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ABSTRACT. CDP-ribitol synthase catalyzes the formation of CDP-ribitol from ribulose 5-phosphate, NADPH,
and CTP. CDP-ribitol is an activated precursor for the synthesis of virulence-associated polysaccharides
in the capsule of the Gram-negative pathogtaemophilus influenzaand in the cell walls of Gram-
positive pathogens includin§taphylococcus aureu$Ve showed previously that CDP-ribitol synthase
activity in H. influenzads catalyzed by the bifunctional enzyme Bcs1 in a two-step reaction with reduction
preceding cytidylyl transfer [Zolli, M., et al. (200Biochemistry 405041-5048]. In the work reported

here, we predicted a CDP-ribitol synthesis locusSinaureusandemly arranged asirl, encoding an
orthologue of the cytidylyltransferase domain of Bcsl, #ard, coding for an analogue of the reductase
domain of Bcsl. We have shown the formation of a functional CDP-ribitol synthase complex between
Tarl and TarJ. Steady-state mechanistic studies of the CDP-ribitol synthases TarlJ and Bcsl revealed that
the analogous reductases and orthologous cytidylyltransferases undergo ordered mechanisms. The sequence
of substrate binding and product release of the orthologous cytidylyltransferases differed. Steady-state
analysis of the reductase and cytidylyltransferase activities of TarlJ indicated a 100-fold difference in the
turnover where the primary reductase was rate limiting. Rapid mixing experiments revealed the presence
of ~12 uM ribitol 5-phosphate at steady state, 100-fold lower than the obsétyedr this intermediate.
Analysis of the approach to steady state suggested that channeling was not occurring in the coupled enzyme
complex and was an unlikely driving force in the convergent recruitment of reductase and cytidylyltrans-
ferase activities in the two CDP-ribitol synthases.

Carbohydrate phosphate polymers have been attributed taScheme 1: Structure of Poly(ribitol phosphat@gichoic
the virulence of a variety of bacteria. Ribitol 5-phosphate, Acid Linked to Peptidoglycan in the Gram-Positive Pathogen
in particular, is a key building block of virulence-associated S. aureugTop) and -3-f-p-Ribose-(1,1)p-ribitol _
polyol phosphates found in the extracellular capsule of the 2-Phosphate-] Capsular Polymer in the Gram-Negative
Gram-negative pathogetaemophilus influenza@) andin ~ Pathogert. influenzag(Bottom)

the wall teichoic acid of Gram-positive pathogens such as poplide an on | © oMl @ m
Staphylococcus aureu®). The H. influenzaecapsule is | oH OMO"?‘O ohme o
comprised of repeating units of -B-p-ribose-(1,1)p-ribitol {G'CNAOMW’“AC AQNZOJ:QOH OR R
5-phosphate-]3) whereas ribitol teichoic acids are repeating o-f-0 Ry =H. Gle

units of 1,5-linked ribitol 5-phosphate covalently attached | || GlNAc ManNAc  GroP ||  Ribitol5-P

to peptidoglycan via a conserved linkage unit (Scheme 1)  Peptidoglycan Linkage Unit Polymer

(4, 5). In both instances, the activated form of ribitol
5-phosphate for polymer production is CDP-ribitol. oo ™M 0_9_0

We have undertaken an in-depth, comparative study of MH% ' )
steady-state kinetic and physical properties of the bifunctional [ I | |
CDP-ribitol synthases frons. aureusand H. influenzae B-Ribose Ribitol-5-P
These enzymes catalyze the reduction and cytidylyl transfer
of ribulose 5-phosphate using NADPH and CTRespec-

tively, to form CDP-ribitol. In the case of thd. influenzae
enzyme, Bcsl, ribulose 5-phosphate reductase and ribitol
5-phosphate cytidylyltransferase activities are encompassed
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Kinetics of Bifunctional CDP-ribitol Synthase
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Ficure 1. Reaction and domain organization of CDP-ribitol
synthases fronil. influenzaeandS. aureus(A) A two active site
model has previously been proposed for the bifunctional catalysis
of Besl. Reduction of ribulose 5-phosphate to ribitol 5-phosphate
by NADPH precedes nucleotidyl transfer of CTP to form CDP-
ribitol (6). (B) CDP-ribitol synthase iH. influenzaeis encoded

by a single open reading frame (ORBgs], whereas irS. aureus

we found that this activity is encoded by two separate OREFS,
andtarJ, found tandemly in the genome. The cytidylyltransferase
domains encoded blgcslandtarl were found to be homologous
with 36% sequence identity. However, the reductase domains
encoded bycslandtarJ are analogous. The Bcsl reductase domain
belongs to the short-chain dehydrogenase/reductase faf)y (

while TarJ belongs to the alcohol dehydrogenase/reductase family

(11).

functions are evolutionarily unrelated, analogous components.

The bifunctionality of these enzymes raises mechanistic

issues that are peculiar to bifunctional enzymes in metabo-

lism. In particular, we are trying to understand the logic
behind gene fusion and heterooligomerization of the two
activities through careful investigation of the structure and
function of these enzymes.

In studies of the bifunctional CDP-ribitol synthase enzyme
Bcsl from H. influenzae we previously established that
reduction of ribulose 5-phosphate to the intermediate ribitol
5-phosphate preceded cytidylyl transfer in the formation of
CDP-ribitol (Figure 1A). We also ruled out channeling of
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available 8, 9); however, the steady-state mechanism of this
important class of nucleotidyltransferases has not yet been
addressed. I5. aureusa predicted 284 amino acid protein,
Tarl, shares 36% identity to the first 233 amino acids of
Bcs1, implicating it as the ribitol 5-phosphate cytidylyltrans-
ferase in teichoic acid biosynthesis. Here, we have shown
that this protein does indeed catalyze cytidylyl transfer with
ribitol 5-phosphate.

The C-terminal region of Bcs1 encodes a reductase domain
that is part of the short-chain dehydrogenase/reductase family
(20). Curiously, a homologue to the reductase portion of Bcs1
could not be found within th&ar gene cluster which encodes
proteins necessary for the synthesis of poly(ribitol phosphate)
in S. aureus Instead, we found a 341 amino acid protein
encoded in an open reading framaeJ, immediately down-
stream oftarl, that was predicted to be a member of the
alcohol dehydrogenase/reductase (ADH) family of enzymes
(11). Here, we have established a role for this protein, the
reduction of ribulose 5-phosphate to ribitol-5-phophate in
S. aureus

The CDP-ribitol synthases fromil. influenzaeand S.
aureus appear to provide an extraordinary example of a
Rosetta stone prediction of functional associatib2—-14).

The Rosetta stone postulate begins with a single polypeptide
catalyzing two activities, referred to as a composite protein.
The theory hypothesizes that a functional association can
be made between two proteins orthologous to the respective
domains of the composite proteih 13). These proteins,
referred to as the component proteins, are predicted to
physically associate into a bifunctional complé®), Here,

the relationship between the composite protein Bes1 and the
component proteins Tarl and TarJ is unconventional as the
cytidylyltransferase domains found within Tarl and Bcs1 are
orthologous, yet the dehydrogenase/reductase domains within
TarJ and Bcsl are analogous (Figure 1B). That is, the
reductase domains have the potential to carry out the same
reaction, yet have no common ancestral gene. In this work
we have unambiguously established that Tarl and TarJ
enzymes form a complex and have characterized the kinetic
mechanistic details of reduction of ribulose 5-phosphate and
subsequent cytidylyl transfer to form CDP-ribitol. Similar
to Bcsl, our work with Tarld indicates release and free
diffusion of the intermediate ribitol 5-phosphate without
channeling between active sites. Nevertheless, we posit that
the functional association of reductase and cytidylyltrans-
ferase activities in Bcs1 and TarlJ has an indefinable logic
that is surely driven by convergent evolutionary forces.

the intermediate by determining that the two enzymatic steps pxpeRIMENTAL PROCEDURES

occurred with release and free diffusion of ribitol 5-phosphate
(6). With the understanding that the two activities of Bcsl

Materials.4-(2-Hydroxyethyl)-1-piperazineethanesulfonic

could be analyzed separately, we have proceeded here tacid (HEPES), dithiothreitol (DTT), ampicillin (Amp),
dissect the steady-state kinetic mechanisms of each activésopropylj-p-thiogalactopyranoside (IPTG), and urea were

site. We have likewise studied the kinetic mechanisms of
these activities in the CDP-ribitol synthase fr@naureus
The N-terminal region of Bcsl encodes a nucleotidyl-

purchased from BioShop Canada Inc. (Burlington, Ontario,
Canada). Ammonium sulfate and magnesium chloride (MgCl
were obtained from BDH Inc. (Toronto, Ontario, Canada).

transferase domain that shows closest homology to 4-diphos-Radiolabeled [SH]CTP (22 Ci/mmol, ammonium salt) was

phocytidyl-2-C-methylerythritol synthetase (IspD/YgbP) and
N-acetylglucosamine-1-phosphate uridyltransferase (GImU).
These enzymes share a conservedkGXX-G-T-X-M-X 4

P-K motif (7, 8) involved in substrate binding and catalysis.
Currently, structural data for both GImU and IspD are

purchased from Amersham-Pharmacia (Baie d'|Ugfeebec,
Canada). Sodium pyrophosphate was purchased from Fisher
Scientific (Fair Lawn, NJ). Triethylamine (99%) was pur-
chased from Anachemica Canada Inc. (Montreal, Quebec,
Canada). The Gateway cloning and expression kit was
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purchased from Invitrogen Life Technologies (Carlsbad, CA).
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Sunnyvale, CA). All reductase reactions were performed in

Ribitol 5-phosphate was synthesized chemically using ribose triplicate. The cytidylyltransferase reactions were performed

5-phosphate as previously describ6 All other chemicals
were purchased from Sigma-Aldrich (Oakville, Ontario,
Canada).

Construction of the TarlJ @erexpression Plasmidlhe

in duplicate and monitored in a stopped assay through the
conversion of [53H]CTP to [5°H]CDP-ribitol by HPLC as
described previously1@).

Synthesis of CDP-ribitolThe synthesis of CDP-ribitol was

genes encoding CDP-ribitol synthase enzymes Tarl and TarJperformed enzymatically from the substrates CTP and ribitol
from S. aureusvere amplified in tandem from genomic DNA  5-phosphate. The following room temperature incubation was
using VENT DNA polymerase (NEB Biosciences). Primers prepared: 25 mM HEPES, pH 7.2, 10 mM MgCl mM
were B-GGGGACAAGTTTGTACAAAAAAGCAGGCT- DTT, 0.01% Triton X-100, 20 mM ribitol 5-phosphate, 20
TAGAAGGAGATAGAACCATGAAATACGCTGGTAT- mM CTP, 0.1 unitkL inorganic pyrophosphatase, and 6.9
TCTAGCT-3 and 3-GGGGACCACTTTGTACAAGAAA- uM Bcsl. The progress of the reaction was monitored
GCTGGGTCTTACATAATCCATTTTAATACTGT-3. The through absorbance detection at 271 nm using anion-
PCR-amplified product was cloned into the pDEST14 native exchange HPLC. The synthesis proceeded to 98% completion
expression vector through the use of the Gateway cloning and was terminated by removal of protein using an Amicon
and expression kit, and the insert sequence was confirmedUltrafree-MC 5 kDa molecular mass cutoff spin filter. The

by DNA sequence analysis (MOBIX, McMaster University).
Enzyme PurificationFull-length native Tarl and TarJ were
coexpressed and copurified froEscherichia coliBL21-
(DE3) cells transformed with pDEST14-TarlJ grown at 37
°C to an optical density (600 nm) of 0.5 in Luri@ertani
media (4L) supplemented with 50g/mL ampicillin. The

reaction product was used without any further purification.
Bcsl and TarlJ Steady-State Kinetic Analysis of Forward
Reactionslinitial rate data for Bcs1 and TarlJ were collected
at various concentrations of NADPH and ribulose 5-phos-
phate for the reductase reaction and of CTP and ribitol
5-phosphate for the cytidylyltransferase reaction. The Bcsl

cells were then induced with 1 mM IPTG and grown for an assay mixture for the reductase reaction was composed of
additiona 4 h prior to harvest by centrifugation at 10@00 25 mM HEPES, 1 mM DTT, 8%M CTP, 10 mM MgC},
The cells were washed with a 0.85% saline solution, pelleted,0.01 mg/mL BSA, and 2.26 nM Bcsl. The substrates
and resuspended in 50 mL of lysis buffer (25 mM HEPES, NADPH and ribulose 5-phosphate were varied from 5 to 60
pH 8.0, 1 mM DTT, 0.5 mg of DNase, 0.5 mg of RNase). uM and 50 to 80QuM, respectively. The assay mixture for
All subsequent steps were performed atGl Cells were the cytidylyltransferase reaction was composed of 25 mM
lysed by passage through a French press at 20000 psi andHEPES, 1 mM DTT, 8%M CTP, 10 mM MgC}, 3 uCi of
clarified by centrifugation at 400@Cor 2 h. Clarified lysate [5-°H]CTP, 0.01% Triton X-100, and 0.1 nM Bcsl. The
was loaded onto a Q-Sepharose fast-flow column (50 mL; substrates CTP and ribitol 5-phosphate were varied from 2.5
Amersham-Pharmacia, Baie d'Urf@uebec, Canada) equili- to 42.5uM and 10 to 16QuM, respectively.
brated with 25 mM HEPES, pH 8.0, and 1 mM DTT. A The Tarld assay mixture for the reductase reaction was
gradient of 6-1 M NaCl was applied to the column at a composed of 25 mM HEPES, 1 mM DTT M ZnCl,, 0.01
flow rate of 3 mL/min to elute the bound protein. Collected mg/mL BSA ,and 5 nM TarlJ. The substrates NADPH and
fractions were analyzed by SBSPAGE and visualized by  ribulose 5-phosphate were varied from 2 to 44 and 15
Coomassie blue staining to identify the proteins of interest. to 240uM, respectively. The assay mixture for the cytidyl-
Suitable fractions were pooled and treated with saturatedyltransferase reaction was composed of 25 mM HEPES, 1
ammonium sulfate to a final concentration of 03017 M mM DTT, 10 mM MgCh, 3 uCi of [5-3H]CTP, 0.01% Triton
(10—30%) to precipitate the Tarl and TarJ proteins out of X-100, and 0.5 nM TarlJ. The substrates CTP and ribitol
solution. The precipitate slurry was centrifuged at 26p00 5-phosphate were varied from 50 to 808 and 0.5 to 8.0
for 20 min and decanted. The resulting pellet was resus- mM, respectively.
pended in 5 mL of gel filtration buffer (25 mM HEPES, pH The data were fit by nonlinear least squares regression to
8.0, 1 mM DTT, 100 mM NaCl) and loaded onto a an equation that describes a ternary complex model (eq 1)
preequilibrated Superdex 200 gel filtration column (127 mL; (17) using the Enzyme Kinetics Module 1.1 of Sigmaplot
Amersham-Pharmacia, Baie d’'Urf@uebec, Canada). The 8.0 (SPSS Inc., Chicago, IL). In the equatioKs,and Ky
protein was pooled and stored in aliquots containing 10% are the respective Michaelis constants of the substrates while
glycerol at—80°C. The concentration of the purified protein A and B are their concentration, is defined to be the
was determined by a method described by Gill and von dissociation constant fok (17).
Hippel (15). The H. influenzaeenzyme Bcsl was overex-
pressed and purified as previously describ@d ( _ Vina\B

Reductase and Cytidylyltransferase Assay® reductase N KK, + KB+ KA+ AB
reactions were assayed continuously by monitoring a de-
crease in NADPH concentrations using absorbance (absor- Bcsl and TarlJ Product Inhibition StudieBhe reductase
bance 340 nm, extinction coefficient 6220-Mcm™2) and activities of Bcs1 and TarlJ were monitored in the presence
fluorescence detection methods (excitation 340 nm, emissionof their product inhibitors NADP and ribitol 5-phosphate.
445 nm). Fluorescence measurements were used in situationkikewise, the cytidylyltransferase activities were monitored
where low NADPH concentrations required a greater sen- in the presence of the product inhibitors pyrophosphate and
sitivity. Fluorescence data were collected using a PTI CDP-ribitol. In these reactions, one substrate was varied in
spectrofluorometer (Photon Technologies International, Lon- concentrations similar to the initial velocities studies, while
don, Ontario, Canada). Absorbance data were collected usinghe other substrate was fixed at either subsaturating or
a Spectramax Plus 96-well platereader (Molecular Devices, saturating concentrations. The data from various inhibitor

(1)

v
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concentrations were fit by nonlinear least squares regression 1 2 3 4
to models describing competitive (eq 2), noncompetitive (eq
3), uncompetitive (eq 4), or mixed inhibition (eq 3)7f using 97.4 —
the Enzyme Kinetics Module 1.1 of Sigmaplot 8.0 (SPSS
Inc., Chicago, IL). 66.2 —
Vimax 50— =
YT IF (K9 + K @ O
v = Vmax (3)
A+ IUK)A+ K/ 31.0—
' T———
Vmax
YTIHUK +K,JS ) 215 —
14.4 — e
v Vinax (5) Ficure 2: Purification of recombinant Tarl and TarJ. An SBS

polyacrylamide gel (12% acrylamide w/v) stained with Coomassie
blue was used at each step to analyze the sample purity. Shown
. L. . . . are clarified cell lysate (589, lane 1), Q-Sepharose anion-exchange

_ Molecular Weight Determination by Sedimentation Equi- ool (20ug, lane 2), 16-30% ammonium sulfate cut (2@, lane
librium. The solution molecular weights of Bcs1 and Tarld 3), and Superdex 200 gel filtration pool (2@, lane 4). Prior to

were determined using sedimentation equilibrium analysis electrophoresis, proteins were denatured by boiling in Laemmli
performed on the Beckman-Coulter XL-I analytical ultra- b“ﬁer_f_(g’dl)_ containing 5% ﬁ_—mercaptoe:]hanol. Tarl and TarJ
centrifuge (Palo Alto, CA). Loading concentrations of 3.14, fgfgﬁ\y'eze'Qnﬁpffrfgg,sfg'scpégmiﬁ? with molecular masses  of
6.30, and 9.44:M (corresponding to 0.1, 0.2, and 0A3sy

values, respectively) for Bcsl and 4.64, 6.97, and @99

(corresponding to 0.25, 0.38, and 5y values, respec- RESULTS

tively) for TarlJ were loaded into a 6-channel epatarcoal

cells with a 1.2 cm path length. Equilibrium of protein Overexpression and Purification of TarllVe first at-
concentration gradients was developed for-18 h using tempted to overproduce Tarl and TarJ individually from their
rotor speeds of 10k14k rpm for Bcsl and 11k rpm for  respective genes using the T7 expression system described
TarlJ. The reference solvent was composed of 25 mM herein but found no obvious protein overexpression on
HEPES, pH 7.2, and 150 mM NaGCy & 1.007 g/mL) for analysis of either of these clones using SEFAGE with
Bcsl and 25 mM HEPES, pH 7.2, 200 mM NaCl, 1 mM Coomassie brilliant blue detection (data not shown). We
DTT, and 1uM ZnCl; (o = 1.009 g/mL) for TarlJ, to which  turned instead to a single T7 expression construct (bDEST14-
the proteins were dialyzed against. Solvent conditions TarlJ) that contained these genes in tandem just as they are
incorporating 10«M CTP and 10 mM Mgd] (p = 1.008 present on th&. aureughromosome. Figure 2 shows SBS
g/mL) were investigated for Bcsl to analyze their impact PAGE analysis of the cell lysate and three purification steps
on oligomer formation. The collected absorbance data) where species with apparent molecular masses of 26 and 41
were analyzed using the Beckman-Coulter Optima XL-1 kDa, corresponding to those of Tarl (26.7 kDa) and TarJ
Analytical Ultracentrifuge Origin Data Analysis Package (38.5 kDa), respectively, copurified in roughly equimolar
(version 60-4) along with Microcoal Origin 6.0. Partial ratios. The notion that these proteins copurified as a complex
specific volumes (0.737 mL/g for Bes1 and 0.735 mL/g for was further tested with another overexpression construct that
TarlJ) and solvent density were calculated using the public placed a hexahistidine tag at the amino terminus of Tarl in
domain SEDNTERP program developed by Hayes, Laue, the tandem overexpression system. Purification of the
and Philo (http://www.rasmb.bbri.org/). The gradients were hexahistidine-tagged Tarl using nickel affinity chromatog-
fit to a self-association model withk&; equal to the inverse  raphy resulted in copurification of apparently equimolar TarJ
of Kaeonc)Calculated using eq 6L8). The molar extinction (data not shown).

T (K9 + 1K) + (1 + 1/(aK)

coefficiente was calculated to be 31770 cirM 2 for Besl Molecular Mass Determination of Besl and TarlTo
and 53840 cm' M~ for TarlJ, | is the cell path length of  getermine the solution molecular mass of Bes1 and Tarld,
1.2 cm,n is the order of oligomer formation, arths)is we used analytical sedimentation techniques. Sedimentation

the absorbance association coefficient determined by non-gquilibrium data collected for Bes1 at multiple rotor speeds
linear regression to the proposed model using the analysis,yere pest fit with a monomerdimer association model with
software described above. The monomer molecular masses, gissociation constant of 1.261 and a homodimer of 106.4
of Besl and TarlJ were 53190 and 65105 Da, respectively, kpa (Table 1 and Supporting Information Figure 1). We
calculated from amino acid sequences. The monomer mo-poted previously that the combination of MgGind CTP
lecular mass of TarlJ was calculated to be the sum of Tarl appeared to stabilize purified preparations of Bes1 in our

and TarJ individual monomer molecular masses. assay systems). We therefore also collected sedimentation
1 equilibrium data in the presence of Mg@10 mM) and CTP

K —K (el) (6) (100uM). In these conditions (Bcs1 ranged in concentration

a(cone) Tra(@bs) from 3.8 to 11uM) the homodimer predominates such that
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Table 1: Oligomeric State of CDP-ribitol Synthase
Besl Tarld A
Stokes radii 3.99 nm
Soou” 7.26S €
monomer MW 53190 Da 65105 Da %
oligomer formatiof dimer dimer (bJ) E
Ky 1.26uM 0.76 uM °
Kg+cre® single species dimer 2
calculated MW 129 kDa -
oligomer MW¥ 106380 Da 130210 Da
2 Determined from gel filtration chromatography. See Supporting 2
Information Figure 2 (insetf Determined from sedimentation velocity

studies. See Supporting Information Figuré Zalculated from amino
acid composition; in the case of TarlJ the value is the sum of the
individual molecular masses of Tarl and T&tDetermined from 1/Ribulose-5-Phosphate (uM)
sedimentation equilibrium experiments. See Supporting Information 600 -
Figures 1A and 3¢ Determined from sedimentation equilibrium experi- B .
ments performed in the presence of 200 CTP and 10 mM MgGl. 500
See Supporting Information Figure 1BCalculated from eq 7 using
gel filtration and sedimentation velocity dafCalculated from the
amino acid composition of the proposed oligomer formed.

0.010 -0.005 0.000 0.005 0.010 0.015 0.020 0.025

400 -

300 4
a single species of 106.4 kDa was predicted by the analysis
(Table 1).

Analysis of the solution molecular mass of TarlJ was
complicated by the fact that a number of models are possible 100
for the formation of oligomers including the two species.
SDS-PAGE analysis with Coomassie brilliant blue staining
of purified protein revealed roughly stoichiometric amounts
of Tarl and TarJ. Sedimentation velocity and gel filtration
experiments on purified protein revealed a sedimentation
constant of 7.26 S and a Stokes radius of 3.99 nm, cncentrations of NADPH and a fixed concentration of ribulose

respectively. The anhydrous molecular masgdf the TarlJ 5-phosphate. (A) Double reciprocal plots ofs Mersus 1/[S] for
complex was determined to be 129 kDa (Table 1, Supporting Bcs1. The concentration of NADPH was fixed au# (@), 10

Information Figure 2) using the relationship described in eq #M (©), 20 uM (v), 40 uM (v), and 60uM (M) while the

: ) : : : concentration of ribulose 5-phosphate was varied from 50 to 800
7 whereN, is Avogadro’s numbery is solvent viscositys uM. (B) Double reciprocal plots of L/versus 1/[S] for TarlJ. The

is the Svedberg coefficienp is solvent densityrs is the concentration of NADPH was fixed at;aV (@), 4 uM (O), 8 uM
Stokes radius of the complex, amdis the partial specific (), and 16uM (¥) while the concentration of ribulose 5-phosphate
volume of the complex1©9). A molecular mass of 130210 was varied between 15 and 24B1. All data were fit by nonlinear

Da can be calculated from the amino acid composition of least squares regression to a sequential mechanism W_here aternary
recombinant proteins that would make up a heterotetramercomplex forms, as described by eq 1. Steady-state kinetic parameters

. - can be found in Table 2.
composed of two subunits of Tarl and two subunits of TarJ.

1/Rate (nmol/min)

200 -

-0.04 -0.02 0.00 0.02 0.04 0.06 0.08
1/Ribulose-5-Phosphate (uM)

Ficure 3: Bcsl and TarlJ initial velocity patterns for the reductase
reaction. Initial rate data for the reductase reaction at varying

_ 6NAnr S 7 analysis was conducted on the cytidylyltransferase reactions
- (1— pv) (7 that TarlJ and Bcs1 catalyze by varying CTP at fixed ribitol
5-phosphate concentrations. The intersection of the double
Using the Tarld, model for oligomerization of TarlJ, we  reciprocal plots to the left of the-axis represents the

turned to sedimentation equilibrium to confirm our findings formation of a sequential ternary complex for the reductase
from sedimentation velocity and gel filtration experiments. reactions (Figure 3) and the cytidylyltransferase reactions
Sedimentation equilibrium experiments at concentrations (Figure 4) of Bcsl and Tarld. The kinetic constants deter-
ranging from 4.6 to 9.3:M were fit best by a model that  mined for each reaction are outlined in Table 2.
described dimerizatiorK( of 0.76 uM) of a single species The reductase reactions catalyzed by Bcsl and by TarlJ
corresponding to the mass of a heterooligomer of one subunitshow similar Michaelis constants for the reduced cofactor
of Tarl and one subunit of TarJ having a total mass of 65105 NADPH and the phosphorylated ketose substrate ribulose
Da (Table 1, Supporting Information Figure 3). Thus the 5-phosphate; however, they have dissimilar turnover rates.
oligomerization was found to have a monomeimer The turnover of Becsl's reductase reaction is 10-fold higher
equilibrium where the association was of stably associatedthan that of TarlJ, 7.62"$ compared to 0.79 3. The

heterodimers (i.e., Tarld TarlJ< TarlJ). cytidylyltransferase reactions showed only roughly a 3-fold
Steady-State Bisubstrate Kinetic Analysis of Bcsl and difference in turnover, 23.5°% for Bcs1 and 76.8 3 for
TarlJ Cytidylyltransferase and Reductase Reactions. TarlJ; however, they have widely varying Michaelis con-

address the kinetic mechanisms of the TarlJ and Bcslstants for the reactions. TH&, values for CTP and ribitol
bisubstrate reductase reactions, initial velocity studies were5-phosphate in the case of Bcsl were 8.51 and Ay
conducted, varying NADPH concentrations at fixed levels respectively, compared to 781 and 1.28 mM for TarlJ,
of ribulose 5-phosphate. Similarly, a bisubstrate steady-staterespectively.



Kinetics of Bifunctional CDP-ribitol Synthase Biochemistry, Vol. 43, No. 37, 2004.1807

2500 - studies were performed for TarlJ and Bcsl. In the case of
A Bcs1, competitive inhibition was observed between NADPH
2000 - and NADP" as well as between ribulose 5-phosphate and
_ ribitol 5-phosphate. Noncompetitive/mixed inhibition was
E 15004 observed between the substrate ribulose 5-phosphate and
£ product NADP and between the substrate NADPH and
g 1000 4 product ribitol 5-phosphate (Table 3, Supporting Information
z Figure 4). A product inhibition pattern comprised of two

exclusive competitive substrat@hibitor pairs suggests a

] Theorel-Chance mechanism. In this situation of an ordered

bi-bi mechanism, product release is rate limiting with

essentially no accumulation of the ternary complex. Hence
binding order could not be elucidated from product inhibition
1/Ribitol-5-Phosphate (uM) alone and was supplemented with binding analysis (see
below). Nevertheless, the data suggest substgateduct
binding pairs composed of the oxidized and reduced cofactors
and the two phosphorylated carbohydrates.

Product inhibition of the TarlJ reductase reaction was
investigated using the product NADPas an inhibitor.
Noncompetitive/mixed inhibition was observed between the
substrate ribulose 5-phosphate and NADA#Ad competitive
inhibition between NADPH and NADP(Table 3, Support-
ing Information Figure 5). Using ribitol 5-phosphate as an
inhibitor proved to be problematic as no inhibition was

, ] : , , , , observed up to 10 mM. However, from the inhibition patterns
10 05 00 05 10 15 20 25 observed, an ordered mechanism where NADPH binds first
1/Ribitol-5-phosphate (mM) and NADP leaves last is Implled (SCheme 2) Noncompeti-
FiGURE 4: Bcs1 and TarlJ initial velocity patterns of the cytidyl-  1ve/mixed inhibition between ribulose 5-phosphate and
yltransferase reaction. Initial rate data for the cytidylyltransferase NADPH excludes a random mechanism, and competitive
reaction at varying concentrations of CTP and fixed concentrations inhibition between NADPH and NADPsuggests that these

of ribitol 5-phosphate. (A) Double reciprocal plots ofversus molecules each individually bind to the apo form of the
1/[S] for Besl. The concentration of CTP was fixed at 214 enzyme

(@), 7.54M (O), 12.5uM (¥), 22.5uM (v), and 42.5:M (m) yme . .
while the concentration of ribitol 5-phosphate was varied from 10~ Binding Studies for the Bcs1 Reductase Agtbite. To
to 80uM. (B) Double reciprocal plots of Liversus 1/[S] for TarlJ. discern binding order for the reductase reaction of Bcsl, the

The concentration of CTP was fixed at 50 (@), 100uM (O), dissociation constants for each substrate were determined.
200uM (v), 400uM (V), and 80QuM (M) while the concentration = Thjs \yas necessary as in a Theor&lhance mechanism only

of ribitol 5-phosphate was varied between 0.5 and 8 mM. Reaction . . - . P
progress was monitored by the production oRF§CDP-ribitol binding pairs can be determined from product inhibition

using anion-exchange HPLC. All data were fit by nonlinear least Studies. In the case of this mechanism kaeandK, for the
squares regression to a sequential mechanism where a ternarfirst binding substrate should be roughly equivalent while
complex forms, as described by eq 1. Steady-state parameters arghe K, is significantly less tharKy for the second binding
listed in Table 2. substrate17). We used the intrinsic protein fluorescence of
Bcsl to monitor the binding of the substrate ribulose
Dissimilar rates and Michaelis constants of the two coupled 5-phosphate. The relative change in protein fluorescence on
reactions of TarlJ predict an uneven catalytic turnover incubation with ribulose 5-phosphate can be fit to a one-site
between the active sites. In a bifunctional model with saturation rectangular hyperbola withkg of 1.25 mM
intermediate diffusion between the reductase and cytidylyl- (Figure 5A). The dissociation constant of NADPH was
transferase active sites, the 100-fold difference in rate determined using fluorescence resonance energy transfer
prevents the accumulation of millimolar concentrations of (FRET) between active site aromatic amino acids and
ribitol 5-phosphate. In most biological systems the intracel- NADPH. The saturable FRET was fit to a rectangular
lular substrate concentration is roughly equivalent to the hyperbola with aKq of 5.56 uM (Figure 5B). Thus the
observed Michaelis constant for an enzym0, (21). observedK, (7.06 uM) and Ky for NADPH are relatively
However, the kinetic constants outlined for TarlJ present a equivalent. For ribulose 5-phosphate, on the other hand, the
situation where the concentration of the intermediate at steadyK,, (106 «M) is 10-fold lower than theKy for ribulose
state will be manyfold lower than the determin&glof ribitol 5-phosphate. Together, the data suggest that NADPH binds
5-phosphate for the cytidylyltransferase of TarlJ. Indeed, we first and that ribulose 5-phosphate binds second (Scheme
have addressed this paradox in some detail in our rapid?2).
mixing studies described below. Product Inhibition Studies of the Bcs1 and TarlJ Cytidyl-
Product Inhibition Studies on the Bcsl and Tarld Reduc- yltransferase ReactionProduct inhibition studies were
tase ReactionTo discriminate between ordered and random conducted on the cytidylyltransferase reactions of Bcs1 and
mechanisms and to gain some insight into the order of TarlJ. As mentioned earlier, each of these enzymes undergoes
substrate binding and product release for the reduction ofternary complex formation and, hence, requires further
ribulose 5-phosphate to ribitol 5-phosphate, product inhibition studies to elucidate the mechanism. Product inhibition studies
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Table 2: Summary of Kinetic Constants

KealKm
substrate Km (uM) Keat (571) Kia (uM) (M~Ys™)
reductase
Besl
NADPH 7.06+ 1.89 7.414+0.41 33.4+11.2 1.05x 10°
ribulose-5-P 106t 24 7.02x 10¢
Tarld
NADPH 6.74+ 1.64 0.79+ 0.06 21.44+11.7 1.17x 1¢°
ribulose-5-P 28.5-13.1 2.77x 10¢
cytidylyltransferase
Bcsl
CTP 8.51+ 1.50 23.5+1.42 15.0+ 6.1 2.76x 10F
ribitol-5-P 147+ 3.5 1.59x 10°
TarlJ
CTP 78.9+ 33.2 76.8+ 6.5 376+ 168 9.73x 10°
ribitol-5-P 1280+ 390 5.98x 10
Table 3: Summary of Reductase Product Inhibition Studies
inhibitor varied substrate fixed substrate pattern of inhibition Kii (uM)? Kis (M)®
Besr
NADP* NADPH ribulose-5-P (20@M) competitive 173+ 26
NADP* ribulose-5-P NADPH (2@:M) noncompetitive/mixed 438- 24
ribitol-5-P NADPH ribulose-5-P (200M) noncompetitive/mixed 148-7.1
ribitol-5-P ribulose-5-P NADPH (22M) competitive 46.1+ 6.6
Tarld
NADP* NADPH ribulose-5-P (6@&M) competitive 96.8+ 16.2
NADP* ribulose-5-P NADPH (1@M) noncompetitive/mixed 318 130 403+ 101
ribitol-5-P NADPH ribulose-5-P (6@M) >10 mM
ribitol-5-P ribulose-5-P NADPH (12M) >10 mM

2 Kii, Kigntercepy = 0Ki. ? Kis, Kisiopey = Ki. ¢ Data derived from nonlinear regression. See Supporting Information FigdBata derived from
nonlinear regression. See Supporting Information Figure 5.

of the cytidylyltransferase activity of Bcsl demonstrated The kinetic mechanism of the cytidylyltransferase reaction
competitive inhibition between the phosphorylated carbo- that the TarlJ complex catalyzes is similar to that of Bcsl
hydrate ribitol 5-phosphate and inorganic pyrophosphate. in that it is ordered; however, the order of substrate binding
However, noncompetitive/mixed inhibition was observed and product release are dissimilar and, in fact, are inverted
among all other substratgroduct pairs (Table 4, Supporting  (Scheme 3). That is, the substrates have interchanged the
Information Figure 6). Product inhibition patterns with a order of primary binding as well as the order of product
single competitive substraténhibitor pairing are indicative  release.

of an ordered bi-bi mechanism. Additionally, the competitive
pairing designates the first binding substrate, ribitol 5-phos-
phate, and the last product to leave the active site, pyro-
phosphate. To test the competitive nature of inorganic
pyrophosphate with the substrate ribitol 5-phosphate, the
latter was held at saturating concentrations while CTP and
pyrophosphate were varied. No inhibition was observed as

the high substrate concentration out-competed inhibition from . . .
the product. This is consistent with an ordered bi-bi mech- and cytidylyltransferase (rapid quench) reactions, we ob-

anism, as saturating concentrations of the first binding S€'ved @ significant lag~300 s) to reach steady state,

substrate should negate any inhibition from its competitive corresponding to the time required to accumulate ap-
partner. proximately a 12uM amount of the intermediate ribitol

Product inhibition studies on the cytidylyltransferase S-Phosphate (Figure 6). Modeling of the reaction with the
reaction of the TarlJ complex revealed competitive inhibition Stéady-state parameters outlined in Table 2 suitably predicted
between the CDP-ribitol product and the substrate CTP. the time course for depletion of substrates and production
Noncompetitive/mixed inhibition was observed among all ©f intermediate and of products (Figure 6). The fact that the
other substrateproduct pairs (Table 4, Supporting Informa- time course for the bifunctional reaction was consistent with
tion Figure 7). The pattern of product inhibition suggests an that predicted by steady-state kinetic parameters for each
ordered bi-bi mechanism with the substrate CTP binding first active site suggested that the intermediate ribitol 5-phosphate
and the product CDP-ribitol leaving last. An additional test Was not channeled between active sites but released to the
with saturating concentrations of CTP while varying ribitol bulk solvent. The high ribitol 5-phosphaté, and high
5-phosphate and CDP-ribitol concentrations revealed no cytidylyltransferase turnover, relative to the reductase turn-
inhibition from the product. Competition of the substrate with over to which it is coupled, create a situation where the
the inhibitor CDP-ribitol confirmed the ordered bi-bi mech- cytidylyltransferase active site operates at a substrate con-
anism with CTP binding first and CDP-ribitol leaving last. centration 100-fold lower than it&n.

Rapid Mixing Experiments and Steady-State Reaction
Modeling for TarlJ.To examine the possibility of substrate
channeling between the two enzymes in the TarlJ complex,
we used rapid mixing methodology to examine the lag time
to approach steady-state as well as steady-state intermediate
concentration. Starting with CTP, ribulose 5-phosphate, and
NADPH and monitoring both the reductase (stopped flow)
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0.8 metabolic pathway, easing the limitations of small molecule

diffusion within complex organisms or preventing side
reactions occurring with intermediates that produce toxic
effects @2, 23). More recently, the question of gene fusion
has also been a focal point for a whole-genome computa-
tional approach referred to as the Rosetta stone theory for
gene annotation. The thesis that fusion to form a composite
protein encoded in the genome of one organism often implies
functional association of separate component proteins in
another has proven effective in functional annotation of genes
of unknown function {2—14).

From the composite protein Bcsl frar influenzaewe
predicted a functional association and physical interaction
between the proteins Tarl and TarJ using the Rosetta stone
criteria. The prediction was that Tarl and TarJ would
functionally associate to form CDP-ribitol synthaseSn
aureus Interestingly, orthologous domains were found solely
in cytidylyltransferase domains (N-terminal region of Bcsl
and Tarl) while reductase domains were analogous (C-
terminus of Bcsl and TarJ). Thus while the Rosetta stone
0 i i i i i i i ‘ criteria were not strictly upheld, Tarl and TarJ proved to

0 5 10 15 20 25 30 35 associate to form an active CDP-ribitol synthase complex.
NADPH (uM) In this work we present data outlining the kinetic mechanisms
FiGURe 5: Determination of dissociation constants of NADPH and  Of the cytidylyltransferase and reductase reactions along with
ribulose 5-phosphate for the Bcs1 protein. (A) Excitation of Bcs1 biophysical data pertaining to the oligomeric state of the
at %84 nén I\rleAsSIFt)%d intfrl]ugrr]egcr;e,rslg% Lefnoge}pnce n?ré?rﬂ 5tlrr;:]mmsfesr h(gRET):DP-ribitol synthases froril. influenzaeand S. aureus
itg thoeugRET as a \fAL/JInction ofINAIDPH z;((ltld:d. Fit of the data t\ga Hydradynamic experiments pre.sented here d.emonstrated
rectangular hyperbola yielded a dissociation constant of 56  that both Besl and TarlJ form higher order oligomers. A
0.52uM for NADPH. (B) Intrinsic protein fluorescence quenching monomet-dimer equilibrium Ky of 1.3 M) was evident
of 1 uM Bcsl was observed upon addition of substrate ribulose for Bcs1 with the dimer predominating in the presence of
oo Sotuaon 300y 560 v vt o 2o SU2See CTP and MaCiThe aigomerization of arl was
The relative change in fluorescence upon regression to a rectangularbeSt described by a.mo.del where a TarlJ heterodimer could
hyperbola resulted in a dissociation constant of :28.10 mM. undergo homodimerizatiotif of 0.84M) to form a complex
Fluorescence spectra were collected using a PTI spectrofluorometeicorresponding to two subunits of Tarl and two subunits of
(Photon Technologies I(;lte;n;éior:?/ll, h%nggg, ?nr?&ob%'o}n%l@ma). TheTarJ (Tarbd,). The presence of higher order oligomers may
mixture was composed o , , i i _ribi i
RS0 TR 2 01 oL S dogesad frou el ST U of O G Sy sy
vacuum filtration and bubbled with nitrogen gas to displace .-~ . o '
dissolved oxygen. Control spectra of buffer alone, protein and Dilization of the reductase activity of Bcsl with CTP and
buffer, and substrate and buffer were used to correct for changesMgCl, (6) of the dimeric structure observed here may
in fluorescence not due to proteifigand binding. FRET and  indicate some level of biochemical regulation by substrates.
intrinsic protein fluorescence quenching data were fit to a rectan-  |itigl velocity bisubstrate analysis, product inhibition
gular hyperbola using the Enzyme Kinetics Module v1.1 of . o .
Sigmaplot 8.0. e_xpe.nments, :_:md fluorescence binding s@udles revealed
kinetic mechanisms for the reductase and cytidylyltransferase
reactions of Bcsl and Tarld. We found that the reductase
reaction of Becsl followed a TheorelChance mechanism
(17), a special case of ordered bi-bi mechanism with very
little accumulation of a ternary complex. NADPH binds first
and NADF is the final departing product for Bcsl. In the
NADP case of the reductase reaction of TarlJ, product inhibition
T experiments could not be completed, but the data were most
consistent with an ordered mechanism identical to that
proposed for Bcsl. Such a mechanism is common for
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Scheme 2: TheoreliChance Mechanism Proposed for the
Reductase Reaction of Bcsl (Top) and OrderedHi
Mechanism Proposed for the Reductase Reaction of TarlJ
(Bottom)
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DISCUSSION

family (25).
Steady-state kinetic studies were additionally used to probe
the mechanism of cytidylyltransferase by Bcs1 and TarlJ. It

was found that these activities were ordered with identical
The evolutionary logic of fusion and/or complex formation substrate-product binding pairs; however, the order of
of protein modules to create multifunctional proteins has been binding was inverted. The reaction of Bes1 followed a kinetic
the subject of curious study by enzymologists for many years. mechanism where ribitol 5-phosphate binding is followed
It has been argued that heterooligomerization increases theoy CTP. After nucleotidyl transfer, CDP-ribitol is the first
effective concentrations of, for example, enzymes in a product to leave followed by pyrophosphate. This mechanism
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Table 4: Summary of Cytidylyltransferase Product Inhibition Studies

inhibitor varied substrate fixed substrate pattern of inhibition Kii (uM)? Kis (uM)®
Bcsr
CDP-ribitol ribitol-5-P CTP (2QuM) noncompetitive/mixed 40.8 2.5
CDP-ribitol CTP ribitol-5-P (4Q:M) noncompetitive/mixed 11456 19.7+ 3.5
PR ribitol-5-P CTP (2QuM) competitive 9.40f 1.42
PR CTP ribitol-5-P (4QuM) noncompetitive/mixed 48.8 5.6
PR CTP ribitol-5-P (1 mM) no inhibition
Tarl¥
CDP-ribitol ribitol-5-P CTP (20Q:M) noncompetitive/mixed 42630
CDP-ribitol CTP ribitol-5-P (200@:M) competitive 340+ 50
PR ribitol-5-P CTP (20QuM) noncompetitive/mixed 2048 210
PR CTP ribitol-5-P (200Q:M) noncompetitive/mixed 1398 170
CDP-ribitol ribitol-5-P CTP (7.5 mM) no inhibition

2 Kii, Kigntercepy = 0Ki. P Kis, Kisiopey = Ki. ¢ Data derived from nonlinear regression. See Supporting Information FigdrBaa derived from

nonlinear regression. See Supporting Information Figure 7.
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phate and CTP1{). In contrast, experiments reported here
with TarlJ indicated that CTP binds first, followed by ribitol
5-phosphate. Postcatalysis, the product pyrophosphate exits
the active site, followed by the activated precursor CDP-
ribitol. The difference in kinetic mechanism seen with the
two cytidylyltransferases was surprising given the extensive
sequence similarity between Tarl and the N-terminal domain
of Bcsl. While little mechanistic information exists for
related bacterial nucleotidyltransferases, our findings are

The reductase reaction was monitored through the observation ininteresting in light of crystal structural information on the

a decrease of absorbance at 340 nm using a stopped-flow apparatu
over a course of six trials. The cytidylyltransferase reaction was

monitored by rapid quench through the conversion ofHJcTP

to [5-2H]CDP-ribitol using anion-exchange HPLC with in-line
radioactivity detection performed in duplicate. The concentration
of the intermediate ribitol 5-phosphate was calculated from the

difference between the reductase turnover and the product CDP-

ribitol concentrations. Modeled data were calculated through
numerical integrationtal s intervals using steady-state parameters

ﬁomologues 4-diphosphocytidyl@-methylerythritol syn-
thetase (IspD/YgbP) and-acetylglucosamine-1-phosphate
uridylyltransferase (GImU). In the case of the former,
costructures with substrates bound are most consistent with
a sequential mechanism where the nucleotide binds first and
the nucleotide diphosphosugar derivative exits I8t (
Structural analysis of GImU, on the other hand, reveals a

listed in Table 2. The solid, dashed, and dotted lines represent thelarge open active site8( 26) that potentially could accom-
theoretical concentrations of the substrate NADPH, reaction modate either mechanism.

intermediatep-ribitol 5-phosphate, and product CDP-ribitol, re-

spectively, using the steady-state kinetic parameters for Tarld

described in this work. The concentration of NADPH at any given
time t was equal to 40M — 3 'k.o{E][NADPH]/(Ky, + [NAD-
PHY), wherekes = 0.8 s, Ky = 6.74uM, and [E]= 0.125uM.
The concentration of CDP-ribitol at any given tirhevas equal to

> T Kl E][Rt-5-Pk-1/(Km + [Rt-5-P}-1), wherekey = 78.9 s?,

Km = 1283uM, and [E]= 0.125uM. The concentration of ribitol

Having previously determined that Bcs1 catalyzed bifunc-
tional turnover in distinct active sites with the release and
free diffusion of the metabolic intermediate ribitol 5-phos-
phate 6), we were reluctant to consider the possibility of
intermediate channeling by TarlJ. Nevertheless, our steady-
state kinetic analysis raised some doubt as substrate binding

5-phosphate was equal to the difference between the decrease imrder appeared to be different in TarlJ. Furthermore, in the

NADPH and the concentration of CDP-ribitol at timé& he reaction
components consisted of 25 mM HEPES, pH 7.2, 0.4 mM CTP,
0.4 mM ribulose 5-phosphate, 0.4 mM NADPH, 10 mM MgCl
0.01% Triton X-100, %Ci of [5-*H]CTP, and 125 nM TarlJ. Rapid
mixing experiments were performed on the Tarld bifunctional
complex using a SFM-400/S mixer with a MOS-250 optical unit
(Molecular Kinetics, Pullman, WA).

is similar to that determined for the TarD enzyme that
catalyzes the formation of a teichoic acid linkage unit
precursor CDP-glycerol is. aureusfrom glycerol 3-phos-

case of TarlJ, the intermediate ribitol 5-phosphate had a high
Ki (=10 mM) for the reductase and higd, (1.28 mM) for

the cytidylyltransferase reaction. The high (andK;) value

for the intermediate suggested that it might be maintained
at a high concentration in a channel between the active sites.
The 100-fold difference itk.o between the two functions in
Tarld was likewise remarkable and not shared with Bcs1.
These differences led us to consider the plausibility of
substrate channeling in TarlJ and to investigate this idea
using rapid mixing methods.
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Substrate channeling is thought to be advantageous whereACKNOWLEDGMENT

the intermediate is chemically liable, reacts with a diffusion-
controlled limit, or is cross-reactive with other enzymatic
reactions 27—30). The metabolite ribitol 5-phosphate is not
especially labile, nor does it undergo cytidylyl transfer in
TarlJ at a diffusion-controlled limitk¢a/Km, 5.98 x 10 M1

s1). Rapid mixing experiments were used here to follow
the approach to steady-state catalysis in the bifunctional
reaction by following the formation of products NADRNd
CDP-ribitol on incubation with substrates NADPH, ribulose
5-phosphate, and CTP. These experiments indicated a rapi
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SUPPORTING INFORMATION AVAILABLE

Product inhibition plots for both the reductase and cytidyl-
yltransferase reactions and sedimentation equilibrium and
sedimentation velocity data for Bcs1 and TarlJ. This material
is available free of charge via the Internet at http://
d)ubs.acs.org.
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