phosphate andR#H]-
1-phosphate. Although th#l NMR spectra of the products  p-ribulose 5-phosphate (Figure 6C). We attribute the partial
are congested in the region that contains the resonancegxchange of the deuterium with solvent protium to either
associated with the protons on C1, they are consistent withincomplete removal of the isomerase by ultrafiltration or a
complementary labeling of the hydrogens with deuterium contamination of the-ribulokinase witho-ribose isomerase
(Figure 5C,D). (the “mutase” sequence is conducted inO-containing

The [12H]-p-ribulose 1-phosphate obtained from3d}- solutions). On the basis of the complementay NMR
p-ribose was subjected to the successive actions of calfspectra obtained for the samples ofH}-p-ribulose 1-phos-
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FicUrRE 6: 'H NMR spectra of samples af-ribulose 5-phosphate

obtained by the successive actions of calf intestinal alkaline

phosphatase armribulokinase. (A) Unlabeled-ribulose 5-phos-
phate from unlabeled-ribulose 1-P. (B) [$2?H]-D-Ribulose 5-P
from [1S-2H]-p-ribulose 1-P. (C) [R-?H]-p-Ribulose 5-P from [®-
2H]-p-ribulose 1-P.

phate obtained from [2H]-p-ribose and [2ZH]-bp-ribose, we
assign the R configuration to the sample of [2H]-p-ribulose
1-phosphate obtained from FRi]-p-ribose.

“Enolases” Catalyze Abstraction of the 1-proS Hydrogen
from DK-HP 1P, thep-Ribose-Deried Substrate[1S-2H]-
pD-Ribulose 1-phosphate was incubated with a limiting
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FiIGURE 7: H NMR spectra of samples of 5-methylthisribulose

amount of dehydratase and an excess of the “enolase” from _ phosphate. (A) Unlabeled 5-methyithieribulose 1-P showing

eitherB. subtilisor G. kaustophilugo prevent the accumula-
tion of DK-HP 1-P. A downfield phosphorus-coupled doublet

assignments of all protons. (B) PartitH NMR spectrum of
unlabeled 5-methylthie-ribulose 1-phosphate. (C) Partiel NMR

associated with the hydrogen on C1 of the HK-HP 1-p Spectrum of [52H]-5-methylthioo-ribulose 1-phosphate. (D)

product appeared along with resonances associated with th

hydrogens on C4 and C5. The vinyl and C4 proton

artial 'TH NMR spectrum of [R-?H]-5-methylthiob-ribulose
-phosphate.

resonances each are associated with a single proton, so thf’he stereochemical course using natural MTR-derived sub-

latter resonance provides an integration standard for deter-

mining the extent of loss of deuterium from C1 in the
“enolase” reaction.

Using the “enolase” fronB. subtilis the integration ratio

strates.

We assumed that the stereochemical course of the isomerase
reaction would not be altered by the identity of the functional
group on C5 of its substrate (a 5-OH group for thebose-

was 1.06:1.00 (Cl C4) demonstratlng that the deuterium haddenved substrate and a 5- Sg:gfoup for the MTR-derived

been abstracted (Figure 4B). WhenRfiH]-p-ribulose

substrate). We prepared samples of MTR fron?Hi]-p-

1-phosphate was used as the substrate in the complementaryjhose and [2H]-p-ribose as described in Materials and

experiment, the downfield phosphorus-coupled doublet was pMethods. These were enzymatically phosphorylated and
barely visible, although the resonances associated with thejsomerized to obtain two samples of MTRu 1-P. As shown
hydrogens on C4 and C5 signals were present (Figure 4C).by thelH NMR spectra presented in Figure 7, these were
Integration resulted in a ratio of 0.05:1.00 (C1:C4), demon- stereospecifically labeled with deuterium. Panels A and B
strating that the protium had been abstracted. The observagisplay spectra of unlabeled MTRu 1-P. On the basis of the

tions demonstrate that the “enolase” fr@nsubtiliscatalyzes
abstraction of the proSproton of the DK-HP 1-P substrate.
Similar results were obtained with the “enoclase” fr@m
kaustophilugdata not shown).

“Enolases” Catalyze Abstraction of the 1-proS Hydrogen
of DK-MTP 1-P, the Natural SubstrateAlthough our
stereochemical experiments using samplespeaibose-
derived DK-HP 1-P provide compelling evidence that the
“enolases” abstract thedroShydrogen, we also determined

stereochemical course of the isomerase determined with the
D-ribose substrates, we assign the sample obtained from
[1-?H]-D-ribose as [$?H]-MTRu 1-P (panel C) and the
sample obtained from [iH]-p-ribose as [R-°H]-MTRu 1-P
(panel D).

When these samples of deuterated MTRu 1-P were
incubated with a limiting amount of dehydratase and excess
“enolase” from eitherB. subtilis or G. kaustophilusthe
results were as expected on the basis of the experiments using
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p, H OH
6 5 3 1_OPO;2
HaCSH,C” 4 2N
H1 o H H4
A
~ ™~
T T T T T T T T
745 740 735 7.30 PPM 2.85 2.80 276  PPM

=

T T ok 2k 2% rer FiGURE 9: Representative electron density for the active site of
the “enolase” activated with bicarbonate and complexed witAMg

C and the alternate substrate DK-H 1-P (structixeThe details of

the interactions between the alternate substrate and active site are

/\ described in the text.
A

L L L L e o L UL L S to 130 M! s without preincubation. Partial activity is

7.45 7.40 7.35 PPM 2.85 2.80 275 PPM . . . . ;
FicuRe 8: 'H NMR spectra of samples of HK-MTP 1-P produced COMmMon for RuBisCOs and is attributed to a contaminating

by the action of the “enolase” froiB. kaustophilusn samples of ~ bicarbonate present in buffer2g). As described in a
DK-MTP 1-P generated in situ from samples of MTRu 1-P. (A) subsequent section, when the “enolase” is crystallized in the

Partial '"H NMR spectrum of unlabeled HK-MTP 1-P from presence of bicarbonate, Lys 173 is carboxylated. We

unlabeled MTRu 1-P. (B) PartidH NMR spectrum of HK-MTP ; ; “ n
1-P from [1S2H]-MTRu 1-P. (C) PartialH NMR spectrum of HK- conclude that Lys 173 is carboxylated in the “enolases”.

MTP 1-P from [RR-2H]-MTRu 1-P. Structure of the “Enolase” from G. kaustophilu$Ve

_ ) _ determined four structures of the “enolase” fr@n kaus-
theo—nbose-denvgd alternate sgbstrate (Figure 8, “enolase” tophilus (Table 1): (1) SeMet-labeled protein complexed
from G. kaustophilu Pane.I A displays the spectrum of the \yith inorganic phosphate (structute20EJ), (2) wild-type
HK-MTP 1-P product obtained from unlabeled MTRu 1-P. protein activated with bicarbonate and complexed witt#Mg
If we started with [5°H]-MTRu 1-P, the proton was (strycture2; 20EK), (3) activated wild-type protein com-
retained; the ratio of the integration of the resonance plexed with M@+ and bicarbonate (structuge 20EL), and
associated with the enol proton to that associated with the (4) activated wild-type protein complexed with Kfgand
C4 proton was 0.86:1.00 (C1:C4) (Figure 8B). If we start pk.H 1-p (structure4; 20EM), the desthio alternate

with [1IR-H]-MTRu 1-P, the deuteron was retained; the ratio s pstrate (Scheme 1). Representative electron density for the
of the integration of the resonances associated with the enolgctive site region in structuré is shown in Figure 9.

proton to that associated with the C4 proton was 0.03:1.00
(C1:C4) (Figure 8C). Similar results were obtained for the
“enolase” fromB. subtilis (data not shown). These results
demonstrate that the @droS proton is stereospecifically
abstracted from the natural DK-MTP 1-P substrate.

Thus, whether we used the stereospecifically deuterated
substrates derived fromribose or MTR, the stereochemical
course of the “enolase” reaction is the same: therdS
hydrogen is abstracted from the 2,3-diketo substrate.

Carboxylation of Lys 173The “enolases” contain the same
Mg?*-binding motif, KDDE, found in RuBisCOs (Figure 3);
in the “enolase” fromG. kaustophilusLys 173, Asp 174,
Asp 175, and Glu 176 are located at the end of the second
p-stand in the C-termina{o)s-barrel domain. In RuBisCOs,
the Lys in this motif is carboxylated to allow it to serve both o . ]
as a ligand for the My that stabilizes the enolate anion ~ Structure of the Actie Site The active sites of the
intermediate and as the general base that initiates the‘€nolase” complexed with the alternate substrate DK-H 1-P
carboxylation reaction by abstraction of a proton from c3. and of RuBisCO complexed with intermediate analogue

We probed the importance of carboxylation by determining 2CABP are compared in Figure 11 (panels A and B,
whether the reaction is activated by sodium bicarbonate. "espectively).

Using the stable alternate showed thatkth@Ky for DK-H In three structures2(-4), Lys 173 is carboxylated. In
1-P using the “enolase” fron®. kaustophiluss 200 M RuBisCO, the homologous Lys 201 is also carboxylated, and
s 1 after preincubation with sodium bicarbonate as compared a carbamate oxygen is the general base that abstracts the

The polypeptide of the “enolase”, like the polypeptide of
RuBIisCO, is composed of two domains, an N-termin#|3
domain (residues -1120) and a C-terminalf{a)s-barrel
domain (residues 121413). The polypeptides are packed
as tight dimers, as found in the structure of RuBisCO; the
active sites (two per dimer) are located at the interfaces
between the N-terminal domain of one polypeptide and the
C-terminal face of the/a)-barrel of the second polypeptide.
The structures of the dimers of the “enolase” and RuBisCO
are compared in Figure 10 (panel A, “enolase”; panel B,
spinach RuBisCO); the arrows mark the locations of the
active sites. Descriptions of the secondary structural elements
and the dimer interface are provided in the Supporting
Information.
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A Lys 98
Asp 175
Glu 176
Lys 147
His 264 W
e >
~/Y Lys 173
Leu 298
B Asn 123*
Glu 20
Arg295 s 204 Asp 203
m M‘_TchBP
His 327

Ficure 10: (A) Dimer structure of the “enolase” fronG.
kaustophilus (B) Dimer structure of the RuBisCO from spinach Lys 201

(8RUC). In the first polypeptide in each dimer, thehelices and Ficure 11: Comparison of the active sites of the “enolase” from

ﬁ;]s(jtr?ngts i? thr? T-termipmrﬁtﬂ;rna:p are (r:]oloret? Iri]%ht.;r)]utrrg])le G. kaustophiluszomplexed with M&" and DK-H 1-P (A) and the
and fight green, respectively, elices ands-strands i e RuBisCO from spinach complexed with ¥fgand 2-CABP (B).

g\;;?rmmatll‘]g/ gz;(;gan‘gelglomea'g daeretﬁgﬁéigersignd-st::'lzja?larseisr?ec- Key pairs of residues that are conserved or diverged are shown;
Y. ; polypeptide, ¢ their importance is described in the text.
the N-terminal a+p3 domain are colored purple and green,

respectively; ther-helices angb-strands in the C-terminaf(a)s-

barrel domain are colored pink and light blue, respectively. The Lo

position of the active site at the interface of the C-termipéd)s- for only C1 and the phosphate group. The binding of the
barrel domain of the first polypeptide and the N-termioatf alternate substrate is accompanied by several changes in the
domain of the second polypeptide in each dimer is marked with an conformation of the active site. The L6 and L7 |Oops at the
arrow. ends of the sixth and sevenfhstrands move closer to the
substrate with displacements o A for their Ca. atoms.

The conformation of the L8 loop at the end of the eighth
p-strand is also altered with a maximum displacement of

The side chain of the carboxylated Lys 173 adopts the 2.7 A for the Gx atom of Gly 361 between the liganded and

same conformation as that of the homologous carboxylatedunl'ganded forms.
Lys 201 in RuBisCO. One oxygen of the carbamate group  The oxygens of C2 and C3 of the ligand are oriented in a
is coordinated to the Mg, the second oxygen is hydrogen- cis conformation so that both can coordinate to thezMg
bonded to His 264, O3 of the alternate substrate, and a water! he oxygen of C2 is also hydrogen bonded to Lys 147, Asp
molecule. The Mg" ion is also coordinated to carboxylate 175, a carbamate oxygen of carboxylated Lys 173, and a
oxygens of Asp 175 and Glu 176. In structures determined Water molecule; the oxygen of C3 is also hydrogen bonded
in the absence of a ligand (structi@pand in the presence 0 Glu 176, His 264, a carbamate oxygen of carboxylated
of bicarbonate (structure3), two water molecules are Lys 173, and a water molecule. The hydroxyl groups of C2
coordinated to the M. In the structure determined in the and C3 of the 2CABP intermediate analogue also are found
presence of the alternate substrate (structjyehe water in a cis conformation so that they also can coordinate to the
molecules are replaced by the oxygens of C2 and C3 from Mg?* in the active site of RuBisCO. Thus, as in RuBisCO,
the ligand (vide infra). This metal ion coordination is the 2-keto group of the substrate for the “enolase” is
analogous to that in RuBisCO where it involves Asp 203, coordinated to the MY so that the enolate anion derived
Glu 204, and the carboxylated Lys 2029 from proton abstraction from C1 can be stabilized.

In the structure obtained with the alternate substrate, one The phosphate oxygens of the alternate substrate form
active site contains electron density for the entire ligand hydrogen bonds to the backbone amide groups of Gly 337,
(Figure 11A); the second active site contains electron density Gly 359, and Gly 360 as well as three water molecules. This

proton from C3 of thep-ribulose 1,5-bisphosphate sub-
strate.
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binding site is identical to the P1 phosphate site in RuBisCO, Thus, from both the identity of the abstracted proton (1-
formed by the backbone amide groups of Gly 381, Gly 403, pro§ and the geometry of the complex between the
and Gly 404. In the “enolase”, phosphate O1 of DK-H 1-P “enolase” and the alternate substrate, we deduce that Lys
forms a hydrogen bond to Lys 147; in RuBisCO, the 98is the only candidate for the general base in the “enolase”-
phosphate O1 of 2CABP forms an analogous hydrogen bondcatalyzed reaction.

to conserved Lys 175. Site-Directed Mutagenesis of Aggi Site ResidueJ o test

The alternate substrate is bound in an extended conformadhis conclusion, we constructed Ala substitutions for Lys 98,
tion similar to that observed for 2CABP in RuBisCO. The Lys 147, and Lys 173. Each mutant protein was assayed for
P1 phosphate and the carbon backbone of DK-H 1-P in the“enolase” activity with the spectrophotometric assay using
“enolase” occupy positions similar to those of the P1 the desthio DK-H 1-P alternate substrate and also With
phosphate and C1, C2, C3, C4, C5, and O5 of 2CABP in NMR spectroscopy to observe formation of the enolized
RuBisCO. In the complex of 2CABP with RuBisCO, the product from DK-MTP 1-P (generated in situ from MTR
C4 hydroxyl group is hydrogen-bonded to Ser 379; although 1-P). Using the spectrophotometric assay, only the K173A
the natural DK-MTP 1-P substrate lacks an analogue of this mutant had any detectable activity3% of that of the wild-
hydroxyl group, Ser 335 is conserved. In RuBisCO, the type “enolase”. These assays were performed with elevated
5-phosphate group of 2CABP is hydrogen-bonded to Arg (10«M) concentrations of the mutant enzymes; because the
295 and His 327; in the “enolase”, C5 and C6 are located in Amax Of enolized product is 278 nm, the assay is limited to
a hydrophobic pocket formed by Pro 265, Leu 298, Pro 300, “low” enzyme concentrations.
and Ala 336 from one polypeptide and Leu 101 from the  Using the natural substrate asl NMR spectroscopy,
N-terminal domain of the second polypeptide. This hydro- the K173A mutant was able to catalyze enolization at
phobic pocket would accommodate the 5-methythio group approximately the same rate as the wild-type enzyme (using
of the natural DK-MTP 1-P substrate. 10uM protein, data not shown). Because this mutant retains

In RuBisCO, the 2carboxyl group of the 2CABP WO ligands for th_e_ es_sential Mg (Asp 175_§lnd Glu 176)_,
molecule is hydrogen-bonded to Lys 177 and Lys 334 in the obseryed activity likely reflect.s_ the ability of the active
the L6 loop and Asn 123 in the symmetry-related polypep- Site to bind the Mg and stabilize the enolate anion
tide, with the latter interaction stabilizing the transition state intermediate derived by abstraction of therbSproton from
for carboxylation. In the “enolase”, Met 149 is the homologue the substrate. That the K173A mutant also retains some
of Lys 177 in RuBisCO, residues in the L6 loop do not ab_lllty to enolize the desthio substrate pr_owdes persuasive
interact with the bound alternate substrate, and Lys 98 in €vidence that the carboxylated Lys 173 is not the general
theaC helix of the symmetry-related peptide (the homologue base in the “enolase”-catalyzed reaction, although the car-

of Asn 123 in RuBisCO) is located 3.4 A from C1 in the boxylated Lys 201 in spinach RuBisCO is the general base
alternate substrate. that initiates the carboxylation reaction.

The K147A mutant required a 10-fold greater concentra-
» tion of protein (100uM) for observation of enolization of

carboxylated Lys 173, the active site of the “enolase .
contains conserved homologues of two additional abiase the 'natural sul:.)strat.e.(dgta not shown).. That this .mutant
retained catalytic activity is persuasive evidence that it, also,

catalysts that have been implicated in the RuBisCO reaction. L
(Figure 11A): Lys 147 (Lys 175 in RuBisCO protonates is not the general base. However, no enolization of the natural
the molecule. of 3-phosphoglycerate derived from C1 and substrate could be observed with the K98A mutant, even at
C2 of the substrate) and His 264 (His 294 in RuBisCO 2 Protein concentration of 15M (data not shown).
functions as the general base for attack of water on C3 of With this result, along with stereochemical information,
the carboxylated intermediate) we conclude that Lys 98 is the general base in the “enolase”-

The e-amino group of Lys 147, located at the C-terminal catalyzed reaction. In addition, Lys 98 is absolutely con-

, . e served in the “enolases”, and as noted previously, in
tendfof;he flrcs{B—Zt(r)aEd mc}he/f/a)g-blarrel (_dt(.)maldni IS t;o:h ¢ RuBisCOs the residue homologous to Lys 98 is Asn 123.
tﬁce) f;r?g proto(n. frorzwatrr]\eIrgl?s:?r?fftreyspuobssltlr%?s L())/sa 1S4;aics Although Asn 123 does not function as an acizhse catalyst
hydrogen-bonded to the oxygens of C2 and C3 of the in the RuBisCO-catalyzed reaction, it is located so that it

It N bstrate. thereby reinforcing the orientat  the €&n stabilize the transition state for carboxylation which
alternate substrate, thereby reinforcing the onentation oTthe ,..,rs on the homologous face of the substrate (Figure 11).
substrate in the active site.

) ) ConclusionsQur stereochemical studies together with the
His 264 is hydrogen-bonded to the keto oxygen of C3 of gicture of the “enolase” fronG. kaustophilusprovide

the aIternate substrgte; the closest carbon is C4 (4.1 A). Hiscompelling evidence that Lys 98 is the general base. Thus,
294 also is not positioned to abstract thprbSproton from the divergent evolution of function in the RuBisCO super-
the substrate. family utilizes a conserved structural strategy for stabilizing
The carbamate group of carboxylated Lys 173 also is too an enolate anion intermediate by coordination to &Mgn
far from (4.4 A) and located on thee face of C1 of the  put allows different structural strategies for abstraction
alternate substrate, thereby preventing it from abstracting theof a proton from the substrate to initiate the reaction. We
1-proSproton from the substrate. note that divergent evolution of the function in the mecha-
However, thes-amino group of Lys 98, conserved in all nistically diverse enolase superfamily uses the same prin-
“enolases”, is located 3.4 A from ths face of C1 of the ciples @).
alternate substrate, the face derived from abstraction of the We expect that RLPs of currently unknown function will
1-proSproton. Therefore, Lys 98 is appropriately positioned also catalyze reactions that are initiated by enolization and/
to be the general base. or tautomerization of ketose 1-phosphate substrates. For

Lysine 98 Is the General Basdn addition to the
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example, in the orthologous group of RLPs that includes the 10.

structurally characterized protein frof@. tepidum(A. A.
Fedorov, H. J. Imker, E. V. Fedorov, J. A. Gerlt, and S. C.

Almo, unpublished structure, deposited as PDB entry 1TEL 14

October 5, 2004; see also r8), a Glu is the homologous
residue of Lys 98 in the “enolases”. Although the substrate

for this protein is unknown, the presence of the carbamate 12-

group of the carboxylated Lys residue in the C-terminal
(Bla)g-barrel domain and the Glu in the N-terminat-5
domain on opposite faces of the active site suggest that this
protein could catalyze the epimerization of C3 in an unknown

Biochemistry, Vol. 46, No. 13, 20@089

Gerlt, J. A., and Babbitt, P. C. (2001) Divergent evolution of
enzymatic function: Mechanistically diverse superfamilies and
functionally distinct suprafamiliegy\nnu. Re. Biochem. 70209

246.

Furfine, E. S., and Abeles, R. H. (1988) Intermediates in the
conversion of 5S-methylthioadenosine to methionine Kieb-
siella pneumoniagel. Biol. Chem. 2639598-9606.

Avila, M. A., Garcia-Trevijano, E. R., Lu, S. C., Corrales, F. J.,
and Mato, J. M. (2004) Methylthioadenositet, J. Biochem. Cell
Biol. 36, 2125-2130.

13. Koonin, E. V., and Tatusov, R. L. (1994) Computer analysis of

ketose 1-phosphate substrate. Indeed, we have observed that
14. Wang, H., Pang, H., Bartlam, M., and Rao, Z. (2005) Crystal

the RLP fromC. tepidumcatalyzes the non-stereospecific
exchange of both 3-hydroxymethylene protons in dihydroxy-
acetone 1-phosphate (H. J. Imker and J. A. Gerlt, unpublished

observations). Thus, we expect that the identification of the 15.

general base in the “enolase”-catalyzed reaction will facilitate
the functional assignment of the remaining members of the
RuBIisCO superfamily.
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