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ABSTRACT. Escherichia coldTDP-glucose 4,6-dehydratase and UDP-galactose 4-epimerase are members
of the short-chain dehydrogenase/reductase SDR family. A highly conserved triad consisting of Ser/Thr,
Tyr, and Lys is present in the active sites of these enzymes as well in other SDR proteins. Ser124, Tyr149,
and Lys153 in the active site of UDP-galactose 4-epimerase are located in similar positions as the
corresponding Thr134, Tyrl60, and Lys164, in the active site of dTDP-glucose 4,6-dehydratase. The role
of these residues in the first hydride transfer step of the dTDP-glucose 4,6-dehydratase mechanism has
been studied by mutagenesis and steady-state kinetic analysis. In all mutants except T134Sathes

are more than 2 orders of magnitude lower than of wild-type enzyme. The substrate analogue, dTDP-
xylose, was used to investigate the effects of the mutations on rate of the first hydride transfer step. The
first step becomes significantly rate limiting upon mutation of Tyr160 to Phe and only partly rate limiting

in the reaction catalyzed by K164M and T134A dehydratases. The pH dependéggetiné steady-state

NADH level, and the fraction of NADH formed with saturating dTDP-xylose show shifts in e p
assigned to Tyrl60 to more basic values by mutation of Lys164 and Thrl134. Khef @yrl60, as
determined by the pH dependence of NADH formation by dTDP-xylose, is 6.41. Lys164 and Thr134 are
believed to play important roles in the stabilization of the anion of Tyr160 in a fashion similar to the roles
of the corresponding residues in UDP-galactose 4-epimerase, which facilitate the ionization of Tyr149 in
that enzyme [Liu, Y., et al. (199Biochemistry 3510675-10684]. Tyrl60 is presumably the base for

the first hydride transfer step, while Thr134 may relay a proton from the sugar to Tyr160.

The short-chain dehydrogenase/reductase (SDR) familyand of the saccharides of the outer membrane lipopolysac-
consists of members in all kingdoms that catalyze a wide ccharides (LPS)10). In the Escherichia colichromosome
range of reactions, including alcohol and steroid dehydro- the genes of théff cluster encode enzymes involved in the
genation, carbonyl reduction, and ketoacyl reductith (  biosynthesis of the enterobacterial common antigen, among
Even though there is very little sequence identity{B5%) which is dehydratase encoded by th#G gene (1).
among the enzymes of the SDR family, the three-dimensional Dehydratase catalyzes the tranformation of dTDP-glucose
structures of the N-terminal 180-odd residues are conservedinto dTDP-4-keto-6-deoxyglucoséZ, 13). Its primary amino
(1—3). The cofactor NAD(H) or NADP(H) common to all acid sequence is 25% identical to that Bf coli UDP-
SDR enzymes is bound to a Rossmann-felflcated in galactose-4-epimeras#4). The three-dimensional structures
the N-terminal region which includes the highly conserved of the two enzymes are highly conservéd 15), including
motif, GlyXXXGIlyXGly (1). The most conserved amino acid the active sites, with one NAD irreversibly bound per
is a Tyr residue found in the other conserved primary subunit (4, 16). In the reaction mechanisms of dehydratase
sequence motif, TyrXXXLys, which has been shown by (14, 17) and epimerase (Scheme 1) the first intermediate is
chemical modification and site-directed mutagenesis to be a nucleotide-linked-4-keto-pyranose, which is formed by
critical for catalytic activity of the SDR enzyme$-8). concomitant oxidation of C-4 of the pyranose moiety and
These motifs and the tertiary structure of the N-terminal reduction of NAD" to NADH. Following this step the two
region are also common to both dTDP-glucose 4,6-dehy- mechanisms diverge. In the epimerase mechanism the
dratase (dehydrataseynd UDP-galactose 4-epimerase (epi- hydride is transferred from NADH to the opposite face of
merase)which are members of a sub-family included in the the 4-keto group to give the product, following rotation about
SDR family 1, 2, 9). the bond between the anomeric oxygen angstiphosphorus

Nucleotide-linked-6-deoxyhexoses are important precur-

sors for the biosynthesis of antibiotics such as streptomycin = *Abbreviations: SDR, short-chain dehydrogenase/reductase; dehy-
dratase, dTDP-glucose 4,6-dehydratase; epimerase, UDP-galactose

4-epimerase; PGM, phosphoglucomutase; NAflcotinamide adenine
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Scheme 1 buffers, dTTP, UDP-glucose pyrophosphorylase, and gly-
dTDP-glucose 4,6-dehydratase UDP-galactose 4-epimerase cogen were from Sigma. All solvents, dTMP-morpholidate,
E-NADY : E-NADY p—— a—D-qucqse—l—phosphate, aneb-xylose-1-phosphate were
H) Bt | H) o from Aldrich. The wt dehydratase was a generous gift from
OH A/Hf i oHlZ_\ o-Ser'iE Adrian D. Hegeman. dTDP-glucose and dTDP-xylose were
HO/ o th iR/ o CH‘:OHJ synthesized and purified using the Moffatt procedz@) (
! “OH i 4 UpP-glcose from dTMP-morpholidate and-p-glucose-1-phosphate and

TP 4TDP-glucose upp a-D-xylose-1-phosphate, respectively. DNA sequencing was
kzuk. “ performed by the University of Wisconsin Biotechnology

Center Nucleic Acid and Protein Facility.

E-NADH E-NADH
oH o Construction of Expression Plasmids for Variants of 4,6-
Ho/ o CQZ/HB’A—E o oH__o DehydrataseThe pTZ18UgalSDo355CBPF plasmid with
7 50 ; %@H chitin binding protein/intein/ dehydratase fusion expression
dTDP HK-B—E ' uoh N UDP-4-ketopyranose construct was a generous gift from Adrian D. Hegeman.
dTDP-4-ketoglucose i Rotation at the Mutations were introduced in pTZ18UgalSDo355CBPF
kel PiOsomercbond using a Stratagene QuickChange kit. The oligonucleotide
ENADH | Upp E*NADH s primers_used for si_te-directed r_nutagenes_is are listed as
oH o o HOTyr™=E Support_mg Inf_orm_atlon. _The variant plasmids were trans-
HO™/ o HO ° z o M formed intoEpicurian coli XL1-Blue supercompetent cells
SCH oy S0/ DserE (Stratagene) and purified using a QIAprep Miniprep kit
dTDP <HB_E UDP-4-ketopyranose (QIAGEN). The mutations introduced were verified by
o ketoglucgse H sequencing the entire ORF for each variant. The overex-
ol EeNAD? pression and purification of the variants are described as
E-NAD* L UoR Supporting Information.
o OH o o\ © CHZOH Circular Dichroism Spectroscopgircular dichroism (CD)
0 CHy s on o spectroscopy was performed on an AV'IV 62A DS spec-
7D ATDP-4-kato-6- deoxyglucoseé UDP-galactose trometer with a temperature control unit. All the variant

samples were exchanged into 50 mM potassium phosphate,

. L . pH 7.5, using G50 spin columns. UV CD spectra (300 to
of the nucleotide. The dehydratase mechanism is chemically; g nm) of the mutants (0-2.4 Ass) were acquired at 25
more complex. The 4-keto intermediate undergoes dehydra-o-

tion between C-5 and C-6 yielding dTDP-4-ketoglucose-5,6- . - -
ene (4). The product dTDP-4-keto-6-deoxyglucose is then Synthesis (_)fﬂ' P]dTDP'GIUCOSE [6-*P1dTDP-Glucose
formed by hydride transfer from NADH to C-6, with Was synthesized from glycoger;#pJorthophosphate and

oxidation of NADH to NAD'. dTTP using PGM, glycogen phosphorylase, UDP-glucose

. hosphorylase, [ i hosph i-
In some SDR proteins such as mouse lung carbonyl EZLOZSo;&;%:jebyaaneiqneo%gsmn;_F()Bz/g))_p osphatase and puri

reductasel8), drosophilaalcohol dehydrogenasé9), 35,- L . .
17p-hydroxysteroid dehydrogenaszf}, GDP-mannose 4,6- Determination of the NADNADH _Content in the Vari-
dehydratase2(l), and sepiapterin reductas?) a conserved ~ @nts The amount of NAD bound in each variant was
triad formed by Ser/Thr, Tyr, and Lys has been shown by determined using a modified procedure descrlbeql by KI_|n-
mutagenesis studies to be important for activity. This catalytic 96nPerg £8). The fluorescence spectra were obtained with
triad is present in the active sites of both dehydratase and® Perkin-Elmer MPF-3 spectrofluorlme_ter with the excitation
epimeraseq, 15). The mechanistic roles of Tyr149, Lys153, wavelength at 340 nm and the emission Wavelength.at 460
and Ser124 of epimerase have been thoroughly investigated!™- Both slits were 10 nm. To 206L of enzyme solution

by kinetic and crystallographic studieB3-25). Tyr149 is  (0-8 mM)was added 10@L of 1 N HCIO,, and the mixture

the base catalyst that either directly or through a proton relay Was vortexed and centrifuged. The supernatant was collected

mediated by Ser124 abstracts the proton of the 4-OH group@nd 1o the precipitated enzyme were added 20®f 100
of the pyranose moiety of the substrated) Lys153 mM glycine, pH 8.7. The solution was vortexed, and after

enhances the chemical reactivity of the coenzyme NAD centrifugation the supernatants were combined and titrated
(23). In light of the similarities between the epimerase and (© neutrality wit 5 N KOH. The solution was centrifuged

dehydratase we have investigated by mutagenesis and kineti@nd the supernatant collected. To the potassium perchlorate

studies the roles of the triad Thr134, Tyr160, and Lys164 in Precipitate 10 of 100 mM glycine, pH 8.7, were added,
the catalytic mechanism of the dehydratase. and the solution was centrifuged again. The supernatants

were combined and 226L of the supernatant was diluted
EXPERIMENTAL PROCEDURES in 770uL of 0.1 M glycine, pH 8.7, with L of absolute

ethanol, and the fluorescence emission at 460 nm was

Materials and MethodsAll deoxyoligonucleotides were  measuredR;). To this solution 5 units of alcohol dehydro-

from Life Technologies and further purified by urea- genase were added and the emission at 460 nm again
denaturing acrylamide gel electrophoresis. Carrier ffé4{ recorded ;). Finally 5 uL of a NAD™ solution of known
orthophosphate (10 mCi/mL) il N HCl was from American ~ concentration was added and the fluorescence at 460 nm
Radiolabeled Chemical Inc. Glycogen phosphorylase and measured agairF§). The concentration of NAD from the
phosphoglucomutase were from Boehringer Manheim. All enzyme was determined from the following equation:
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HABELL (29). The rate of approach to equilibrium with
saturating dTDP-xylose was measured at°@6in 1 mM
DTT, 1 mM EDTA, 100 mM Tris, pH 7.5, with 0.025 mM
enzyme. The dTDP-xylose concentrations used were 12, 8,
solution in 10QuL of 6 M guanidine hydrochloride, filtration 6, and 4 mM. The rate of formation of NADH was measured
using a microcon 10 (Amicon), and dilution to 3 mL with at 355 nm using an OLIS Inc. RSM-1000 stopped flow
100 mM glycine, pH 8.7. The fluorescence of the solution spectrophotometer in the reaction catalyzed by T134A
was measured with excitation at 340 nm and detection atdehydratase or with a Cary 300 Scan Y¥s spectropho-
460 nm with a Perkin-Elmer MPF-3 spectrofluorimeter. A tometer in the reaction catalyzed by the K164M dehydratase.
calibration curve was measured using standard solutions of

[NAD+]sampIe= [(FZ - Fl)/(FS - FZ)] X [NAD+]standard

The amount of NADH bound in each variant was
determined after denaturation of 20 of the enzyme

NADH.

Rates of Reduction of Dehydratase with Dimethylamine
Borane To 1 mg/mL of enzyme in 1 mM EDTA, 1 mM
DTT, 100 mM Tris, pH 7.5, dimethylamine borane was
added to a final concentration of 200 mM. The reduction of
NAD* was followed at 25C by monitoring the formation
of the peak at 355 nm.

Determination of Steady-State Rate ConstaResactions
were run at 37C in 100 mM Tris, pH 7.5, 1 mM DTT, 1
mM EDTA with substrate concentrations varying from 1 to
150uM. [5-32P]-dTDP-Glucose was added to give a solution
of 5000 cpmyL. Aliquots of the reaction were spotted on a
silica gel TLC plate (Whatman LK6DF silica gel 60 A). After
drying the plates, the substrate & 0.3) and the product
(R = 0.4) were separated using the solvent system methanol
acetic acid/triethylamine/ethanol (30:5:2:70). Detection and
quantitation was accomplished by phosphoimagery (Molec-
ular Dynamics). Assay reactions were run in triplicate. The
kinetic constants were obtained by fitting the datavter
VA/(K + A) using the program HYPER20).

Log kat vs pH Profiles for Dehydratase and Variants
Dehydratase activity can be measured by monitoring the
formation of dTDP-4-keto-6-deoxyglucose in the stopped
point assay described by Okazaki et 8D)( Assay reactions
were run in triplicate at 18C in 1 mM DTT, 1 mM EDTA
and with the 0.08 M piperazine, 0.1 M HEPES buffer system
described by Hegeman et a26j. The detection limit of the
product in this assay allowed determination onlkaf The
substrate concentrations used were 0.8 and 1.2 mM. The p
profiles were fitted to logi.a: = log[c/(1 + [H*]/K: + Kif
[H*])] using the program BELL Z9).

pH Dependence of the Fraction of NADH with Saturating
dTDP-Glucose or dTDP-XyloseThe fraction of NADH

RESULTS

Coenzyme Content and CD Spectra of the Mutated
DehydratasesThe purified dehydratase variants contained
coenzyme in the reduced form, as shown by the absorbance
peak centered at 355 nm in their absorption spectra. The
amount of bound NADH present in the variants ranged from
8 to 98%. In the Y160A variant, almost all the coenzyme
(98%) was tightly bound NADH. Other variants with a high
percentage of bound NADH were K164M, T134V, and
Y160F with, respectively, 62, 56, and 35% of reduced
coenzyme. The bound NADH was oxidized to NADy
adding dTDP-4-keto-6-deoxyglucose. When all the coenzyme
was in the oxidized form, the dTDP-sugars were removed
/from the enzyme using a G50 spin column equilibrated with
the appropriate buffer and 1 mM DTT. The enzymes thus
treated were used in all experiments unless indicated
otherwise. The total content of reduced and oxidized
coenzyme present was measured on the purified variants,
which had not been treated with product. One mole of
coenzyme is present per mol of subunit in all cases except
the Lys164 variants. K164M and K164A dehydratases
contained 0.79 and 0.31 of coenzyme per monomer, respec-
tively. When exogenous NADwas added to these variants,
neither an increase in bound dinucleotide content nor an
increase in activity were observed. Proper folding of the
secondary structural elements of the variants was established
by circular dichroism spectroscopy. The CD spectra of the

utants (not shown) are essentially identical to the wt CD
spectrum 26). Therefore the observed decreased activity of
the variants is not due to major structural changes in the
enzyme.

Steady-State Kinetic§he steady-state kinetic constants

formed during steady-state turnover was measured in a pHmeasured at 37C and at pH 7.5 for each variant are

range from 6.0 to 10.0 at 18 for a solution of 0.025 mM
in1 mM DTT, 1 mM EDTA, and in the 0.08 M piperazine,
0.1 M HEPES buffer system. The dTDP-glucose concentra-

summarized in Table 1. Threonine 134 is not a conserved
residue in the enzymes of the SDR famill) @nd is often
substituted by a serine residue, as in the epime@deThe

tions varied from 2 to 5 mM. dTDP-xylose experiments were T134S dehydratase has similar steady-state kinetic constants
done by adding dTDP-xylose to the reaction mixture until o the wild-type, showing that this conservative mutation does
no further increase in absorbance at 355 nm was detectednot affect catalysis. The kinetic parameters for the Lys164
Enzyme-bound NADH was detected on a Cary 300 Scan Variants have been corrected for the amount of cofactor
UV —vis spectrophotometer by its absorbance at 355 nm andbound. Mutation of Lys164 to Ala or Met causes a decrease
quantified by the extinction coefficient of 6 mMcm (14). in keat by factors of 34 or 96, respectively. These are the
The fraction of NADH formed in the reaction with dTDP-  Only mutations studied that slightly affect the valuekof,
g|ucose was determined as described by Hegeman Qﬁﬁ| ( which increased by factors of 15 aned-fold for K164A
The fraction of NADH formed in the reaction with saturating and K164M dehydratases, respectively. All other variants
dTDP-xylose at equilibrium was determined from the dif- display changes ik of ~200-fold and inkca/Km of 200
ference in absorbance before the addition of dTDP-xylose 800-fold.
and the maximum absorbance measured after addition of The pH dependencies &f, for the wt and for T134A,
dTDP-xylose and correction for the dilution factor. Y160F, and K164M dehydratases were measured &C18
The pH profiles of the dTDP-xylose reaction were fitted using the spectrophotometric dehydratase assay and are
to log kear = log[c/(1 + [HT]/Ky)] using the program  shown in Figure 1. The profiles are similar and are all bell-
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Table 1: Steady State Kinetic Parameters for dTDP-Glucose 4,6-Dehydratase Variants and Wild-Type Enzyme MeasOdrad BH 7.5

Km fold Keal Km fold Keat fold
dehydratase (mM) increase (mM~1ts™) decrease (s decrease

wtd 0.0060+ 0.0007 820+ 60 49+0.2

T134A 0.007+ 0.001 1.2 29404 283 0.02H 0.002 233
T134V 0.020+ 0.002 3.3 1.04+ 0.07 788 0.020% 0.0005 237
T134S 0.022+ 0.003 3.7 109t 8 7.5 2.4+ 0.2 2
Y160A 0.0174+ 0.001 2.8 1.2G6t 0.09 683 0.0198- 0.0005 247
Y160F 0.0073+ 0.0007 1.2 3.5 0.3 234 0.0258t 0.0007 190
K164AP 0.09+ 0.01 15 1.58t 0.1 820 0.14+ 0.01 34
K164MP 0.052+ 0.009 8.7 1.6£0.1 837 0.05H 0.004 96

aRef 26. P Kinetic rate constants corrected for the amount of bound coenzyme present in the variant.

1

Table 2: Thermodynamic and Kineti&p Values Obtained from
the HABELL or BELL Fits in Figures 1, 2, and 3 T134S
pKafrom ss NADH  pK,from pKa from fraction of T134A
with dTDP-glucose, log keatvs pH, NADH with saturating = K164M
dehydratase Figure 2 Figure1  dTDP-xylose, Figure 3 < K164A
wtd 6.60+ 0.06 6.87+ 0.08 6.41+ 0.07 é wt
T134S 6.65+ 0.06 6.514+ 0.09 3
T134A 7.4+0.2 6.9+ 0.1 7.40+ 0.07 *
K164M 7.7£0.1 7.84+0.08 8.2+ 0.1
K164A 8.0+ 0.2
Y160F 6.6+ 0.1 0.001 : . . . . . .
a Ref 26 6 6.5 7 75 pBH 8.5 9 9.5 10
075 Ficure 2: Fraction of steady-state NADH with saturating dTDP-
R glucose measured at P& over a range of pH. Thelky values
0.25 ry determined from the fitted curves are in Table 2.
» Y160F
'.': -0.25—: A w 1
& 0755 ® Ti34A +
;@ 1,25 | K164M é o o T3S
D 1753 Z o T134A
] e o
- ] > £ A wt
-2.25—; §o.o1- B Ki64M
2,75
‘3-25:” T [ARARARARES ERARE RAARE SRRBNRRRN
6 65 7 75 8 85 9 95 10 0.001 —
pH 6 65 7 75 8 85 9 95 10
pH
FiGure 1: Lo vs pH profiles for the reactions catalyzed b I .
wild-type T13?4k,§atY16%F Fz)and K164M dehydratases at"(l%The y Ficure 3: Dependence on pH of the equilbrium fraction of NADH
pKa values from the fitted curves are in Table 2. measurged at 16C with saturating dTDP-xons_e for the W|Id-type
and variant enzymes. Th&pvalues from the fitted curves are in

Table 2.
shaped. The l§, values on the acidic side are 6.870.08, ave

6.6+0.1, 6.9+ 0.1, and 7.84t 0.08 for wt, Y160F, T134A, observed in the steady state of the reaction catalyzed by
and K164M dehydratases, respectively. On the basic side,Y160F dehydratase at & in the pH range tested for the
the (K, values are 9.6- 0.1, 9.3+ 0.1, 9.4+ 0.1, and 9.6 other variants, with the limit of detection being 0.5%. The
+ 0.1 for wt, Y160F, T134A, and K164M dehydratases, pH profiles measured (Figure 2) shoWvalues of 6.6+
respectively (Table 2). The pH-independent constants for 0.06, 6.65+ 0.06, 7.4+ 0.2, 7.7+ 0.1, and 8.0+ 0.2 for
each pH prof”e are in Table 3. wt (26), T134S, T134A, K164M, and K164A dehydratases,
respectively (Table 2).

PH Dependence of the Fraction of NADH with Saturating pH Dependence of the Fraction of NADH with Saturating

dTDP-GIugoseThe pH.dependence of the fraction of NADH dTDP-Xyloseln the reaction catalyzed by dehydratase with
observed in the reactions catalyzed by wt dehydratage (. dTDP-xylose, dTDP-4-ketoxylose is formed with concomi-
and T134S, T134A, K164A, and K164M dehydratases is yont reduction of NAD to NADH as shown in Scheme 2

shown in Figure 2. The fraction of bound NADH is an  (2g) when saturating dTDP-xylose is used, the equilibrium
indication of the formation of the dTDP-4-ketoglucose and s gnifted in the direction of the reduced coenzyme. The
dTDP-4-ketoglucose-5,6-ene in the steady state. The higheskaximum amount of NADH was measured under saturating
percentage of NADH was observed at basic pHs and wasconditions at 16C and at different pHs (Figure 3). The pH
identical for the wt 26) and T134S dehydratase (44%). profiles showed K, values of 6.41+ 0.07, 6.51+ 0.09,
T134A and K164M dehydratases displayed lower steady- 7.40+ 0.07, and 8.2= 0.1 for wt (26), T134S, T134A, and
state levels of NADH than wt, with 8.6 and 10.0% (Table K164M dehydratases, respectively (Table 2). The plateau
3), respectively, while the steady-state level of bound NADH shown in Figure 3 corresponds to-780% of NADH formed

for K164A dehydratase was 20%. Bound NADH was not for wt (26), T134S, and T1324A dehydratases. At equilib-
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Table 3: Net Rate Constank$ andks for the Reactions of Wild-Type and Vaiants Measured af@6vith Saturating dTDP-Glucose

Kikg/(ky + kg)? fold fold
dehydratase (s Ky/(K, + k)P ki (s decrease ks (s7) decrease
wit¢ 2.7+0.2 0.44 4.81 6.16
T134A 0.015+ 0.002 0.086 0.016 295 0.17 36
K164M 0.08+ 0.01 0.10 0.086 56 0.77 8
Y160F 0.011+ 0.001 not observed

apH independenk., value.? Steady-state level of NADH at platedRef 26.

Table 4: Rate Constants for the Reaction of Wild-Type and Variants Measured®°&t Ww8h Saturating dTDP-Xylose

(RS + 1Y)a fold fold
dehydratase (s KR + K)o K (579 reduction K (s7Y) reduction
we 14 0.73(0.73) 1.0 0.4
T134A 0.0028 0.46 (0.79) 0.0013 770 0.0015 267
K164M 0.000 26 0.13 (0.57) 3.4 10° 29 400 2.26x 104 1770

aRate of approach to equilibrium at pH 7'5raction of NADH at equilibrium at pH 7.5. Fractions of NADH at equilibrium on the high pH
plateau are in parentheséfef 26.

rium a lower level of bound NADH (57%) is observed for The epimerase mechanism is highly compromised when
the reaction catalyzed by the K164M dehydratase. Tyrl49 or Serl24 are mutated to phenylalanine or alanine,
The level of NADH measured under saturating conditions causing a drop itk 0f 10 000 and 3000, respectivel34).
at pH 7.5 and at 16C is shown in Table 4 and corresponds The double mutant Y149F/S124A of epimerase displays very
to KY'/(KY' + K"), assuming that all enzyme is in the bound low activity, 107 times that of wild-type epimeras&3).
nucleotide-sugar form. The rates of approach to equilibrium These residues are clearly involved in general acid/base
were measured at pH 7.5 and at 46 for some of the catalysis of hydride transfer. Conservative and null mutations
variants and are listed in Table 4. This rate corresponds tohave been introduced in dehydratase in order to investigate
the sum ofkgy' and kfly'_ The calculated values o@y' and the role of the triad in the first step of the dehydratase that
kiyl are in Table 4. Bound NADH was not observed in the corresponds to the epimerase reaction. Mutations of either
reaction of Y160F dehydratase under saturating conditions TYr160 or Thr134 cause a decreaséd of only 200-fold.

at 16°C and at pH 8.07 and 9.5. These reactions were also The modest drop in steady-state kinetic parameters for
run at 25 and 37C at pH 8.07 and 9.5 and allowed to Y160F, Y160A, T134A and T134V dehydratases should be

proceed for 24 h. In no case was NADH observed. considered in the context of the chemically more complicated
mechanism of dehydratase, in contrast to the mechanism of
DISCUSSION epimerase. Kinetic isotope effec®g and pre-steady-state

(14) experiments on the wt dehydratase indicate that the
chemistry is at least partly rate limiting and that the reduction
of the glucose-5,6-ene intermediate and the ketonization of
dTDP-glucose occur at similar rates, with the reduction of
the C5-C6 bond slightly slower. Therefore the loss in
activity which arises from mutation of a residue involved in
general acid/base catalysis in the first step is partly disguised
by the effects of rate limitation at other steps in the reaction

The Tyr149-X-X-X-Lys153 located in the epimerase active
site is characteristic of all members of the SDR family. Some
SDR proteins contain a Ser/Thr residue corresponding to
Serl24 in the epimerase. The structure of the active site of
the epimerase/NADH abortive complex with UDP-glucose
(15 shows Lys153 hydrogen bonded to thé &d 3
hydroxyl groups of the ribosyl ring of NADH, Tyr149 near
E)hoen (;1 é‘éo:én%rglj?h;g%x?,?gr ggps)lc)?‘:ihzngdlufgsréznﬁ O?glg)rz)gen of wt dehydratase. It is_likely, however, that in the Tyr160
When the partially refined three-dimensional structure of mutant some other residue can act as the general base.
dehydratase with NAD bound @) is aligned with the The assignment and measurement of tig palue of
structure of the abortive complex of epimerad®)( the  Tyrl49 in epimerase was accomplished by observing the
similarity between the two active sites becomes striking dependence of the intensity of the charge-transfer band on
(Figure 4). When comparing these two active sites caution pH in wt epimerase and by the absence of the charge-transfer
should be taken considering that different enzyme forms areband in Y149F epimerase€4). In epimerase the charge-
overlaid; the epimerase is in the abortive complex state with transfer band arises from interaction of the nicotinamide ring
substrate bound while the dehydratase is in the oxidized stateof NAD" and the phenolate of Tyrl4®4). When this
without substrate. The catalytic triad in the epimerase active charge-transfer interaction is interrupted by mutating Tyr149
site is located in a similar position as the corresponding to Phe, the chemical reactivity of NADtoward reducing
catalytic triad, Thrl134, Tyrl60, and Lys164, in the dehy- agents such as sodium cyanoborohydride increases. These
dratase active site (Figure 4). peculiar characteristics of epimerase are not present in the

The replacement of Thr134 with a serine has little effect dehydratase. The pseudofirst-order rate constants for reduc-
on the activity of the dehydratase. Similarly, the Ser124Thr tion of NAD" by dimethylamineborane for wt and the Y160
mutant of epimerase retains all the wild-type propert®s ( dehydratase are very similar, 42 104 and 2.3x 104
Therefore the first position in the catalytic triad can be s, respectively. Similar rates of reduction were measured
occupied by either a serine or a threonine. for the other variants.
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NAD*/NADH NAD*/NADH

UDP-glucose UDP-glucose

Ficure 4: An overlay of the active sites of dTDP-glucose 4,6-dehydratase in red (PDB filename 1BKX) and UDP-galactose 4-epimerase
in blue (PDB filename 1XEL). UDP-glucose (in green) is in the epimerase active site. The alignment was performed using Md)View (
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Upon binding of a uridine nucleotide, the chemical state of protonation of an ionizable residue in the active site
reactivity of NAD' in epimerase is enhanced by charge affects the equilibrium. Interestingly, in the reaction catalyzed
repulsion between the positive Lys153 and the nicotinamide by the Y160F dehydratase, NADH formation was not
ring of NAD™ (23, 33). The coenzyme in dehydratase is not observed. Y160F is the only variant among those tested here
activated by nucleotide bindin@®) and Lys164 has no effect and in previous work 26) which appears to shift the
on its chemical reactivity. A shared property between the equilibrium reaction drastically toward dTDP-xylose/NAD
epimerase and dehydratase is the role of the Lys residue ineven at high pH values. Therefore Tyrl60 is a key residue
binding the coenzyme as shown by their crystal structures.in the equilibrium reaction and its state of protonation affects
Alanine and methionine variants of Lys164 in the dehy- the fraction of NADH formed (Scheme 3). The net charge
dratase and of Lys153 in the epimera&8)(do not contain of the NAD"/dTDP-xylose/Tyr160 complex when Tyr160
a full complement of coenzyme and display a slight increase is deprotonated is zero and it stays zero in the NADH/dTDP-
in the K, value for the substrate. 4-ketoxylose/Tyr160 complex. When this balance of charge

The absence of a 6-hydroxyl methyl group in the xylose is disrupted by protonation of Tyr or by removal of the
moiety of dTDP-xylose allows the reaction of dehydratase hydroxyl group of Tyrl60 by mutation, the equilibrium
to proceed only through the first oxidation step, as shown becomes very unfavorable for formation of dTDP-4-ketoxy-
in Scheme 2. The dTDP-4-ketoxylose/NADH form of lose, since there is no acceptor for the proton produced in
dehydratase is in equilibrium with the dTDP-xylose/NAD  the oxidation. The pH dependence of the fraction of NADH
form when saturating levels of dTDP-xylose are used. This with dTDP-xylose thus reflects changes in the protonation
equilibrium depends ori' and K only, since all the  state of Tyr160 (Scheme 3).
enzyme is in the bound nucleotide-sugar state. When dTDP- The K, value of Tyrl60 was determined as 6.41 by fitting
xylose is oxidized to dTDP-4-ketoxylose by NADa proton the pH dependence of the fraction of NADH with dTDP-
is generated and the equilibrium for the formation of dTDP- xylose in the reaction catalyzed by wild-type dehydratase.
4-ketoxylose is affected by the state of protonation of A similar unusually low K, value of 6.1 for a tyrosine
dehydratase. As shown in Figure 2, the equilibrium is shifted residue has been assigned for Tyr149, the corresponding
toward dTDP-4-ketoxylose/NADH when the pH changes residue in epimerase. In epimerase, the ld palue arises
from 6.0 to more basic values for wild-type and for T134S, from stabilization of the phenolate form of Tyr149 by the
T134A, and K164M dehydratases. This indicates that the positive charges of Lys153 and of the nicotinamide ring and
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Glu136 Glu136

Asp135 Asp135

Ficure 5: Stereoview of the active site structure of dTDP-glucose 4,6-dehydratase (PDB filename 1BKX) with boundidiagdMolView
(34).

Scheme 3 not accumulate and that the dehydration step does not
ADP-ribage ADP-iboge contribute to the overall rate limitatior2§). The net rate
N N constants for the initial hydride transfer and for the final
HZN)@ HEN)@ reduction steps have been determined for wild-type dehy-
°© /‘ © dratase and for the variants (Table 3), using the steady-state
oH! 1O TyrE0 OH _o  HO-Tyr160 NADH level at high pH [equal td/(k; + k)] and the pH
HCEZ?QEO' —= H75A independenk.. values [equal tdK./(K, + k)] (Scheme 1).
arop A arop H In Figure 1, the steady-state NADH levels at different pH
values are shown for the reaction catalyzed by wt and
“H variants of dehydratase. The reactions catalyzed by K164A,
K164M, and T134A dehydratases show a drop in steady-
ADP-riboge state NADH level at low pH. Considering the role of the
HoN ——N corresponding residues in the epimerase mechanism, the
! X7 steady-state NADH levels observed for these mutants are
N consistent with a decrease in the net rate of initial dehydro-
OHI 4 HO-Tyr160 genation at C-4, which becomesl0 times slower than the
HOZ o /n° net rate of the reduction of dTDP-4-ketoglucose-5,6-ene
datoP H (Table 3). As is the case with dTDP-xylose, the first hydride

to a smaller extent by Ser1224). Mutation of Ser124 causes ~ransfer step becomes very unfavorable upon mutation of
a change in thek, value of Tyr149 of 0.6 pH units in the Tyrl60. This unfavorable equilibrium for hydride transfer
epimeraseZ4). In the dehydratase th&gvalues determined ~ 1€ads to a very low steady-state level of NADH and reduced
after mutating either Thr134 to Ala or Lys164 to Met are Keas Since the reduction of dTDP-4-ketoglucose-5,6-ene is
shifted to the basic side (Figure 1). Lys164 is the major factor N0t greatly slowed by the Tyr160 mutation.
in the stabilization of the anion of Tyrl60 as shown by the = The steady-state NADH levels in wild-type and the
shift in pK, value of 1.8 pH units upon mutation. The effect variants depend on changes in the protonation state of the
of the K164M mutation in the stabilization of Tyr160 anion active site (Figure 2). Similarky, values (Table 2) to those
is evident by the decrease of 29400-foldd{ and of 1770-  measured in the dTDP-xylose reaction were determined by
fold in kﬁy' at pH 7.5 (Table 4). fitting the curves of Figure 2 and by fitting lokty vs pH

The steady-state level of NADH observed in the reaction profiles (Figure 1). However, thekq values determined in
catalyzed by dehydratase with saturating dTDP-glucose this case are kinetic values. We here observed the same shift
corresponds to the amount of enzyme with dTDP-4-keto- toward more basic value for th&(pmeasured in the reaction
glucose-5,6-ene/NADH bound, since dTDP-4-ketoglucose catalyzed by T134A and K164M dehydratases that was
does not accumulat®@). The fraction of NADH observed  observed in the reaction with dTDP-xylose and in the reaction
is equal to the reciprocal of the net rate constant that follows of the corresponding mutants in epimera2é)(The assign-
dTDP-4-ketoglucose-5,6-ene/NADH KJy divided by the ~ ment of the |Ka values observed in the Idga vs pH profiles
sum of the reciprocals of the net rate constants which and in the steady-state level of NADH profiles is complicated
contribute to the overall rate limitation (/+ 1/k) affect by the complexity of the reaction observed. However, the
the steady-state NADH level observed. The net rate constantdecrease observed l@y' and the decrease in steady-state
ks was not included in the analysis because from previous NADH level with substrate in the reaction of T134A and
experiments it has been shown that dTDP-4-ketoglucose doesk164M dehydratases shows that in these reactions the first
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hydride transfer step becomes at least partly rate limiting. It SUPPORTING INFORMATION AVAILABLE
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