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ABSTRACT: A model of theEscherichia colidTDP-glucose-4,6-dehydratase (4,6-dehydratase) active site
has been generated by combining amino acid sequence alignment information with the 3-dimensional
structure of UDP-galactose-4-epimerase. The active site configuration is consistent with the partially refined
3-dimensional structure of 4,6-dehydratase, which lacks substnatgeotide but contains NAD(PDB

file 1BXK). From the model, two groups of active site residues were identified. The first group consists
of Asp13®EH Glul36EH, Glu19&FH, Lys19%EH and Tyr30PEH. These residues are near the substrate
pyranose binding pocket in the model, they are completely conserved in 4,6-dehydratase, and they differ
from the corresponding equally well-conserved residues in 4-epimerase. The second group of residues is
Cys18PEH, Asn19®FH, and His232EH, which form a motif on thee face of the cofactor nicotinamide
binding pocket that resembles the catalytic triad of cysteine-proteases. The importance of both groups of
residues was tested by mutagenesis and steady-state kinetic analysis. In all but one case, a decrease in
catalytic efficiency of approximately 2 orders of magnitude below wild-type activity was observed.
Mutagenesis of each of these residues, with the exception of Cy&18¥hich showed near-wild-type
activity, clearly has important negative consequences for catalysis. The allocation of specific functions to
these residues and the absolute magnitude of these effects are obscured by the complex chemistry in this
multistep mechanism. Tools will be needed to characterize each chemical step individually in order to
assign loss of catalytic efficiency to specific residue functions. To this end, the effects of each of these
variants on the initial dehydrogenation step were evaluated using a the substrate analogue dTDP-xylose.
Additional steady-state techniques were employed in an attempt to further limit the assignment of rate
limitation. The results are discussed within the context of the 4,6-dehydratase active site model and chemical
mechanism.

dTDP-Glucose-4,6-dehydratdgeatalyzes the conversion first identified in the biosynthesis af-rhamnose 1). This
of dTDP-glucose into dTDP-4-keto-6-deoxyglucose and was and other 4,6-dehydratases catalyze the first committed step
in all 6-deoxysugar biosynthetic pathways described to date
"This work was supported by Grants GM30480 (P.A.F.) and (2). Numerous- 6-deoxysggars are usgd in b-aCteriaI “-_
GM20552 (J.W.G.) from the National Institute of General Medical pOPOIYsaCCha”de production as well as .|n the biosynthesis
Sciences. of a diverse array of secondary metabolitds-5).
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University of Wisconsir-Madison, 1710 University Ave., Madison, The chemical mechanism for the 4,6 dehydratase IS

WI 53705. Tel: (608) 262-0055. Fax: (608) 265-2904. E-mail; POStulated to proceed through several steps (Scheme 1;

frey@biochem.wisc.edu. reviewed in6) beginning with oxidation at glucosyl C4 by
* Both authors have contributed equally to this work. NAD™, generating dTDP-4-ketoglucose and NADH. Water
1 Abbreviations: AaXXXPEH, amino acid Aaa sequence numbetx . .
in 4,6-dehydratase; AXaOEP™M, amino acid Aaa sequence numBpetx IS then eliminated betvvgen glucosyl C.5 and C6, presumably
in 4-epimerase; XXXBPEH, amino acid A sequence numbiXX assisted by general acithase catalysis, to form dTDP-4-

variant B in 4,6-dehydratase; CD, circular dichroism; 4,6-dehydratase, ketoglucose-5,6-ene. Finally, the-S unsaturated ketone is

dTDPI-gIucosz—;lgl;delhydr;a;;elsdeT;g'TDD[lP-ng;Zogeétézr?iflihm;aﬁosg#- reduced by NADH at glucose C6, producing the product
a-D-glucose; -glucosé, -[1,2,3,4,5,6,6H7]glucose; , ;

dithiothreitol; dTTP, thymidine-Striphosphate; EDTA, ethylenedi- ~ dTDP-4-keto-6-deoxyglucose and regenerating NAOur
aminetetraacetic acid; 4-epimerase, UDP-galactose-4-epimerase; HEPES€cent characterization of a single-turnover reaction catalyzed
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid; MALDI-TOF MS, by 4,6-dehydratase by rapid mix-quench MALDI-TOF

matrix-assisted laser desorption/ionization time-of-flight mass spec- ; ; ; ;
trometry; MOPS, 34{-morpholino)propanesulfonic acid; NADnico- analysis fully supports this mechanism by showing the

tinamide adenine dinucleotide (oxidized); NADD,J41]nicotinamide transient appearance and kinetic competence of the dTDP-
adenine dinucleotide (reduced); NADH, nicotinamide adenine dinucle- 4-ketoglucose-5,6-en@)

otide (reduced); ORo, optical density at 600 nm; ORF, open reading . . ‘g
frame; R, inorganic phosphate; PDB, Protein Data Bank; PGM, . T_he 4’6'dehydratase 1S ph_y5|cally and meChamStlca”y
phosphoglucomutase; PMSF, phenylmethanesulfony! fluoride; TLC, Similar to UDP-galactose-4-epimerd¢8, 9). Both enzymes
thin-layer chromatography; TRIS, tris(hydroxymethyl)aminomethane;
UDP, uridine-5-diphosphate; wt, wild type.

2dTDP a-p-glucose 4,6-hydro-lyase, EC 4.2.1.46. 3 UDP a-p-galactose 4-epimerase, EC 5.1.3.2.
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Scheme 1 Scheme 2
4,6-Dehydratase 4-Epimerase
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of the NAD" (hydride transfer is to and from th& face)

are members of the extended short chain dehydrogenase?nd might be important for modulating the reactivity of the
cofactor. The kinetic and spectral consequences of altering

reductase superfamilyl() that use nicotinamide dinucle- these residues are reported in this paper and discussed in
otides to catalyze oxidoreductase chemistry. There is 25% P  Pap
the context of the reaction mechanism.

amino acid sequence identity between 4-epimerase and 4,6-
dehydratase, and they have similar three-dimensional struc-
tural folds 1, and PDB no. 1BXK). Both enzymes are EXPERIMENTAL PROCEDURES
homodimers, and each contains one irreversibly bound pmaterials
NAD™ cofactor in each subuni7( 12). For both enzymes,
catalysis begins with the same mechanistic step (compare Restriction endonucleases (exc&ap) and other DNA
Schemes 1 and 2), where tightly bound NADxidizes  modifying enzymes were purchased from Promega; pCYB1
carbon-4 in the hexopyranose moiety of the nucleotslegar ~ and Sag were purchased from New England Biolabs. All
substrate. The two mechanisms diverge following that step, deoxyoligonucleotides were obtained commercially (Cru-
as the 4-epimerase allows rotation of the 4-ketopyranose suctaichem, Dulles, VA) and further purified by urea denaturing
that reduction of the keto-functionality by NADH may occur acrylamide gel electrophoresis. Glycogen phosphorylase,
at either face to effect epimerization. hexokinase, phosphoglucomutase, and inorganic pyrophos-
A great deal is known about the structure and function of Phatase were purchased from Boehringer Manheim. UDP-
the E. coli 4-epimerase, but little information of this kind gIucqse—pyroghosphorylase and glycogen were frorg Sigma.
has been reported for the 4,6-dehydratase. The reactiorCalTier-free f#PJorthophosphate (10 mCi/mL) ang-f?P]-
catalyzed by 4,6-dehydratase is a fairly complex three-step~ 1P, (6000 Ci/mmol) were purchased from Amersham.
process (Scheme 1) that may be facilitated in many different S°dium fH]borohydride (450 mCi/mmol) was purchased
ways at various stages by enzymatic means. While elegantfrom American Radiolabeled Chemicals Inc. dTTP, dTMP-

experiments support the chemical and kinetic mechanism forMerPholidate o-b-glucose-1-phosphate, andb-xylose-1-
4,6-dehydratase (reviewed & 7), the precise mechanism phosphate were purchased from Aldrich. Wt 4,6-dehydratase

by which this enzyme directs catalysis is unknown. that was not purified using the affinity approach detailed

L . below was obtained using a procedure outlined previousl
Structural similarities between 4-epimerase and 4,6- 97) gap P y

dehydratase have here been used to generate a homolog

model of the 4,6-dehydratase active site. Two groups of pethods

active site residues in this model have been postulated to

engage in the oxidoreduction and dehydration phases. The DNA sequencing was performed by the University of
first group of residues, Asp185", Glu13&FH, Glu19&EH, Wisconsin Biotechnology Center Nucleic Acid and Protein
Lys199EH and Tyr30®5", is potentially involved in general  Facility. Nucleotide sugars: dTD&-p-xylose; dTDPe.-p-
acid/base catalysis of water elimination and the reduction glucose; and dTDR-D-galactose, were synthesized from
of the dTDP-4-ketoglucose-5,6-ene intermediate. The seconddTMP-morpholidate anda-b-xylose-1-phosphate,a-b-

6-deoxyglucose glucose-5,6-ene
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glucose-1-phosphate, andb-galactose-1-phosphate respec- Thiolysis of the intein-thioester was allowed to proceed for
tively, and purified as previously describeti3j. Standard 12—-14 h whereupon free 4,6-dehydratase was eluted from
UV/Visible measurements were made using a Shimadzu UV- the column with running buffer. Enzyme was exchanged into
1601PC dual beam spectrophotometer or a Hewlett-Packard?0 mM MOPS, pH 7.0, 1 mM DTT by ultrafiltration (YM-
8452A diode array spectrophotometer. NADH bound to 4,6- 30, and Centriprep-30, Amicon) and concentrated to 10 mg/
dehydratase was quantified using the extinction coefficient mL prior to freezing. The 4,6-dehydratase was delivered
for the 4,6-dehydrataseNADH complex at 355 nmess = dropwise into liquid nitrogen and stored &80 °C.

6000 Mt cm™%; 7). Pre-steady-state spectrophotometric  [3-32P]dTDP-Glucose.Carrier-free }?Plorthophosphate
traces were collected using an OLIS Inc. RSM-1000 stopped- (250 «Ci; 10 mCi/mL) and 3 mg of glycogen (washed by
flow spectrophotometer. lon-paired reverse-phase HPLC wasultrafiltration, Microcon 10, Amicon) were converted by 1

performed using a Waters Nova PalgColumn with a 2
mL/min constant-flow rate, 20 min linear gradient from
100% solution A (2.5 mM tetrabutylammonium sulfate in

25 mM potassium phosphate, pH 6.0) to 80% solution B

(80% acetonitrile). The column was pre-equilibrated with
200 mL of solution A prior to use. Analyte was detected

mg of glycogen phosphorylase, and 0.1 mg of PGM, to
glucose-14P]phosphate and glucose-8H]phosphate in
200 uL of 50 mM MOPS, pH 7.0, 10% glycerol, 5 mM
MgCl,, 1 mM DTT at 18°C in 2 days. The resulting
equilibrium mixture of glucose-13{P]phosphate and glucose-
6-[>?P]phosphate was ultrafiltered (Centricon 10, Amicon)

upon elution using an in-line UV/Visible absorbance detector to remove enzyme. The eluent was augmented with 5 mM
set to 267 nm. After each analysis, the column was washeddTTP, 0.1 mg of PGM, 25 units of UDP-glucose-pyrophos-
with a 100% spike of solution B and re-equilibrated for 10 phorylase, and 0.01 mg of inorganic pyrophosphatase and
min with solution A. A Beckman LS 6500 multipurpose diluted to 500uxL in 100 mM TRIS-HCI, pH 8.0, 10%
scintillation counter was used to quantify radioactivity. glycerol, 10 mM MgC}, 1 mM DTT at 18°C for 4 days.

Chitin Binding Protein/Intein/4,6-Dehydratase Fusion The resulting mixture containing$f*2P]dTDP-glucose was
Expression Construcihe 4,6-dehydratase expression con- purified by HPLC reverse-phase chromatography (Waters,
struct pTZ18UgalSDo355/f was modified by site-directed Nova Pak Gg, in 100 mM potassium phosphate, pH 6.0,
mutagenesis, using the Stratagene QuickChange kit as persocratic), and then anion exchange chromatography (Phar-
instructions (primers are listed in the Supporting Information) macia, 5 mL Mono-Q, 16500 mM NH,OAc, 50 mL
to introduce aSay restriction site at the '3end of the 4,6- gradient), and again to reverse-phase chromatography (same
dehydratase ORF. Digestion of pCYB1 wiflag and Pst column, run with water).4-*2P]dTDP-glucose was detected
liberated a 1.55 kb DNA fragment that was cloned into the as a single radioactive spot by TLC (described belBws
Sap and Pst sites of the modified 4,6-dehydratase expres- 0.3). The synthesis was performed in two steps to prevent
sion construct. The ORF and flanking sequences of the radioisotopic dilution of ?P]R by cold phosphate generated
resulting expression vector, pTZ18UgalSDo355CBPF, were by the hydrolysis of pyrophosphate from the deoxythymidy-
confirmed by DNA sequencing. lylation reaction.

Variant 4,6-Dehydratase Expression Construét 4,6- [3-3?2P]dTDP-Glucose andf-3?P]dTDP-Glucose-d for
dehydratase variants were prepared by site-directed mu-Isotope EffectsFor the measurement of isotope effects,
tagenesis of pTZ18UgalSDo355CBPF using a Stratagene[(-22P]JdTDP-glucose ang3f*?P]dTDP-glucosed; were syn-
QuickChange kit. Oligonucleotide primer sequences are listedthesized and purified in parallel. Then 1 mM glucose (or
in the Supporting Information. The DNA sequence was [1,2,3,4,5,6,68H7]glucose), 0.5 mCi of }-*2P]JATP, and 1
determined for the entire ORF for each variant to confirm mM dTTP were converted by 1 unit of hexokinase, 0.01 unit
the existence of planned modifications, and the absence ofof PGM, 1.3 units of UDP-glucose-pyrophosphorylase, and
unexpected alterations. 0.01 unit of inorganic pyrophosphatase in 100 of 100

Affinity Purification of 4,6-Dehydratas&L21(DE3)pLysS mM potassium phosphate, pH 7.8, 10% glycerol, 5 mM
cells (Novagen) were transformed with pTZ18UgalSD0355- MgCly, and 1 mM DTT, at 4°C, to [3-*?P]dTDP-glucose
CBPF and grown at 37C in 2x YT medium supplemented  (or [$-32P]dTDP-glucoset;) and R in 6 days. The labeled
with 50 ug/mL ampicillin and 37ug/mL chloramphenicol. =~ dTDP-glucoses were subjected to anion exchange chroma-
Cells were induced (Ofp = 1.2) with 0.2% lactose, tography (Mono-Q) as described above, and were desalted
harvested by centrifugation 12 h post-induction, and frozen by gel filtration (TOSOHAAS, Toyopearl HW-40S, 120 mL,
as pellets in liquid nitrogen. For purification, cells were in water).
thawed and resuspended to 0.33 g/mL in ice-cold lysis buffer ~dTDP-6-Deoxyglucose/galactos¥l DP-4-Keto-6-deoxy-

(20 mM MOPS, pH 7.0, 200 mM NaCl, 5 mM PMSF) and glucose was synthesized enzymatically from dTDP-glucose
broken by sonication. Following sonication, EDTA (0.5 M, using 4,6-dehydratase. The dTDP-4-keto-6-deoxyglucose was
sodium salt, pH 8.0) was added to a concentration of 5 mM; ultrafiltered (Centricon 10, Amicon) to remove enzyme. The
all subsequent steps were carried out on ice, or’@.4ell filtrate was treated with 50 mM sodium borohydride in 200
debris was removed by centrifugation (30 min, 8000 rpm, mM potassium bicinate, pH 8.5, until dTDP-4-keto-6-
Sorvall GSA rotor). The supernatant was brought to 3% deoxyglucose was no longer detectdd)( The nonstereo-
streptomycin sulfate, and the precipitate was removed by specific reduction of the 4-keto functionality resulted in a
centrifugation as above. The supernatant was diluted with 1 mixture of gluco- and galacto-dTDP-6-deoxypyranoses. The
volume of running buffer (20 mM MOPS, pH 7.0, 200 mM mixture of dTDP-6-deoxypyranoses was desalted on a
NaCl), and loaded directly onto a chitin affinity column (200 Toyopearl HW-40S gel filtration column (2.6 40 cm)

mL, 4 cm diameter) by gravity. The column was washed equilibrated and eluted with water.

with 2 L of running buffer and then 600 mL of cleavage Circular Dichroism SpectraSamples of wt 4,6-dehy-
buffer (running buffer with 30 mMg-mercaptoethanol).  dratase prepared using either the chitin/intein fusion construct
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or the nonfusion expression system, and each variant 4,6-Neisseria meningitidiBAA63157; Saccharopolyspora eryth-
dehydratase, were exchanged into 50 mM pH 7.5 potassiumraead AAA68211; Salmonella entericaRfoB/CAA40115;
phosphate using Sephadex G50 spin columns. SampleShigella flexneriRfbB/AAA53679; Streptomyces fradide
concentrations were adjusted to ©@4 Aygo unit/mL, and U08223; Streptomyces griselidAA44444. Twenty-six ad-
their circular dichroism spectra were recorded from 185 to ditional 4,6-dehydratase amino acid sequences were aligned
300 nm using an Aviv 62A DS Circular Dichroism Spec- after generating the homology model. That sequence align-
trometer. Molar ellipticity spectra were identical within error. ment was generated using the following additional organisms/
Dehydratase Assay and Steady-State Kinefiigquots of protein accession numberacetobacter xylinu€AC12984;
the reaction (37C in 100 mM TRIS, pH 7.5, 1 mM DTT, Actinobacillus actinomycetemcommitAr@0102; Actino-
1 mM EDTA) were quenched at various times by addition planes spgCAA77209; Aeropyrum perniBAA80166;
to a silica gel TLC plate (Whatman, LKEDF silica gel 60 Archaeoglobus fulgidu®69290; Campylobacter jejuri
A). Plates were dried and then developed in 30% methanol, CAC01395;Haemophillus influenz&AC22531; Methano-
5% acetic acid, 2% triethylamine, in ethanol. Initial rates bacterium thermoautotrophicuim69105; Mycobacterium
for the steady-state conversion of substrate to product weretuberculosisSLAB08730;Pyrococcus abys&75098;Pyro-
determined by quantitation of3{*?P]dTDP-glucose R = coccus horikoshiBAA29500; Rhizobium sp. NGR234
0.3) and p-*?P]dTDP-4-keto-6-deoxyglucos&(= 0.4) by AAB91680; Sinorhizobium mililoiCAB01951; Strepto-
phosphoimagery (Molecular Dynamics). Steady-state kinetic coccus mutan8AA11249; Streptococcus pneumoniae
characterization of wt and variants was performed in triplicate CAB05932;Streptomyces argillacelGAAQ07755; Strepto-
at substrate concentrations bracketing the Michaelis constantmyces aermitiliss/BAA84593; Streptomyces coelicoldk3-
Final kinetic constants were determined using a nonlinear (2)/CAB61555;Streptomyces rimosUsAD31893; Strepto-
regression to fit the data of rate vs substrate concentrationmyces spheroidé8AF67513; Streptomyces tenebrarius
to the Michaelis-Menten equation. AAG18457;StreptomycesiolacerubefS58686;Sulfolobus
Buffer System for pH Studie& 0.08 M piperazine (Kas solfataricu$CAB57474;Synechocystis SBAA10518; Xan-
= 5.3 and 9.7), 0.1 M HEPES ia = 7.5) solution was  thomonas campestfBAA16192; and Xylella fastidiosa
used to buffer reactions across the required range of pHAAF83068. Many of the above amino acid sequences were
values. Buffers were prepared by titrating the solution to the identified by their sequence similarity to known 4,6-
desired pH, then by adjusting the ionic strength to 0.4 mM dehydratase sequences and have not been verified biochemi-
with potassium chloridel). No significant buffer concen-  cally. Additional support for their assignment may be gleaned
tration dependence was observed when 4,6-dehydratase wakom genetic context, as many of the genes were found in
assayed at several buffer concentrations. Precise pH valuediosynthetic operons involved in the production of 6-deoxy-
for each buffer solution were measured at°0s sugar-containing products.
Measuring Actie Site Proton Release upon Addition of
dTDP-Xylose All pH measurements were made at 4B, RESULTS
under a blanket of argon gas, with magnetic stirring using a  Affinity Purification of 4,6-Dehydratase and Comparison
Corning semi-micro combination #476156 pH probe. Unbuf- to Previously Purified EnzymeTo ensure purification of
fered stock solutions of wt 4,6-dehydratase and dTDP-xyloserecombinant 4,6-dehydratase variants from contaminating
were carefully adjusted to pH 8.2. The stock concentrations host genomic background wt 4,6-dehydratase (RffG and/or
were 0.385 and 4.45 mM, respectively, after titration. The RfbB), we employed the IMPACT Protein Purification
pH of 1.5 mL (578umol) of enzyme stock was monitored System (New England Biolabs). 4,6-Dehydratase is expressed
as 0.136 mL (1.05 equiv) of the dTDP-xylose stock was as a fusion protein connected to a chitin binding protein
added. Measured pH values dropped to 8.13, and the amounthrough a self-cleaving intein linkage. The fusion protein
of NaOH needed to bring the pH back to 8.2 was 0.14 mmol, binds to a column of immobilized chitin, allowing other
accounting for 24% of enzyme active sites. Under these proteins to be washed away. The 4,6-dehydratase is released
conditions, 65% of wt active sites contain NADH as by thiol-induced auto-cleavage of the intein, and washed from
determined spectrophotometrically. Only 37% of the ex- the column in its native state. Samples of wt 4,6-dehydratase
pected proton yield is accounted for in this experiment, which purified by the affinity method and by our previously
supports the retention of most, if not all, of the protons published nonaffinity method were indistinguishable by
generated during ketonization of dTDP-xylose in the enzyme steady-state kinetic assays and circular dichroism spectros-
active site. The substoichiometric release of protons may becopy. Both batches of 4,6-dehydratase have a full comple-
due to the binding of the anionic nucleotide-sugar. ment of tightly bound NAD as determined by chemical
Amino Acid Sequence Alignments Used for Molikll- reduction of NAD" to NADH using dimethylamine borane
tiple amino acid sequence alignments of six bacterial complex and by quantifying NADH and protein using
4-epimerases and nine bacterial 4,6-dehydratases were genepreviously reported extinction coefficients)(
ated using CLUSTAL W 16). The 4-epimerase sequences  Steady-State Kinetic Parameters for 4,6-Dehydratabe
are from the following organisms/protein accession num- spectrophotometric 4,6-dehydratase assh¥) (was not
bers: E. col/CAA29573; Erwinia amylaora/CAA53767; sensitive enough to accurately measHsg values 7). A
Haemophillus influenZ&AA40567;Neisseria gonorrhede radiochemical assay that uses a modified thin-layer chro-
CAAT79721;Neisseria meningitidi&AA63156; andSalmo- matography system from Stein et dl7j to separate dTDP-
nella entericdCAA58779. The 4,6-dehydratase sequences glucose from dTDP-4-keto-6-deoxyglucose was developed.
are from the following organisms/protein accession num- Steady-state kinetic parameters for wt enzyme with dTDP-
bers: E. coli (strainK-12) RfbB/AAB88398;E. coli (strain glucose and UDP-glucose are listed in Table 1 along with
K-12) RffG/IAAC76793;Neisseria gonorrhed€AA83652; K, values for dTDP-galactose and dTDP-xylose. No conver-
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4,6-Dehydratase Active Site 4-Epimerase Active Site

Ficure 1: Active site models of 4,6-dehydratase and 4-epimerase. Panels A and B are schematic representations of the active sites of
4,6-dehydratase and 4-epimerase, respectively. Panel B shows the two pyranose active site conformations, illustrating the mechanism for
nonstereospecific hydride transfer in 4-epimerase. Residues that are conserved in both enzymes are indicated with black characters in white
boxes; residues that are conserved in each enzyme, but differ from 4,6-dehydratase to 4-epimerase, are indicated by white characters in
black boxes. EnzymeNAD™ or enzyme-substrate-nucleotide interactions conserved in both 4-epimerase and 4,6-dehydratase are shown
as dashed lines, and potential interactions with dashed arrows.

Table 1: Steady-State Kinetic Parameters for Wt 4,6-Dehydratase  d€hydratase residues to the sitions of the corresponding

with Natural Substrate and Analogées epimerase residues identified from the aligned amino acid
sequences (details are discussed uMithod3. Schematic
Keat KealKm Kwm K b . .
RffG (sY (mMM~L-s7Y) (mM) (mM) active site representations of both 4,6-dehydratase and
dTDP-glucose 4.940.2) 820 (¢60)  0.0060 _ 4-epimerase are shown in Figure 1 A,B. The position of the
(+0.0007) pyranose moiety in the 4,6-dehydratase model was con-
UDP-glucos 0-0(140 002) O-O(Cfg 30007)30 &) - strained by the requirement for hydride transfer from glucosyl
dTDP-galactose no turnover ' 0.097 C4 to nicotinamide CA4. The 4,6-dehydratase will not al!ow
detecte8l (+0.007) the same degree of motility for the bound glucosyl moiety
dTDP-xylose  no turnover 0.0112 i ; _ani ; ; ;
Ueteciod (3:0.0007) previously demonstrated in 4-epimerase. This assumption is

supported by the complete absence of turnover observed with
7.5, 1 mM DTT unless otherwise noteétProduct formation was dTDP-galactose. The modell’s SF‘bStr?‘te placement also allows
assayed by the Okazaki methati). A mixture containing 1 mM reasonable access of the nlcotl_namlde to glucosyl C6 of_the
dTDP-galactose, 7@M 4,6-dehydratase, 100 mM TRIS-HCI, pH 7.5, dTDP-4-keto-glucose-5,6-ene intermediate for the hydride

and 1 mM DTT was incubated at 2@ for 16 h.9dTDP-Xylose cannot ~ attack anti to re-addition of the C5 proton in the final

be converted to product as it lacks the C6 sOH (see Scheme 4). chemical step of the mechanism.

A patrtially refined 3-dimensional structure of 4,6-dehy-
sion of 1 mM dTDP-galactose to dTDP-4-keto-6-deoxyglu- dratase holoenzyme (with bound NADbut no substrate,
cose was detected after 16 h with i//M 4,6-dehydratase at PDB 1BXK) confirms the similar overall chain folds of
19°C. dTDP-Galactose inhibited turnover of dTDP-glucose 4-epimerase and 4,6-dehydratase. A loop from Ar§294
by 4,6-dehydratase with &, of 97 uM. Clearly dTDP- to Arg30(PEH of the deoxythymidine-5diphosphate binding
galactose binds, but cannot be oxidized to the common subsite is missing from the 3-dimensional structural model,
dTDP-4-ketoglucose intermediate. This provides important so it is not possible to confirm residue placement for one
information about the mode of pyranose binding in 4,6- side of the nucleotide-sugar binding pocket. Figure 2 is a
dehydratase. Clearly the 4,6-dehydratase does not allow thestereoview showing the 4,6-dehydratase residues from Figure
same degree of pyranose conformational motility that is 1A that were included in the X-ray crystallographic model.
required for catalysis in the homologous 4-epimerase. The position of Tyr302H may be considerably different in

Active Site ModelThe structural and mechanistic similari- a substratenucleotide complex than from what is shown
ties between 4-epimerase and 4,6-dehydratase were used tm Figure 2, as it is the first resolved residue following a
assemble an active site model for 4,6-dehydratase based upomissing loop in the crystal structure model. While the
the 3-dimensional structure of the 4-epimerase/NADH abor- approximate placement of residues in our model is confirmed,
tive complex with UDP-glucose (PDB 1XELL8). To this little additional information about specific interactions can
structure we assigned the approximate positions of 4,6-be gleaned from the structure in the absence of substrate.

a Parameters were determined at°€7in 100 mM TRIS-HCI, pH
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Ficure 2: Active site structure of 4,6-dehydratase NAIacking substrate-nucleotide. Stereoview from a partially refined structure of
4,6-dehydratase showing the positions of resolved residues that may be involved in esmpsteate interactions. The precise orientation

of the GIu198%+ side chain is not defined; two configurations are represented using gray carbon atoms and salmon oxygen atoms. The
figure was constructed from the PDF file 1BXK using MolVie®2g].

Table 2: Steady-State Kinetic Parameters for 4,6-Dehydratase Active Site Variants

4,6-dehydratase Keat(S™3) —A? Keal Km (MM ~1-571) —-A Ku (MM) +A2
D135N 0.0395 £0.0009) 124 5.0£0.2) 164 0.0079+0.0009) 1.3
D135A 0.022 £:0.002) 223 3.040.5) 273 0.0074£0.002) 1.2
E136Q 0.07340.006) 67 741) 117 0.009 £0.002) 1.5
E136A 0.017 £0.001) 288 1.440.2) 586 0.0124£0.002) 2
D135N/E136Q 0.024+40.005) 204 1.3£0.3) 631 0.019+40.007) 3.2
E198Q 0.01940.001) 258 1.640.2) 513 0.0114£0.002) 1.8
K199M 0.0425 £-0.0007) 115 5.310.3) 146 0.0080-+0.0006) 1.3
K199R 0.017 £0.001) 288 1.340.2) 631 0.01340.003) 2.2
Y301F 0.042 £:0.002) 117 1.440.1) 586 0.03140.004) 5.2
C187S 1.240.06) 4.1 8004200) 1 0.0015+40.0004) 0.25
C187A 0.52 {£0.04) 9.4 5004100) 1.6 0.00100.0002) 0.17
N190D 0.0111 £0.0007) 441 0.44+0.08) 1860 0.02540.004) 4.2
N190H 0.0226 £-0.0004) 217 3.140.2) 265 0.007340.0004) 1.2
N190A 0.0089 £0.0006) 551 1.6£0.3) 513 0.0055+0.0009) 0.92
H232Q 0.043 £0.004) 114 642) 137 0.008 £0.002) 1.3
H232N 0.72 £0.08) 6.8 150460) 55 0.00540.002) 0.83
H232A 0.085 {-0.004) 58 26 £4) 32 0.0033£0.0005) 0.55

a+A column heading refers to thefold change in the parameter with respect to wt, given in Table 1.

Identification of Residues Important for Catalydiduta- -6(OH). Control of C5-C6 rotational freedom will be
tion of 4,6-dehydratase active site residues was undertakerimportant in directingsynwater elimination 19). His19%€
in order to investigate their roles in catalysis. Residues werewas not included in this group because it is not conserved.
divided into two groups, the first of which consisted of one The following variants have been generated: D1ZBN
or more of the following: Asp13%H; Glul36*F; Glu198+; D135APEH: E136(PEH; E136APEH; E198CPE; K199RPEH;
Lys199EH, and Tyr30PEH. These are positioned near the K199MPEH; Y301FPE": and double variant D135N/E1368).
glucopyranose in our model, and are conserved in all of the Alterations where possible were designed to introduce
35 4,6-dehydratase sequences aligned. Interestingly, theseonservative changes that would have minimal impact on
residues, with the exception of Tyr3@, differ from equally local interactions, while removing that residue’s potential
well-conserved 4-epimerase residues that occupy homologougor performing general acid/base catalysis.
positions. Residues within this group are potentially involved  Steady-state kinetic parameters at pH 7.5 an8@Were
in catalyzing the two steps in the 4,6-dehydratase mechanismmeasured for each variant and are listed in the upper panel
absent in 4-epimerase, specifically the dehydration of the of Table 2. Each member of this first group displays
dTDP-4-ketoglucose intermediate and the reduction of the significantly less catalytic efficiency than wt (more than 100-
dTDP-4-ketoglucose-5,6-ene intermediate (Scheme 1).fold lower k.ofKy). It is clear that all of the residues tested
Tyr301°EH was also included in this group because of its are important for catalysis. While no single variant displays
possible hydrogen-bonding interaction with the glucosyl the 4 or 5 orders of impairment in activity typically attributed
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Ficure 3: 4,6-Dehydratasee face nicotinamide binding pocket. Stereoview from the partially refined structure of 4,6-dehydratase showing
NAD* and the cysteine-protease-like triad of asparagine, histidine, and cysteine residuesedachef the nicotinamide ring. The figure
was constructed from the PDF file 1BXK using MolVie®9).

. I The following variants in this group have been gen-
Table 3: Steady-State Kinetic Parameters and Isotope Effects for
Wt 4,6-Dehydratase at 18C erated: C187RFH; C187%FH; N19ODPEH: N19OHPEH:

N190APEH: H232(PEH: H232NPEH; and H232/&FH, and their

k(s D) dIE;P( f (I)uf)o = dgzz igu;;);{& s_teady-state parameters (measured at pH 7.5 aﬁd_ﬁare
kc::/KM (MM-LsY) 850 (-120) 420 ¢-50) listed in the lower half of Table 2. Several conclusions can
Ky (MmM) 2.2 (-0.4) 1.1 40.2) be made from these data. First, the activities of all of the
Dk 41 (£0.3) Asnl19®EH variants are seriously compromised. Second,
Okead K 2.0 (£0.4) while H232@F" and H232/&EH show a significant loss of
PKw 2.0 (£0.5) activity, C187/°FH C1873EH, and H232NEH do not. From

these results, it is clear that CysP87 has no significant

to the deletion of a residue involved in general acid/base 'ol€ in catalysis. The act|V|tyHloss associated with HisZ82
catalysis, the loss may be partially masked by other steps'!S 'esidue-specific. H232N" retains activity while the
contributions to rate limitation. Isotope effects kg and alanine and glutamine variants of that residue clearly do not.
keadKn for dTDP-glucosey, at 18°C, listed in Table 3, show There is universally no significant effect .

that chemistry (one or more steps) is at least partially rate- At the time the homology model was originally con-
limiting in wt. A pre-steady-state, single-turnover charac- structed, all three regdues were completely conserved.
terization of wt enzyme performed previously in this Subsequently, 25 additional 4,6-dehydratase sequences have

laboratory (dTDP-glucosdy, 18 °C, pH 7.5) indicates that geﬁnddetscribed_dwhicr_supfpor; ?rl]l of our <f:ons_§rved 4,6-t
the reduction of the glucose-5,6-ene intermediate is the major ehydratase residue caims 1or both groups ol resigues excep

EH i EH -
chemical step contributing to overall rate limitatiof).(The Cﬁ\ﬁiif’n fluaeaga:j:ijzAsczetc;bgvc\:lt?a rs;a;:}er;z\s/éf;ogglﬁf?gn d
initial ketonization chemistry occurs at a slightly faster rate, g threonine. respectively. at they oléition homologous to
and will also contribute significantly; water elimination is ' P Y, X g

Cys18PEH. In addition, two hyperthermophilic archaea,
apparently much faster than both of these steps. Aeropyrum pernixand Sulfolobus solfataricysontain pro-

Nicotinamide Pocket.The second group of residues |ine and threonine, respectively, in place of Cysi®7and
selected for mutagenesis consists of Cy$t8MHis232F, His232EH. One might easily dismiss the observed changes
and Asn198%. These residues form the face nicotinamide  in the archaeal proteins as relating to the hyperthermophilicity
binding pocket, with hydride transfer occurring from tie  of the organisms. Still, it is questionable, given the changes
face (Figure 3). The motif is reminiscent of the catalytic triad observed in the two bacterial species, whether Cy&#87
in papain, which functions to maintain the cysteine as a plays a critical part in the 4,6-dehydratase reaction in any
thiolate anion for nucleophilic catalysis of peptide bond role that cannot also be accomplished by serine or threonine.
hydrolysis @0). The presence of a thiolate anion in such close This would exclude the possibility of this motif functioning,
proximity to the nicotinamide ring could effect the oxi- like that of papain, to maintain a cysteineyl thiolate anion,
doreductive properties of the NAD cofactor. This is but leaves open questions concerning the role and relevance
particularly interesting in enzymes such as 4-epimerase andof these residues to catalysis.
4,6-dehydratase that use NARs a cofactor, as thermody- Structural Integrity of VariantsNone of the active site
namic alterations to the cofactor’'s solution-state chemistry modifications appear to cause gross structural changes. The
might be critical for promoting catalysis. total dinucleotide content for each variant was confirmed
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SPeCtrOphOtometrica"y by treating a sample Qf _eaCh variant Table 4: Percent NADH Observed in Wt and Variant RffGs with
with dimethylamine-borane complex and quantifying NADH.  an Excess of dTDP-Glucose

Except for N190B&" and H232@®", all of the variants

% NADH with saturating

appear to contain a full complement of dinucleotide. These 4,6-dehydratase dTDP-glucose
two partially occupied variants are still largely intact, with Wi 5
60% and 70% dinucleotide, respectively. In either case, the D135N 9
dinucleotide content did not increase with addition of D135A 30
exogenous NAD. Significant turnover was detectable for E136Q 3
all of the 4,6-dehydratase variants, suggesting that at least Eiggg/ E136Q ig:g
some of the variants are capable of forming functional active K199M 2
sites. To eliminate the possibility that a minority of fully K199R 2
active enzyme molecules is responsible for the observed Y301F 39
activity, CD spectra were determined for all of the variants. C187S 5
In each case, they were indistinguishable from wt CD spectra. C187A 8
CD is not sensitive to subtle structural changes that may N190D <05
result from amino acid alteration, but can be used to exclude H%ggg jg-g
extensive changes in secondary structural content that might H232N 3
indicate that a large fraction of the protein is incorrectly
folded. Scheme 3

Absorption spec_tra for several of the purified va_riant 4,6- NAD* .5 g NADH
dehydratase species showed a broad, low-intensity spectral 9y /A J oH
feature at 355 nm that decreased upon addition of dTDP-4- oH [y FAST o
keto-6-deoxyglucose. These data are consistent wiB056 HOZFj;? Hoﬁ‘\fma
of the enzyme containing tightly bound NADH rather than 0 8 e
NAD™. In variant C187&EH, over 60% of the tightly bound dTDP ato
dinucleotide was NADH, while N190ZH had 25% NADH. dTDP-6-deoxyglucose
Variants of Glu138" typically also had high percentages
of NADH (20—30%) while Glu198&H, Lys199FH and 0.0008 s

His232F variants had no tightly bound NADH. In each

case where NADH was found, 4,6-dehydratase variants were dTDP-4-keto-6-deoxyglucose

treated in bulk with excess dTDP-4-keto-6-deoxyglucose to NADH
convert bound NADH back to NAD, enzymes thus treated onl A
were desalted to remove dTDP-sugars and exchanged into HO7S cr?
appropriate buffers supplemented with 1 mM DTT before ¥ s
they were used for all other experiments. dTDP

. . . Abortive Complex
Fraction of NADH during Steady-State Tumwes with

dTDP-Glucose.Enzyme-bound NADH can be measured pq3g9en ere below the threshold of detection with less
spectrophotometrically by its absorbance at 355 nm. Thus'than 0.5%.

during steady-state turnover, the fraction of enzy#NADH Initial Dehydration Step: dTDP-6-Deoxyglucose and

can be quantified. This fraction represents the sum of the dTDP-Xylose. Experiments have been described in the
dTDP-4-ketoglucose and dTDP-4-ketoglucose-5,6-ene in-jieratyre using a substrate analogue, dTDP-6-deoxyglucose,
termediates that exist during the steady §tate. We meas_,ureqhat is unable to eliminate wated)( In our hands, treatment
the percentage of the enzyme containing NADH during o 4 6.dehydratase with dTDP-6-deoxyglucose resulted in

steady-state turnover for each variant by adding a large ye gjow (0.0008€) formation of abortive complex(Scheme
excess of dTDP-glucose (180 000-fold excess depending 3y tha complicates the analysis of the magnitude of the initial

on activity} to the enzyme. For yariants that accumulated roqox step (#8% active sites with saturating dTDP-6-
NADH during turnover, a sharp increase in absorbance at yeoxyglucose). As an alternative to dTDP-6-deoxyglucose,
355 nm was observed immediately after the addition of yTpp_yylose was synthesized to probe the first step in the
substrate, followed by a plateau phase and recovery. They g_qehydratase reaction. The initial redox chemistry can be
percentage values were calculated using the difference,ccomplished as depicted in Scheme 4, to produce a dTDP
between the initiahsss values and the plateau at pH 7.5 and 4 ketoxylose species. Interestingly, treatment of 4,6-dehy-
16°C, and are listed in Table 4. dratase with dTDP-xylose does not appear to result in the
All variants had lower steady-state NADH levels than wt, formation of an abortive complex. dTDP-Xylose rapidly
which contained 45%. Only two variants, D13%A and produces a stable, broad spectral feature centered at 355 nm
Y301PPEH, had steady-state levels close to wt, with 30% and that is identical to that observed previously in spectra of the
39%, respectively. Y301 is also unique because thgax 4,6-dehydratase/NADH complex. Formation of this complex
for enzyme-bound NADH is red-shifted 15 nm to 370 nm; is reversible as demonstrated by disappearance of the 355
this red-shift is not observed when Y3®E is reduced with nm chromophore through multiple rounds of dilution and
dimethylamine-borane. Most variants have single-digit ultrafiltration. A solution containing 0.05 mM dTDP-xylose
NADH percentages, while five variants, E198¢) N190APEH, and 0.025 mM 4,6-dehydratase at equilibrium was denatured
N190DPEH, H232CPEH, and the double variant D135N/ in 2% trichloroacetic acid, the denatured protein was removed
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Scheme 4 A 1
4,6-Dehydratase
NAD™*
5 0.1 1
kv kXYL[dTDP-Xylose] 2 v —m— DI3N
E —0— DI35A
on]  NAD® s T
HO OH g 0.01 —o— El36A
o) H w v —— DI35N/E136Q
dTDP/O H
k4XYL ﬂ k3XYL 0.001
B 1
o NADH
HO °
0\%/“ 301 |
<
dTDP/O H =z —o— KI199M
.5 —o— KI199R
) ) ) g —— WT —— E198Q
by centrifugation, and the supernatant was analyzed by ion- L 0.01 —a— Y30IF

paired reverse-phase HPLC. dTDP-Xylose was observed with
a retention time of 12.4 min. An additional peak with a 267
nm Auax absorption spectrum was observed at a retention 0.001L— s - s
time of 11.9 min, which upon treatment with sodium !
borohydride decreased in area with a concomitant increase

in the dTDP-xylose peak area. Treatment of part of the

guenched sample with sodium borotritiide followed by HPLC é 0.1 A H23Q
analysis and quantitation of radioactivity showed that = —A— H2N
significant radioactivity emerged with the dTDP-xylose peak. 2 —— wT —O— NI9D

A similar mixture of dTDP-xylose and 4,6-dehydratase was i 0.01 i g‘};;’:
denatured in 65C ethanol and analyzed by MALDI-TOF —m— C1878

in the negative ion mode using previously described tech-

niques {). Peaks at masses corresponding to both dTDP- 0.001L— . : :
xylose and dTDP-ketoxylose (neutral mas4) were de- 6 7 8 9 10

tected atm/z 533.2 and 531.2, respectively. These data o _ PH _ _
support the reversible formation of dTDP-ketoxylose coin- FIGURE 4: Equilibrium fraction of NADH with saturating dTDP-

; ; ; ; xylose over a range of pH. Panels-& show the pH dependence
cident with NADH as depicted in Scheme 4. of the fraction of NADH of the total enzyme dinucleotide content

dTDP-Xylose Binding and Reactiolt.was not possible = measured with saturating dTDP-xylose. A key is included in each
to determine the apparent dissociation constant for dTDP- panel, as are wt profiles for comparison.
xylose spectrophotometrically following NADH production The pH dependence &< /(k"" + kL) when wt 4,6-
because the value was low enough that accurate quantitatiorﬁehydratase is saturated with dTDP-xylose is shown for
of enzyme-bound NADH at suitable enzyme concentrations comparison in all three panels (A, B, and C) in Figure 4.
(<Kp**t) became impossible. However, dTDP-xylose does The curve shows a 7680% NADH plateau from pH 10.5
inhibit turnover of dTDP-glucose by 4,6-dehydratase with a 7.5, which drops off to 10% NADH as the pH decreases
Kt of 11.2uM (Table 1). ThisK "t term is necessarily 5 pelow 6.0. While it is clear that the NADdependent
a combination of all four rate constants shown in Scheme 4, yyiqation of dTDP-xylose to NADH and dTDP-ketoxylose
and does not simply reflect the rates constakit§'t[dTDP- will generate a proton, it is not obvious whether that proton
xylose] andkXY+) across the binding and release step. will be released from the active site to solution. This proton

Saturation of 4,6-dehydratase with dTDP-xylose results release would directly link the pH of the solution to the
in reduction of 73% of the tightly bound NADto NADH. fraction of NADH observed; alkaline conditions would pull
Under saturating conditions, the second-order rate constanthe equilibrium toward NADH and dTDP-ketoxylose, while
kXY [dTDP-xylose] (Scheme 4) becomes very large so that acidic conditions would pull the equilibrium toward NAD
all of the enzyme exists with bound nucleotide-sugar, and and bound dTDP-xylose. Attempts to directly measure proton
only thekg*"t and k/*"- terms affect the relative amounts release upon addition of dTDP-xylose to concentrated stocks
of NAD*/dTDP-xylose and NADH/dTDP-ketoxylose ob- of unbuffered wt 4,6-dehydratase resulted in a fraction of
served at equilibrium. The spectrophotometrically observed the expected drop in pH for the observed percentage of
fraction of NADH with saturating dTDP-xylose ik*'/ NADH formed. The pH dependence of the equilibrium in
(kX" + kgY) at equilibrium. That quantity was measured the NAD"™-dependent oxidation of dTDP-xylose appears to

over a pH range for the following variants: D133, be due to changes in protonation state within the 4,6-
D135APEH; E136(PEH: E136APEH, E198CPFH; K199RPEH, dehydratase active site.
K199MPEH: Y301FPEH: C187APEH, C187FFH; N190DPEH, The rate of approach to equilibrium with saturating dTDP-

N190APEH; H232CPE": and H232MNEH; and the double  xylose is equal to the sum &*¥- andkY-. That quantity
variant D135N/E136&H. The pH profiles generated from was measured either by stopped-flow or by standard spec-
those measurements at 16 are shown in Figure 4. trophotometry at pH 7.5 and 1%C for all of the variants
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Table 5: Rate Constants for the Reaction of 4,6-Dehydratase with Saturating dTDP-Xylose

rate of approach fraction NADH YL et

to equilibrium, at equilibrium, k(s
4,6-dehydratase kX't + kY- (s7h) kXY Ik + kY kYt (s7Y) (fold A from wt) (fold A from wt)
wt 1.4 0.73 1 1) 0.4 1)
D135N 0.6 0.18 0.1 (10) 0.5 (0.8)
D135A 0.32 0.57 0.2 (5) 0.1 4)
E136Q 1 0.55 0.6 (1.67) 0.4 1)
E136A 0.54 0.47 0.3 (3.33) 0.3 (1.33)
D135N/E136Q 0.13 0.5 0.07 (14.3) 0.07 (5.7)
E198Q 0.00028 0.22 0.00006 (16,700) 0.0002 (2000)
K199M 0.00012 0.17 0.00002 (50000) 0.0001 (4000)
K199R 0.0011 0.16 0.0002 (5000) 0.0009 (440)
Y301F 1.6 0.68 11 (0.91) 0.5 (0.8)
C187S 0.53 0.84 0.45 (2.2) 0.085 4.7)
C187A 0.23 0.78 0.18 (5.6) 0.051 (7.9)
N190D 0.067 0.102 0.0068 (146) 0.060 (6.6)
N190A 0.21 0.195 0.041 (24.4) 0.17 (2.4)
H232Q 1.4 0.52 0.74 (1.4) 0.68 (0.6)
H232N 0.67 0.20 0.13 7.7) 0.53 (0.8)

listed immediately above. The concentration of dTDP-xylose Scheme 5

needed to saturate tens of micromolar enzyme was typically Ho _on

in the hundreds of micromolar range. Saturation was tested % N~ HO Enz.
empirically by taking measurements at multiple concentra- H O}—/
tions of dTDP-xylose until dTDP-xylose concentration Y

dependence was not observed. The fraction of NADH 404 coli GDP-mannose 4,6-dehydratase systems, but no

observed k" /(™ + k)] at pH 7.5 and 16C and biochemical data have yet been offered that support these
the rate of approach to equilibrium valugg*"- + ks<'t) assignmentsy[ 22.

for each variant are listed in Table 5, along with calculated 1,0 general mechanisms can be proposed for water

values ofks"" and k" elimination chemistry. Separate residues may deprotonate C5
DISCUSSION gnd protonate thg leaving CQ(OH). Altgrnativgly, as depictt_'-:d
in Scheme 5, a single glutamic acid residue might accomplish
Catalysis of DehydrogenatioBubstrate dehydrogenation  both types of catalysis simultaneously. The latter mechanism
requires hydride abstraction from glucosyl C4 in concert with has particular appeal given the close proximity of GILPEB6
general base catalysis to remove the proton from the C4-to C5 and C6 in the model. Also, inasmuch as the stereo-
(OH). This step is mechanistically identical to the first step chemistry of water elimination isyn(19), this mechanism
in the 4-epimerase reaction, where previous work has would secure the 6-hydroxyl in the appropriate-@%6 bond
implicated residues Lys158M, Tyr14F"M and Ser12#' rotational conformation.
as key participants, with Tyr1&8M generally held to be the The mechanism invoking two distinct residues to catalyze
active site base2(l). The corresponding residues in 4,6- water elimination becomes more provocative if the base in
dehydratase are Lys18#!, Tyr160°FH, and Thr1388", The the initial ketonization step functions as the acid that
tyrosine and lysine residues are the signature motif for the protonates the leaving C6-hydroxyl. There are two reasons
extended short chain dehydrogenase/reductase superfamilyhy this arrangement is attractive. First, following a complete
(10), a broad group of enzymes that use NANADH to cycle of catalysis, all of the residues would be in the correct
catalyze oxidoreductase reactions. This core group of cata-protonation state for the next round of catalysis. Second, if
lytic residues for hydride transfer is broadly conserved. the conjugate base of that acid is an anion, it could provide
Analysis of these residues will be reported in a forthcoming an electrostatic driving force for the oxidation of the cofactor
article. to NAD™ with concomitant reduction of dTDP-4-keto-
Dehydration.The second chemical step, elimination of glucose-5,6-ene. For example, homology with the 4-epime-
water, requires an acid at the active site to protonate therase supports the identification of Tyrl#8 as the residue
leaving hydroxyl group and a base to abstract the proton involved in the general base catalysis of the first step. In the
from C5. While 4-epimerase does not catalyze water first Michaelis complex, the Tyrl&6" tyrosinate anion is
elimination, the comparison of the two enzymes is important, in close proximity to the NAD nicotinamide cation. Once
as one would expect 4-epimerase to be deliberately devoidthe first redox step occurs, both the TyrP8® and the
of residues capable of catalyzing this potential side reaction. nicotinamide lose their charges as the Ty™®0becomes
Thus, we identified conserved active site residues in 4,6- protonated, and the NADis reduced to NADH. If the
dehydratase that were different from conserved residues afTyrl60°E" were to protonate the leaving C6-hydroxyl during
analogous positions in 4-epimerase. The primary candidatewater elimination, negative charge would be reestablished
for catalyzing water elimination is Glu18#, although other  adjacent to the nicotinamide, thus driving the final chemical
residues cannot be excluded. Conserved glutamate residuestep to allow re-formation of the tyrosinat®lAD* ion pair.
have been proposed to be involved in C5 proton abstraction Reduction of the Glucose-5,6-efide final chemical step
in the Salmonella typhimuriurdTDP-4,6-dehydratase (RmIB)  requires hydride transfer to glucosyl C6, and an acid in the
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active site to protonate C5. This step may reuse residuesScheme 6

involved in catalyzing the initial two steps. The same residue A [S] L B0 &
that abstracted the proton from C5 in the preceding step v S ! v 3 o 5) o 7 ¥ o o
probably accomplishes reprotonation of C5 during glucos- * k, k, P ke

5,6-ene reduction. Rapid solvent hydrogen exchange from ° 10

this residue would be consistent with all of the C5 hydrogen
exchange phenomena observed hence. 200-fold. It is likely that the ribosyl -2(OH) perturbs the
The hydride transfer from glucosyl C4 to NATand back proper alignment of elements in the active site, which implies
to C6 might be accomplished without major changes in the existence of a mechanism for discriminating against
pyranose binding. As suggested in a recent review by Giraudribonucleotide substrates. In the 4-epimerase active site,
and Naismith, a slight shifting of the pyranose within the Asp295¥™ makes contacts with the ribosyl -2(OH). At that
active site would allow better access of the NADH for Position in the 4,6-dehydratase, His287 is nearly con-
reduction of the glucose-5,6-ene intermedi&)e This would ~ served (it is glutamate in the hyperthermophilic archaea
still allow for a more tightly bound hexopyranose moiety in Aeropyrum pernik Identification of a histidine residue at
4,6-dehydratase than in 4-epimerase, where the mechanisnihis position raises the interesting possibility that the imi-
requires torsional mobility of the sugar. Given the larger dazole side chain participates in a sort of steric exclusion of
number of chemical steps in 4,6-dehydratase than 4-epime-fibonucleotide-sugars.
rase, it is not surprising to find the 4,6-dehydratase pyranose Characterization of Actie Site VariantsHaving observed
binding pocket more extensively functionalized. significant drops inkcar and kea/Ku for all but one of the
Further 4-Epimerase ComparisorOne of the most active site residues that were modified, the task at hand
fascinating characteristics of 4-epimerase concerns the combecomes finding differences between these variant enzymes
munication between the nucleotide-sugar binding site and that allow us to assign activity loss in specific chemical steps
the NAD" pocket. Considerable changes in cofactor reactiv- to catalytic functions of individual residues. Unfortunately,
ity are effected upon binding of UDP-sugar, UDP or UMP, the complexity of the 4,6-dehydratase reaction limits the
which make the reduction of tightly bound NARo NADH interpretability of isotope effect data, which can often be
much more facile Z3). The 4,6-dehydratase, interestingly, useful for isolating specific steps in chemical reactid?ig (
does not share this property with 4-epimerase. The rates ofFor example, deuterium incorporated specifically at glucosyl
reduction of NAD" by 100 mM dimethylamineborane C4 will be transferred to NAD, forming NADD, which will
complex in 100 mM TRIS-HCI, pH 7.5, 2 mM EDTA, 1  be used to reduce the dTDP-4-ketoglucose-5,6-ene interme-
mM DTT at 18°C, with either no added nucleotide, 1 mM diate, giving an observable isotope effect from a combination
dTDP, or 1 mM dTMP, are 0.043, 0.021, and 0.041 mhjn  of the two steps. Hydrogen exchange with solvent from the
respectively. In these experiments, dTDP appears to beC5 complicates isotope effect studies of water elimination.
protecting NAD" from reduction, while dTMP shows the ~ The fact that we observe an isotope effectkan and kea/
same rate of reduction as wt. Clearly 4,6-dehydratase hasKu (Table 3) demonstrates that chemistry is at least partially
different requirements for catalysis, compared with 4-epi- rate-limiting during steady-state turnover of dTDP-glucose-
merase, that do not involve activation of the cofactor. This d7 by wt 4,6-dehydratase.
difference becomes more interesting when one considers that Analysis of Steady-State NADH deds. Steady-state
both Tyr14%"™ and Lys158°™ have been implicated as NADH levels provide a quantitative measure of the ac-
being important for modulating cofactor reactivi®/l( 24. cumulation of E/NADH/dTDP-4-ketoglucose (Fland
Both of these residues are also present in 4,6-dehydratase-/NADH/dTDP-4-ketoglucose-5,6-ene (FJ) and can be ana-
although they do not appear to effect cofactor reactivity in lyzed in the context of the kinetic mechanism for 4,6-

the same way as in 4-epimerase. dehydratase shown in Scheme 6. The fraction of NADH
The 4-epimerase catalyzes epimerization of UDP-, dUDP-, during the steady state can be expressed as a function of
and dTDP-glucose 26). For the E. coli strain B 4,6- each rate constant using the net rate approximation of

dehydratase, values fig,;andk:./Ky of 9.1 s and 130 000 Cleland, by dividing the sum of the reciprocals of the net
M~! st with dTDP-glucose, and 9.1 5and 4100 M! s rate constants that follow NADH-containing forms (Fl and
with dUDP-glucose have been reported; UDP-glucose wasFJ) by the reciprocal of the terms from the rate equation
reported not to be a substra®s). In our hands, values for  that contribute tda (28). The result is a complex expression
keatandkea/Kuy for E. coli RffG 4,6-dehydratase were found in seven rate constants. Because the reduction of the dTDP-
to be 4.9 s and 820 000 M! s~ with dTDP-glucose and  4-ketoglucose-5,6-ene intermediate (FJ) to product (EP) is
0.024 @0.002) s* and 0.79 £0.07) M st with UDP- the primary contributor to overall rate limitation, and dTDP-
glucose. While there is a 30-fold difference kQa/Ku 4-ketoglucose (Fldoes not accumulat&), the expression
between dTDP-glucose and dUDP-glucdsg,is the same. is simplified to show that the percentage of NADH during
These results demonstrate the sensitivity of the second-ordesteady-state turnover is determined by the equilibrium
steady-state rate constant to the absence of the thymidyifraction of dTDP-glucose (ES) and dTDP-4-ketoglucose-5,6-
-5(CHs) group, while the rate of turnover is otherwise ene [FJ;ksks/(Ksks + Ksks)].

unaffected. However, the absence of the ribosyl -2(OH) is We are now in a position to analyze how damage to
clearly much more important. An overall difference in the catalysis at specific steps would change steady-state NADH
second-order rate constant of 6 orders of magnitude islevels. If deleting a critical residue significantly diminished
observed between dTDP-glucose and UDP-glucose, and onlythe rate of reduction of the 4-ketoglucose-5,6-ene intermedi-
30-fold of this should be attributed to the base change. In ate k; andkg), NADH levels would be unaffected. If the
this case, catalysis is also affected,kagis down nearly deletion caused a large reduction in the rate of water
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elimination s andks), this step would become rate-limiting pH Profiles with dTDP-Xyloselhe NADH levels for each
and the NADH levels would simplify tés/(ks + ks). Since variant with saturating dTDP-xylose were measured over a
dTDP-4-ketoglucose does not accumulate, this equilibrium range of pH values. All of the 4,6-dehydratase variants fall
apparently favors substrate. Thus, if water elimination were into two groups with respect to the overall shape of their
limiting, NADH levels would approach zero. If dehydro- pH profiles. The first group consists of D138#A, E136(F",
genation of substrate became limitifg ¢ ks), all enzyme E136APEH, and the double variant D135N/E138%, in
would be trapped in the ES complex, and NADH levels panel A; Y301PEH in panel B; and C1872H, C187%EH,
would be zero. Finally, if product release were to become and H232N® in panel C. It is similar to wt in that each
limiting, the NADH level would be determined by member has a 6680% NADH plateau at high pH, and that
{kaks(ks + ks)/[Keks(ks + ki) + kaks(k; + kg)]}, @ value that  value drops off below pH 7. Y30PF" is exceptional as it
reflects the equilibrium distribution across each species. Sinceshows a decrease in the fraction of NADH from 80% to 50%
k; > kg (7), the fraction of NADH will essentially be zero above pH 9.5. Additionally, the fractions of NADH in
as most of the enzyme will be EP. E136APEH and C187A&E" do not decrease dramatically at

Substrate binding terms were not included in this analysis '0W PH but actually climb above the observed values for
because of the assumption of saturating substrate. It igWt. Th_e slight differences between the profiles forth|§ group
possible that in some of the variant enzymes a conformational®f variants may lead one to conclude that these residues do
change may follow substrate binding, thus inserting an “ES*" Not have an important effect on the pH dependence of the
term into the mechanism. between ES and FI. where €duilibrium of the first step. The second group of variants

' ' ; EH . EH DEH
conversion of ES to ES* would be a first-order process. Any ncludes DlE?LSN from panfal A; K199R o K199I\é)EH,
rate limitation contributed by the conformational change, or &d ElgngH from panel B; and H232&", N190D>=",
slowing of the conformational change in enzyme variants, and N190_ from panel C. These variants have a much
would lower the percentage of NADH. No results support lower fraction of NADH than wt over most of the pH range,

the occurrence of this slow conformational change or warrant but gradually merge with the first group at_ high pH. Wh'le
the insertion of an “ES* term into the mechanism. all of these variants show a-8.0-fold drop in the fraction

i of NADH below wt values, they still show the same general
dTDP-Xylose and dTDP-6-Deoxygluco$eo nucleotide-

attern of pH dependence as wt. Presumably, some other
sugars, dTDP-xylose and dTDP-6-deoxyglucose, were testeq i, ap|e residue(s) is (are) important for maintaining a high
for their value in investigating substrate dehydrogenation.

_equilibrium fraction of NADH with dTDP-xylose.

Like dTDP-glucose, these substrate analogues can be oXi- pyqfies indicate the importance of an unprotonated species
dized by 4,6-dehydratase, but they do not contain @ 6-OH ity 5 i, between 6.0 and 7.0 in wt and in variants, which

and thus cannot undergo water elimination. Very different 5 ot included among the residues tested in this study.
behavior is observed when 4,6-dehydratase is mixed with gjmjjarities between 4,6-dehydratase and 4-epimerase support
dTDP-xylose compared with dTDP-6-deoxyglucose/galac- e theory that this species is the Tyr®8hanion. Like its

tose. dTDP-Xylose gives a rapid formation of NADH in a homologous counterpart in 4-epimerase TyFE#9 Tyr160PEH
single phase, to 73% of the total dinucleotide. The rate of g likely to have a s between 6.0 and 7.@4). Given its
NADH formation saturates in the high hundreds of micro- |5se proximity to the NAD, it will certainly have a

rT_ul)Iar to low millimolar range and occurs at a rate of 1.4 profound effect on the cofactor's reactivity.
s *. With dTDP-6-deoxyglucose/galactose, the formation of * pote constants for Dehydrogenation of dTDP-Xyld$e

NADH is biphasic. The second phase in the dTDP-6- \5taq of NADH formation when variant 4,6-dehydratases
deoxyglucose/galactose absorbance profile likely results fromare mixed with dTDP-xylose were measured at pH 7.5.
formation of an abortive complex (Scheme 3); saturating gecayse these experiments were performed at saturating

dTDP-nucleotide would eventually drive the reaction t©© gTpp.xylose concentrations, this value represents the sum
completion with 100% NADH. The first phase had a k'L andkg "t (Kops= ks**t + k<"t). The NADH levels

magnitude of 78% of the total NADH. Abortive complex ity dTDP-xylose represent the equilibrium of those same
formation with qlT_DP-xonse either does not occur or happens (o constant§Enapn/Exa = k" (k" + k<1)}. These
so slowly that it is not observed over several hours. values were obtained and used to solve directlykiit

The most interesting difference between these two com- andk/¥- (Table 5). As was shown above, small variations
pounds is the amount of NADH formed in the first phase of in the substrate profoundly affect the equilibrium of the
their reactions (#8% for dTDP-6-deoxyglucose/galactose dehydrogenation step; thus, the values kgt and kXt
vs 73% for dTDP-xylose). While it is true that the dTDP- listed in Table 5 could not be used to draw conclusions about
6-deoxyglucose/galactose is a mixture of two species thatthe analogous rate constants in the mechanism with the
will have different reactivities, such a large variation in the natural substrate. Comparisarenbe made between wt and
amount of NADH indicates the importance of subtle differ- variant 4,6-dehydratase specigghin this data seto gain
ences in the hexose moiety to the position of this equilibrium. information about each active site variation on this first
It is clear from this comparison that notable variances chemical step.
between dTDP-xylose and dTDP-6-deoxyglucose/galactose Three variants, E1980", K199RPEH, and K199MEH,
behavior make a direct comparison to the dTDP-glucose stand out in Table 5 as displaying extensive43orders of
reaction untenable. An analysis of the first step in the reaction magnitude decrements k- and kY- from wt. All of
was performed using dTDP-xylose because abortive complexthe activity lost in ke (100—300-fold) can easily be
formation does not interfere, and because it appears to shiftaccounted for by effects on the first step, even with
the equilibrium to favor formation of the observed NADH considerable masking by contributions from other steps to
chromophore (increasing the sensitivity). the overall rate limitation. For N190B", one cannot account
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for all of the decrease ik, (441-fold below wt) observed,

though it displays the fourth largest dropkigt¥- (146-fold

below wt). When one considers masking by slower steps,
the discrepancy becomes even larger. For other variants, the

effects are smaller; other decreasek4df’* and kXYt are

around 10-fold (or less) below wt and are unlikely to

contribute significantly to the observed drop kg below
that of wt for each variant.

SummaryWe have developed a model of the active site
of 4,6-dehydratase, and used it to rationalize mutagenesis
of eight residues. From steady-state kinetic parameters, seven 8.
of those residues are clearly important for catalysis. While

most of the variants show significant dropskii; and kcaf

Kw, it has proven difficult to assign the loss in activity to
specific steps in catalysis. For the bulk of the residues
investigated in this study, we have succeeded in narrowing
the selection of steps which might be affected in each variant
using a variety of steady-state techniques. Further charac- 12
terization using the pre-steady-state rapid mix-quench MAL-
DI technique 7) will be valuable for the analysis of two of
the variants (D135R8" and Y301PE") as is apparent from
NADH levels during steady-state turnover. We are currently
pursuing the kinetics of isotopic exchange to try to determine
the catalytic consequences of mutations at Aspi'35

Glul36EH, Asn19®EH, His232FH and Tyr30PFH.
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NOTE ADDED IN PROOF

Following submission of this manuscript an article was
published describing the crystal structure of 4,6-dehydratase

from Salmonella enteric30).

SUPPORTING INFORMATION AVAILABLE

Sequences of pairs of oligonucleotide primers for each 4,6-
dehydratase variant (2 pages). This material is available free

of charge via the Internet at http://pubs.acs.org.
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