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ABSTRACT. Dihydroxyacetone (Dha) kinases are a sequence-conserved family of enzymes, which utilize
two different phosphoryldonors, ATP in animals, plants, and some bacteria, and a multiphosphoprotein
of the phosphoenolpyruvate carbohydrate phosphotransferase system (PTS) in most bacteria. Here, we
compare the PTS-dependent kinaseEstherichia coliand the ATP-dependent kinase Gitrobacter
freundii. They display 30% sequence identity. The binding constants oEtheoli kinase for eleven
short-chain carbonyl compounds were determined by acetone precipitation of the erstpagate
complexes. They are 3:M for Dha, 780uM for Dha-phosphate (DhaP), M for p,L-glyceraldehyde

(GA), and 90uM for b,L-glyceraldehyde-3-phosphate. Tkg: for Dha of the PTS-dependent kinase is

290 mirr?, and that of the ATP-dependent kinase is 1050 thiithe K, for Dha of both kinases is6

uM. The X-ray structures of the enzym&A and the enzymeDhaP complex show that substrates as
well as products are bound in hemiaminal linkage to an active-site histidine. Quantum-mechanical
calculations offer no indication for activation of the reacting hydroxyl group by the formation of the
hemiaminal. However, the formation of the hemiaminal bond allows selection for short-chain carbonyl
compounds and discrimination against structurally similar polyols. The Dha kinase remains fully active
in the presencef@ M glycerol, and phosphorylates trace impurities of carbonyl compounds present in
glycerol.

Dihydroxyacetone (Dha)kinases convert Dha into the hyde-3-phosphate (GAP). In bacteria, Dha is produced by
glycolytic intermediate dihydroxyacetonephosphate (DhaP). oxidation of glycerol 2) and possibly by aldol cleavage of
Free Dha is produced in large quantities by methylotrophic fructose 6-phosphat8&); Dha plays a role in osmoregulation
yeast () growing on methanol. The reaction is catalyzed by of yeast and algae). Similar to other short-chain aldoses
Dha synthase, a peroxisomal enzyme that transfers gly-and ketoses, Dha cannot be stabilized by intramolecular
colaldehyde from xylulose-5-phosphate to formaldehyde cyclization and therefore is prone to react intermolecularly.
(transketolase) and thereby produces Dha and glyceralde-Dha reacts with proteins in nonenzymatic Maillag) {ype
: reactions and forms superoxide radicals by autoxida&dn (
SVLITngstetS_ear?g was squporantl' by Grant t3f100-?ﬁ34520 f“t)m_ tflje The chemical reactivity toward proteins may be the basis

ational sScience Founaation, a grant from the sSecretaria de : : :
Estado de Educacion y Universidades to L.F.G.A., and the Ciba-Geigy f_OI'_ItS use as a tanning a_geﬁt—(9). D_eSplte the apparently
Jubifaumsstiftung. limited role of free Dha in metabolic pathways, genes for

“Protein Data Bank accession numbers 1UOE and 1UOD Dha kinases and other sequence-conserved proteins of an as
(http:/Aww.rcsb.org/). _ ) yet unknown function are found in the genomes of bacteria,
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Chemie und Biochemie, UniversitBern, Freiestrasse 3, CH-3012 Bern, Plants, and animals including humans. Dha kinases have been
Switzerland. Telephone++41 31 631 43 46. Fax:++41 31 631 48 shown to detoxify Dha in yeastl(). This could indicate

87, g'ma”ti beft”hfaédﬁemi(‘%ibc-ugig'_ﬂ-cﬂ- « that some Dha kinases may be more important for the
epartment of Chemistry and Biochemistry. .
'Present address: Institut de Pharmacologie et de Biologie Struc-ChemIcal stress response than for carbon metaboljm (
turglpe, 205, rogtde de NE—‘FE"”S-G’- E-310f77SToquus|ei3|_:r|ance. 4 Th There exist two forms of Dha kinases, one that utilizes
resent address: e Division of Structural Biology an e _
Oxford Protein Production Facility, The Henry Wellcome Building for ATP as ‘fi phosphate d.onor and another that L.JSGS a phos
Genomic Medicine, Roosevelt Drive, Oxford OX3 7BN, U.K. phoprotein of the bacterial phosphoenolpyruvate.sugar phos-
# L aboratory for Chemical and Mineralogical Crystallography. photransferase system (PTS, Figure 1A). The former occurs

Dhlﬁbbéf]“fg?og?: Dhg* qtihﬁ;dtrﬁéyacel_tcg‘ﬁ? Ehapl %T]a‘fhosml‘late? in eukaryotes and most bacteria, for instance, in the
ak, a-pinding subunit o . coll a Kinase, aL, sma . . .
subunit of theE. coli Dha kinase; GA, glyceraldehyde; GAP, GA-3- methylotrophic yeastHansuela polymorphaand Pichia

phosphate; Clha, chloro-hydroxyacetone; Prv, pyruvate; PEP, phos-pastoris (11, 12) and in glycerol-fermenting bacterid 3
phoenolpyruvate; Lac, lactate; G3P, glycerol-3-phosphate; G3PDH, G3P 14) and have been purified fror@itrobacter freundiiand

dehydrogenase; Im, imidazole; TIM, triose phosphate isomerase; LDH, ; ; . -
lactate dehydrogenase; PK, pyruvate kinase; PTS, PEP: sugar phos!(lebs'e"a pneumoniagl5-17). The PTS-dependent Dha

photransferase system; El, enzyme | of the PTS; HPr, heat stablekinase. was noticed first as two stro_ng_ly Up"_egU|at9d protein
phosphoryl carrier protein of the PTS; DTT, dithiothreitol. spots in the proteome of aischerichia coli ptsimutant,
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Ficure 1: Dha kinases. (A) Subunit and domain organization of

PTS- and ATP-dependent Dha kinases. The Dha- and nucleotide-
binding subunits are indicated. The protein phosphorylation sites

Garcia-Alles et al.

p-glyceraldehyde (GA) at 2.0 A resolution and with the
product dihydroxyacetone phosphate at 1.9 A resolution.

EXPERIMENTAL PROCEDURES

Chemicals and Enzymeiglaterials were purchased from
the following suppliers (in parentheses): pyruvate kinase
(PK, 2000 units/mL, Boehringer).-lactate dehydrogenase
(LDH, 2750 units/mL, Boehringer), glycerol-3-phosphate
dehydrogenase (G3PDH, 1700 units/mL, Roche), and G3PDH/
triose phosphate isomerase mixture (1010 units/mL G3PDH
and 9500 units/mL TIM, Fluka), all from rabbit muscle. PEP
(cyclohexylammonium salt, Sigma), NADH (disodium salt,
Sigma), ATP (disodium salt, Boehringer), dihydroxyacetone
(dimer, Fluka) p,L-glyceraldehyde (dimer, Fluka), hydroxy-
acetone (Fluka), glycerob(99% pure, Fluka), hydroxypyru-
vic acid (lithium salt, Fluka), methyl glyoxal (40% aqueous,
Sigma), dihydroxyacetone-phosphate (dilithium salt, Fluka),
p-erythrose (Fluka),L-glyceraldehyde-3-phosphate (Sigma),
[2-1“C]dihydroxyacetone (50 mCi/mmol, American Radio-
labeled Chemicals Inc.).

Synthesis of Chloro-3-hydroxyacetone (Clha)solution
containing 77 mg (0.5 mmol) of 1-acetoxy-3-chloroacetone

are indicated as phosphohistidine and cofactor ADP-P. The enzyme(TCl America), methanol (0.4 mL), amé"t'BUOMe tert-
catalyzed reactions used to monitor product formation (Prv, DhaP/ butyl-methyl ether, 10 mL) was shaken for 10 min at’&7

GAP) in the coupled assays are indicated by broken arrows. (B) Lipase B fromCandida antarctica(0.5 g, Novo Nordisk)

Hemiaminal and hydrogen-bonding interactions between dihy-

droxyacetone and thE. coli DhaK subunit.

which lack enzyme |, the key enzyme of the PTIS)( In

the ATP-dependent kinase, ATP/ADP exchange is fast. In
the PTS-dependent kinase, however, ADP is essentially

irreversibly bound to DhalL (DhatADP). Here, ADP serves

as a cofactor, which is in situ rephosphorylated by a phospho-

protein of the PTS (Behler and Erni, to be published
elsewhere).

ATP-dependent kinases are two-domain proteins, and PTS-
dependent kinases are hetero-oligomeric complexes (Figur

1A). The DhaK subunit/domain consists of twdg folds
(19, 20). Dha is covalently bound in the active site of DhaK

through a hemiaminal bond between the C2 of Dha and the

Ne2 of His-230 E. coli). This chemically labile bond is

stabilized by a hydrogen bond between the hemiaminal OH-2

of Dha and the N2 of His-66, as well as by additional

hydrogen bonds between the OH-1 and the OH-3 of Dha

€

was then added. The enzyme was filtered off after 20 min
of the reaction; 1 mL of PO was added; and mosgtrt-
BuOMe was evaporated, while taking care not to remove
water. ThetH NMR spectrum of the resulting 0.5 M solution
was as describe®?®).

Production and Purification of Dha Kinases of E. coli and
C. freundii. The DhaK, DhalL, and DhaM subunits Bf coli
and the Dha kinase . freundiiwere purified exactly as
described 20, 21).

[*“C]Dha Binding AssayThe incubation mixture [100L,

5 mg/mL bovine serum albumin, 50 mM Nad& pH 7.4, 5
mM MgCl,, 2.5 mM NaF, and 2.5 mM dithiothreitol (DTT)]
contained 1uM DhakK (E. coli subunit,C. freundii Dha
kinase) and between®V and 200uM [*“C]Dha (5750 dpm/
nmol). The 100uL aliquots were incubated for 10 min at
room temperature. The enzymsubstrate complex was
precipitated with 1 mL of ice-cold 80% acetone, and the
protein precipitate was immediately collected on glass

and Asp-119 (Figure 1B). The DhaL subunit/domain features microfiber filters (GF/F, Whatman) under suction. The

an eight-stranded-helix barrel of regular updown topol-

ogy. It contains the nucleotide-binding site at the narrower
end of the barrel. The phosphate groups of the nucleotide
are coordinated via two magnesium ions to the side-chain
carboxyl groups of aspartates. PTS-dependent kinases contai

an additional subunit, DhaM. DhaM d@&. coli consists of

three domains, which are homologous to the PTS proteins

precipitate was washed 3 times with 2 mL of ice cold 80%
acetone, and the dried filters were counted in a liquid
scintillation counter.Ky was determined by simultaneous
nonlinear least-squares fit &% (concentration of covalent
[Pha—DhaK complex at saturation) ang "2 to the data
points according to the equation

enzyme |, HPr, and the IIA domain of the PTS transporter Y = 0.5F + x + K™ = ((Py + X+ K2 = 4P)*?)

for mannose of. coli. The three domains conduct phos-

phoryl groups from the general phosphorylcarrier protein HPr with x = [Dha] andy = [**C]Dha—DhaK. Binding of

of the PTS to the DhatADP complex 21).

nonradiolabeled substrates was measured in a competition

Here, we characterize the substrate specificity and enzymeassay at a constant concentratiorLgf= 100uM ['*C]Dha
kinetic properties of the ATP- and PTS-dependent Dha (5750 dpm/nmol) and increasing concentrations of the

kinases ofC. freundii(Swiss Prot entry P45510) aikd coli

competing substrate&; was determined by simultaneous

(P76015, P76014, and P37349) with different substrates andnonlinear least-squares fit ¢f and P, (Dha—DhaK con-
competitive inhibitors, and we report the X-ray structures centration atx = 0) to the data points according to the

of the E. coli DhaK subunit in complex with the substrate

equation
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y=0.5F, + L, + KL "1+ xK;) —
(P + Lo+ KL + XK))? — 4PLo)™d)

100 yM[ C]Dha

g

with x = total concentration of unlabeled substrayes=
[**C]Dha—DhaK complex on the filterLo = 100 uM
[**C]Dha, andKq M2 = 3.4 uM.

Assay for Phosphotransferase Adly. Reactions were
performed in 96-well microtiter plates using a Spectramax-
250 plate reader as describétl), Phosphorylation of Dha O 25 50 75 WOSB WG O & 4 & B
or GA was monitored continuously at 3C€ in the presence
of G3PDH (final concentration 3 units/mL) or a mixture of [ C]Dha (uM) S (mM)

G3PDH and TIM (3.5 units/mL G3PDH and 30 units/mL  Fgygre 2: Binding of Dha and structural analogues to Dhak. (A)
TIM), respectively (Figure 1A). Phosphorylation of substrates Binding of [14C]Dha to the DhaK subunit . coli. Average and
other than Dha and GA was monitored by reduction of the standard deviation of 5 experiments performed in parallel with
pyruvate formed from PEP, which is produced directly by ?giﬁiczwgegt?uipu?gna:wnalgg152.2, g?gﬁg‘?}gﬁ&;gﬁggﬁy%ge
the PTS-dependent Dha kinase and indirectly via an ATP b.-glyceraldehyde ¥), b.;-glyceraldehyde-3-phosphatac), D
regenerating system by the ATP-dependent kinase (Figuregrythrose M), DhaP @), Cl-Dha ), methyl-glyoxal ¢). hy-
1A). The reactions were started by addition of the substrate droxypyruvate (up semicircles), and hydroxyacetone (down semi-

(20 uL) to a preincubated mixture of the complete assay circles). The total f'C]Dha concentration was 1Q@M, and the
mixture (130uL) containing 1 mM substrate, 0M EI, 1 DhaK concentration was 18M.
uM HPr, 0.54M DhaM, and 0.5«M DhalL in buffer A (1 ) _
mM PEP, 100 mM Hepes buffer at pH 7.5, 5 mM DTT, 5 B3LYP 6-31G** level with a pruned (99 590) grid for
mM NaF, 5 mM MgCh, 1 mg/mL BSA, 10uM EDTA, 7 integration. Geometries of Dha, imidazole, and the hemi-
units/mL LDH, and 0.4 mM NADH). The concentrations of aminal intermediate were optimized with conformations of
E. coli DhaK were varied between 0 and 5@1. The the heavy atoms, and the hydrogens involved in intermo-
concentration o€. freundiiDhaK was varied between 0 and  '€cular hydrogen bonding were fixed at the values found in
0.82uM in the presence of 1 mM ATP or 1 mM PEP, 0.1 the X-ray structure of the DhakDha complex 19, 21).
mM ATPm and 4 units/mL pyruvate kinase. These constraints were necessary to prevent the energy
Inhibition StudiesPhosphorylation of Dha was measured Minimization process from ending up in more stable con-
with the G3PDH coupled assay, as indicated above. Half formations with intramolecular hydrogen bondir(27)
inhibitory concentrations (I&) were determined by titration unrelated to those found in the crystal structure and therefor.e
of the inhibitor (3-5 mM) in the presence of 0.1 mM Dha of no relevance in the present context. Frequency analysis
and 80-120 nM of DhaK fromE. colior 35—-260 nM Dhak of imidazole founed an energy minimum. For the tetrahedral
from C. freundii The reactions were started by addition of Ntermediate, two imaginary frequencies were found, which
20 uL of a mixture containing 0.75 mM Dha and the mvolvgq torsions of termlnal hy(_jroxyl_ groups as expected
inhibitor. K; values for Clha were determined from the values [TOM fixing their conformations in eclipsed positions. For
of K. measured for GA (81 mM) at four constant Dha, th_ree such frequencies appeared, two involving torsions
concentrations of Clha (0, 33, 100, and 304) after linear of terminal hydroxyl groups as bef_ore, the other one torsions
regression to the equatid€,@° = Kn(1 + [11/Ki). Enzyme arounq the_GC bonds. The vibrations corresponding to the
concentrations were 1M DhaK and 0.5«M DhaL and three imaginary frequencies tend to deform Dha toward the

DhaM in theE. coli system and 0.1&M Dhak from C. stable conformation of the isolated molecule with an in-
freundii. LDH and pyruvate kinase were used as described famolecular hydrogen bond.
above.

Crystallization, Structure Solution, and Refineméyo-
DhaK from E. coli was crystallized from 80 mM sodium
acetate at pH 5.0, 160 mM (NHSO,, 17% (w/v) PEG 4000,  constants of thé&. coli DhaK subunit for Dha were measured
and 15% (w/v) MPD using hanging drop vapor diffusion. by incubation with increasing concentrations 8€Dha and
Crystals of the apo-DhaK were soaked with 2 mM GA or 5 precipitation of the covalent{C]Dha—DhaK complex with
mM DhaP, respectively, and flash-frozen at 105 K. Diffrac- acetone. A representativ€'C]Dha binding curve is shown
tion data were collected on a RAXIS-IV imaging plate in Figure 2A. The binding constants for unlabeled substrates
detector mounted on a Rigaku RU300 generator equippedwere measured in competition experiments in the presence
with Yale mirrors (Molecular Structure Corporation, The of 100 uM [*C]Dha (Figure 2B). TheKqy values obtained
Woodlands, TX). All data were processed using the HKL from these curves are listed in Table 1. The DhaK subunit
program package2@). The DhaK structures of complexes of E. coli has the strongest affinity for Dh&{ = 3.4 uM)
were determinded by difference Fourier methods with CNS andp-glyceraldehydeKq = 25 uM). The (apparentKq for
using the Dhak-Dha complex structure as the template. racemicp,L-glyceraldehyde is exactly twice (3M) indicat-

[ C]Dha::DhaK (M)

RESULTS
Substrate Binding and Kinetic ConstaniBhe binding

Refinement was effected using REFMAQ4]. Details of
the crystallographic analysis are shown in Table 3.
Quantum-Mechanical CalculationsCalculations were

ing that only thep but not theL enantiomer is bound and
that binding therefore is enantiospecific. DhaK also binds
the product Dha-phosphate (wita = 0.8 mM),p-erythrose,

performed with the Gaussian program package [Gaussian,methylglyoxal, and Cl-hydroxyacetone but not hydroxypyru-

Inc. (25)] using the Density Functional Theory (DFT) at the

vate nor hydroxyacetone (Table 1). TKe for Dha of the
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Table 1: Kinetic Constants of tHe. coli andC. freundii Dha Kinases for Different Substrates

DhaK/Dhal/DhaME. coli? Dha kinaseC. freundiP

Kd Kmapp kcatapp kca{Km |CSOC Kd Kmapp kcatapp kca{Km ICSOC
substrate  (mM) (mM) (min~Y) (MM~ min~Y) (mM) (mM) (mM) (min™Y) (MM~ minY) (mM)
Dha 0.0034  <0.006 290 >4.9x 10* 0.07 <0.006 1050 >1.7 x 1P
D,L-GA 0.049 0.11 12.5 110 1.7 ND 0.18 310 1.7« 1C° 1.1
D-GA 0.025 ND ND ND ND ND ND ND ND ND
Clha 0.35 e e <2 1.4 ND e e <5 ~8f
MeGlox? 0.34 e e <2 >5 ND e e 20 >5
DhaP 0.78 ND ND ND ND ND ND ND <5 ND
D,L-GAP 0.09 ND ND ND ND ND ND ND ND ND
glycerol >2000 e e <2 >5 ND e e <5 >5
Had 51 e e <2 >5 ND e e 45 >5
HOPy# 2.7 e e <2 >5 ND NMmP NM NM >5
erythrose 0.18 ND ND ND ND ND ND ND ND ND

aKn?P and kPP were determined using the lactate dehydrogenase aska§P? and k.#° were determined using the lactate dehydrogenase/
pyruvate kinase assayDetermined in the presence of 0.1 mM Dha using the GAP dehydrogenase \¥ayexperiment not done.Below the
detection limit of the assay:./Km are estimated.Extrapolated value? Methylglyoxal, hydroxyacetone, and hydroxypyruvat&lM: not measurable
because HOPrv is a substrate of pyruvate kinase.

at small substrate concentrations (small differences of NADH
absorbance). The extrapolat&d, values are below xM
(solid symbols of parts C and D of Figure 3 and Table 1).
The apparent Michaelis constant of DhaK for the DhalL
subunit is 0.15M (- - -, Figure 3A). ThekoValues are 290
min~! for the E. coli and 1050 min! for the C. freundii
enzyme. These values are of the same order as the kinetic
S — o —— constants previously published for the kinase€ ofreundii
0 01 02 03 0.4 05 0 0.25 0.50 0.75 1.0 Klebsiellg tomato, and yeastlb, 16, 28, 29). GA is a
[DhaM; Dhal] (uM) [ATP] (mM) substrate of both the PTS- and ATP-dependent Dha ki-
nases (parts C and D of Figure 3). TKg of the E. coli
and C. freundii enzymes forp,.-GA are 0.11 and 0.18
mM, with the kst = 12 and 310 min?, respectively. The
following observations indicate that the reaction is enan-
tiospecific forp-GA (results not shown): (i) enantiomerically
pure [“C]-D-GA is phosphorylated quantitatively by the Dha
kinase; (ii) only 1 mol of PEP is consumed per 2 mol of
D,L.-GA; and (iii) the reaction product is tautomerized to DhaP
L B B A U S e B by TIM, which is stereospecific fob-GAP. The latter
® 01 02 3 04 0 025 05 075 1.0 observation also indicates that GA is phosphorylated at OH-3
[Dha];[GA] (mM) [Dha][GA] (mM) and not at OH-2 (see below). GA was used as the substrate
Ficure 3: Rate of Dha and GA phosphorylation by Dha kinases In some of the experiments desc_:nbed below because f[he
of E. coli (A and C) andC. freundii(B and D). (A) Concentration  Kinetic constants could be determined more accurately with
of DhaM (—, O) and DhaL (- - -,0) subunits was varied{,2"~ this substrate.

DhaM) = 0.012uM, and K2PADhalL) = 0.15uM. The DhaK P P
:(;ubuniz was keptﬂconstant at (;(ts/l. (B)) Concerﬁration ATPQ®) Competite Inhibition by Cl-Hydroxyacetone and Sub-
was variedK,@{ATP) = 0.10 mM. DhaK was kept constant at ~ Strate AnaloguesSeveral analogues of Dha were tested as
0.033uM. (C and D) Concentrations of Dh#lf and GA Q) are inhibitors of theE. coli and C. freundii Dha kinases. GA
varied. (C) DhaK E. coli) concentration was 0.1ZM with Dha and Clha are inhibitors, glycerol, hydroxyacetone, hydroxy-
(Km < 5 uM) and 3.7uM with GA (Ky = 0.11 mM) as the  hyryvic acid, and methylglyoxal are neither substrates nor
substrate. The DhalL and DhaM concentrations wereu®5 (D) P . .
Dhak (C. freundi) concentration was 0.038Vl with Dha (Ky < |nh|b|tqrs (payts A and B of Flglur.e 4 and Table 1). Clha is
5 uM) and 0.33xM with GA (K, = 0.18 mM). The kinetic of particular interest because it is a haloketone that could
constants are listed in Table 1. react with nucleophilic groups in the active site. According
to the'H NMR spectrum, Clha exists in an aqueous solution
C. freundii Dha kinase determined by the same method is as a 1:1 mixture of ketone and ketone hydrate (not shown).
between 50 and 70M (Table 1). Clha is not phosphorylated by Dha kinases, but it inhibits
Km and ki of the two Dha kinases for Dha and the the enzyme oE. coliwith an IG of 1.4 mM and the enzyme
phosphoryl donors (phospho-DhaM and ATP) were deter- of C. freundiiwith an |G of approximately 8 mM at a Dha
mined in a coupled assay by enzymatic reduction of DhaP concentration of 0.1 mM (parts A and B of Figure 4).
with NADH in the presence of G3PDH (Figure 1). TKg Additional experiments (parts C and D of Figure 4) show
of the E. coli DhaK—DhaL complex for DhaM is 12 nM that inhibition of GA phosphorylation is competitive with a
(Figure 3A), and th&, of the C. freundiiDhaK for ATP is Ki of 0.15 and 0.6 mM for th&. coliandC. freundiikinase,
100uM (Figure 3B). TheK, for Dha is too low for accurate  respectively. However, the kinases are not inactivated by
determination because of the limited sensitivity of the assay incubation with 1 mM Clha for 30 min, by ligand binding
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listed in Table 1. (C and D) LineweaveBurk plots of inhibition

by Clha. The Clha concentrations were 0.0, 0.033, 0.1, and 0.3
mM in C and 0.0, 0.1, 0.3, and 0.9 mNli(®, A, and*) in D. (E)
Reversibility of inhibition by Clha. A total of 3xM DhaK of E.

coli was preincubated withousll), with 1 mM Clha alone @),

with 1 mM Clha plus 2.4«M Dhal (%), and with 1 mM Clha plus
complete PTS system under turnover conditions Aliquots were
withdrawn at the indicated time points and diluted 20-fold into a
standard assay mixture without DhaK. The concentrations were for
A, C,and E, 1.7uM DhakK, 0.5uM Dhal, and 0.5:M DhaM plus
standard concentrations of El, HPr, and PEP; and for B and D,
0.17uM DhaK and 1 mM ATP.
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(A) Concentration of GA was varied at three concentrations of ATP
(0.125, 0.25, and 0.5 mMs, O, andO). (B) Concentration of ATP
was varied at three concentrations of GA (0.125, 0.25, and 0.5 mM;
A, O, andO). Apparentk, values for GA and ATP were extracted
by nonlinear best fit of the datapoints to the Michaeldenten
equation. Tru&, values were determined by linear regression from
the double-reciprocal plots of the appard®y for one substrate
versus the concentration of the second (insets). (C and D) Inhibition
of C. freundiikinase by ADP. (A) ADP competes with ATP. (B)
ADP inhibits noncompetitively with respect to GA. ADP concentra-
tions were 0.0, 0.033, 0.1, and 0.3 mi, (M, A, andv).

0

0

Table 2: Kinetic Constants for the Phosphorylation of
D,L-Glyceraldehyde by the Dha Kinases fra@n freundii

alone, nor under conditions where the bound ligand can react

(turnover) (Figure 4E). When taken together, this suggests
(i) that Clha is bound to the active site with the CI group
occupying the position of the hydroxyl group of Dha, which
is phosphorylatedpfo-R) and (ii) that the active site does
not contain a nucleophilic group strong enough to react with
a weak electrophile. The latter conclusion agrees with the
X-ray structure, which shows that the entrance to the active-
site pocket is free of nucleophilic group&9j. The two
products, GAP and DhaP, do not inhibit tBefreundiiDha
kinase at concentrations up to 5 mM (results not shown).
Kinetic Mechanism of Phosphoryl Transf@isubstrate
kinetics were measured with the ATP-dependent Dha kinase
The initial rate of GAP formation was determined as a
function of the concentrations of GA and ATP at three
constant concentrations of ATP and GA, respectively (parts
A and B of Figure 5). The values estimated kay, Kn, and
keafKm Obtained from Figure 5 are listed in Table 2. Both
keatandKr, decrease when decreasing concentrations of GA

constant KeafPP Kp2pp AB Keal KB
substrate  (min™?) (uMm) (M~ min™Y)
Figure 5& ATP (mM) Varying GA ConcentrationK, for GA)
0.500 280+ 20 140+ 30 2.0+ 0.5
0.250 238+ 7 130+10 1.9+0.2
0.125 190+ 10 90+ 20 2.1+ 0.6
constant KeafPP Km2pp AB Keal KB
substrate  (min™Y) (uM) (M=t min™)
Figure 5B GA (mM) Varying ATP Concentration, for ATP)
0.500 300+ 20 130+ 40 2.3+ 0.7
0.250 250+ 20 110+ 30 2.3+ 0.7
0.125 210+ 20 80+ 30 2.6+0.9

aKinetic constants were extracted from the results shown in
Figure 5.

and ATP are used (three constant concentrations), whereas
the specificity constantk../Ky, remain constant at around
2.3 and 2.uM~1 min~1, respectively. Thdc./Km for each
.Substrate appears to be independent of the concentration of
the second substrate. The r&a] values were obtained from

the double-reciprocal plots [insets of Figure 3)]. They

are 0.12 mM for GA and 0.14 mM for ATP. Constant
keafKm (parallel-line reciprocal plots) are the hallmark of
ping-pong kinetics, although other kinetic pathways also can
give rise to similar outcomes. The X-ray structure of the Dha



13042 Biochemistry, Vol. 43, No. 41, 2004 Garcia-Alles et al.

A B Table 3: Statistics of Crystallographic Data and Refinefhent
El o« o e Sy Data Collection
DhaM — -—-— ———— dataset GA DhaP
- — — — ---
Dhak - Wrma-—— resolution overall 25.0-2.00 25.0-1.90
(highest bin) (2.10-2.00) (2.00-1.09)
unique reflections 54 971 60 809
Dhal —esss s o dm . redundancy 35 3.7
completeneds 99.3(93.7) 94.6 (63.1)
Rmerge(%6)°° 7.4 (23.7) 4.5(10.0)
GAuM) |0 6 12 25 50100] C _ Rner T4 45
[32P]GAP rey . . Refinement
dataset GA DhaP
[32FIPEP . . . . . resolution range (A) 25.002.00 25.06-1.90
R factor (%) 17.9 16.8
Riee (%)° 23.0 20.6
FIGURE 6: Stability of the GAP-DhaK complex. Phosphorylation rmsd bond lengths (A) 0.017 0.015
of GA with [32P]PEP. (A) Coomassie-blue-stained polyacrylamide ~ fmsd bond angles (deig) 1.731 1.718
gel. (B) Autoradiogram of polyacrylamide gel. (C) Section of thin- number of reflections 53 425 56 190
layer chromatogram. The incubation mixture (80 contained 0.97 residues 684 684
uM EI, 1.2 uM HPr, 1.254M DhaM, 14.3uM Dhal, 8.9 uM water 486 501
DhaK, 100uM [3?P]PEP and the indicated concentration of GA, sulfate 2 2
50 mM NaPi at pH 7.5, and 5 mM MgglAfter incubation for 5 averageB factors 162 N
min at 37°C, 1 uL was spotted for thin-layer chromatography protteln 2%7 2@'%
(polyetyleneimine cellulose, 0.85 M KPi at pH 3.4), while the }/_va e(rjs os s
remaining 2L were diluted with gel electrophoresis sample buffer Sllg,lﬁgte e o0

and, without heat denaturation, separated on two 20% polyacryl-
amide gels. One gel was stained with Coomassie blue (A), and the 2PDB accession codes are 1UOE for the complex with glyceralde-
other was soaked in 5% glycerol Tris-HCI at pH 8.5, dried, and hydes and 1UOD for the complex with DhaPNumbers in parentheses
autoradiographed (B). are for the high-resolution biff.Rmerge= Y || — DVY I, wherel is the

intensity of an individual measurement afiidis the average intensity
kinases revealed that the binding sites for ATP and GA are from multiple observations: Recior = 3 ||Fond — KIFead /3 |Fobd. © Riee
located on different looselv coupled domains pointing to a equals_theRfactor against 5% of the _da_ta remov_ed prior to refinement.

Y y p " p g frmsd is the root-mean-square deviation from ideal geometry.

random bi-bi rather than ping-pong mechanism. Moreover,

phosphate exchange betweéfC|Dha and {*C]DhaP oc-  and DhaM, which are phosphorylated at a histidine inde-
curred only in the presence of ADP but not in its absence pendently of whether GA is present or not, DhaK is labeled

(results not shown). only in the presence of GA (parts A and B of Figure 6), and
Product inhibition experiments were performed to further [32P]JGAP can be identified by thin-layer chromatography
characterize the reaction mechanism. Inhibitio@ofreundii (Figure 6C). The resistance to sodium dodecyl sulfate of the

Dha kinase by ADP was measured at variable ATP concen-DhaK—GAP complex adds evidence for strong binding and
trations and either nonsaturating (0.1 mM, Figure 5C) or slow product release.

saturating (1 mM, not shown) GA concentration. In both  X-ray Structure of E. coli DhaK in Complex with GA and
cases, ADP was competitive with ATP. The estimated value DhaP. The E. coli DhaK subunit was crystallized as
of K; = 0.14 mM at saturating GA is comparable to te described 19), and crystals were soaked in solutions
= 0.10 mM measured for ATP in the same experiment. containing racemio,.-GA, DhaP, and GAP. Two complete
Inhibition by ADP at variable GA is noncompetitive (mixed data sets were collected to a resolution of 2.0 and 1.9 A,
type) both at nonsaturating (0.1 mM, Figure 5D) and respectively (Table 3) for complexes with GA and DhaP.
saturating (1 mM, not shown) concentrations of ATP. These Soaking with GAP destroyed the crystals, and cocrystalli-
results are consistent with a random bi-bi mechanism andzation also did not afford diffraction-quality crystals. The
the formation of a dead-end complex enzyme, GA and ADP. difference Fourier maps calculated with phases derived from
They are not consistent with a ping-pong mechanism, wherethe model of the DhakDha complex {9) revealed strong
ADP would be a mixed-type inhibitor of ATP and a extra positive electron densities into which 1 molecule GA
competitive inhibitor of GA. However, a rapid equilibrium  or DhaP, respectively, per monomer could be fitted (Table
system is also expected to produce intersecting initial velocity 3). GA and DhaP are covalently bound as hemiaminal to
patterns with both substrates, ATP and GA. This is not the His-230 and hydrogen bonded to His-66 and Asp-119 (Figure
case for GA, where the lines are close to parallel (Figure 1B and Figure 7) in a similar way as DHES|. The phosphate
5D). A similar outcome was reported for phosphofructoki- at thepro-R OH group of the DhaPHis-230 hemiaminal
nase and explained by, in comparisonMga.x, the much (Figure 7A, PDB accession number 1UOD) is surface-
slower rate of substrate releasd). Such slow release can exposed. The hydrogen bond betweenpheR OH of the

be expected in view of the facts that the Dtdnase substrate Dha and the-carboxyl oxygen of Asp-119 can
complex could be precipitated quantitatively with acetone no longer be formed after esterification with phosphate. As
(see above) and that the product DhaP is covalently bounda consequence, thecarboxylate group is displaced by a
in the X-ray structure of the DhaK subunit (see below). slight rotation of the 8—Cy bond. This loss of one hydrogen
Although crystals of DhaK in complex with GAP could not bond and the electrostatic repulsion between phosphate and
be obtained, a Dhak[*?P]GAP complex could be separated carboxylate might destabilize the enzynmroduct complex

by polyacrylamide gel electrophoresis (Figure 6). Unlike El sufficiently to allow dissociation. Indeed, the in vivo
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What effect, if any, a hemiaminal would exert on the
reactivity of a nearby hydroxyl group is not known.
Quantum-chemical calculations were performed to estimate
whether the carbonylhemiaminal transformation affects
bond lengths, charge distribution, and basicity of the phos-
phorylatable OH group of Dha. The geometries of Dha and
the Dha imidazole hemiaminal (Dhdm) were optimized
with the constraint of fixing the conformations of heavy
atoms and hydrogens involved in intermolecular hydrogen
bonds at the values found in the 1.75 A crystal structure
(19). Energy-optimization without these geometrical con-

C straints afforded conformations that were unrelated to the
* X-ray structure and therefore appeared to be of little use.
H230 H230 The bond lengths of the phosphorylatable-i® differ by

less than 0.0002 A, and the charges change by less than 0.005

atomic units between Dha and Dhbn (Table S1 in the
Supporting Information). This indicates that the carbenyl
hemiaminal transformation does not affect the nucleophilicity
of the a OH group significantly. A similar result is found
D119 D119 from a comparison_o_f the protonation energies taken as a
measure of the basicity of the OH groups. The energy of

. stabilization caused by protonation €€0)—C—O(—H,)"
FIGURE 7: Structure of the substratactive-site complex of the  \arsys C£0)-C—0—H) are —187.5 kcal/mol for the

E. coli DhaK subunit. (A and B) Experimentaff2— f. elec- L _
tron densities of the active site complexed with DhaP and GA energy-optimized Dhalm and —184.9 kcal/mol for the

at 1.9 and 2.0 A resolution, respectively, contoured at &.5  €nergy-optimized Dha. The increased protonation energy in
Hydrogen bonds are indicated as black dotted lines. diieeR Dha—Im is primarily due to the electrostatic stabilization of
g&_PSsS%D?g)P Satg(rjetc?eeOHé? ﬁéGaActf’ir: g'rt]ethet?lugacgr'(r)rfw tr(])Zed the positive charge by the imidazole ring. Provided this effect
1V Ite. View 1Vi | Wi u | H H H
Dha (blue), DhaP (yellow)-GA (red), and the apo-Dha?( subrfmit 1S n.Ot oyercompensated_ by_ other electrostatic eﬁeCt.S_m the
(green). actlvg site of the protein, it also holds for the positively
polarizedy phosphorus atom of ATP and therefore could
concentration of DhaP in glycolytically active cells is contribute toward an increased reactivity for phosphorylation.
estimated to be between 0.05 and 0.15 mB2, (33). A comparison of the energies of the Dhlan complex with
Inhibition of Dha kinase activity by DhaP therefore should those of Dha and imidazole shows that the former is more
be insignificant under physiological conditions. The con- stable than the latter by-6 kcal/mol, indicating that the
centration used to soak the crystals was 100 times higherstrong affinity of the substrate is due to not only hydrogen
than the physiolgical conditions. bonding in the enzymesubstrate complex but also to
The covalent complex between GA and DhaK is shown covalent bonding. Although this difference is large (Table
in Figure 7B (PDB accession number 1UOE). Bonded is the S1 in the Supporting Information), the conclusions must be
D isomer, which agrees with the observation that only this taken carefully. Calculations in the gas phase account for
isomer is phosphorylated (see above). The OH-3 of GA is the very complex situation in an enzyme only to a limited
hydrogen-bonded to one carboxyl-oxygen atom of Asp-119 extent. When these results are taken together, they give no
and the backbone amide of Gly-63. OH-2 is in hydrogen- clear-cut indication of an increased reactivity of #heOH
bond distance to the carboxyl-oxygen atom of Asp-119. group in the hemiaminal, at least not in the ground state.
OH-2 of GA is superimposable with the phosphate ester If the hemiaminal does not control the reactivity of the
oxygen of DhaP and thpro-R OH of Dha (9), whereas hydroxyl group, what else could its function be? We
OH-3 is buried like theoro-L OH of DhaP (Figure 7C). One  tentatively propose that the<€IN covalent bond allows the
would therefore expect that OH-2 rather than OH-3 is enzyme to discriminate between short-chain carbonyl com-
phosphorylated. However, as inferred from the keto-aldol pounds and the structurally similar polyols. The following
tautomerization of GAP by triosephosphate isomerase (seeexperiment illustrates how strong this discrimination can be.
above), GA must be phosphorylated at OH-3. This and the After glycerol in a millimolar concentration did not inhibit
observation that thé&,; for GA is 20-fold smaller and the  Dha kinase at all (Table 1), glycerol in molar concentrations
Km is 20-fold larger than that for Dha suggest that GA may was also assayed as a potential substrate. The progress of
bind primarily in a nonproductive conformatio34). the kinase reaction was followed spectrophotometrically in
Biological Function of the Hemiaminal Bon@atalysis a coupled assay with lactate dehydrogenase. As shown in
by type-I aldolases proceeds via Schiff base intermediates,Figure 8A, PEP (NADH) is consumed at a rate of G
formed by condensation of a catalytic lysine with a ketone. sec!. PEP is consumed at the same constant rate at all
The formation of such an intermediate helps to stabilize the glycerol concentrations, but the reaction stops earlier when
development of a negative charge during the aldol cleavagethe glycerol concentration is reduced. This behavior suggests
condensation reaction. Whereas hemiaminals of primarythat glycerol contains a small amount of a contaminant,
amines, such as lysine, can eliminate water to give stablewhich is consumed by the Dha kinase. T#®-labeled
Schiff bases, a hemiaminal with an heteroaromatic systemreaction product cochromatographs witf]DhaP (Figure
such as imidazole cannot react further and is inherently labile. 8B). At lower glycerol concentrations, two phases of PEP
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- P 0.008 M 5 substrate complementarity may be optimal but enzyme
s ¢ transition state complementarity might be weak, resulting
it in high activation energy. For GA bound in a kinetically
competent conformation, the situation could then be reversed.
Substrates and products are both covalently bound to the
active site by a hemiaminal bond between the carbonyl group
and an imidazole nitrogen of a histidine (Figure 7). This
covalent binding may give rise to the slow release of the
substrate and the observed steady-state kinetics. We propose
time (sec) mi that this covalent bond determines the specificity of the
FiGurRe 8: Specificity of theE. coli Dha kinase for Dha. (A)  enzyme for short-chain carbonyl compounds but does not

Reaction with trace amounts of contaminants present in analytical-increase the reactivity of the adjacent hydroxyl groups. The

grade glycerolE. coli Dha kinase was incubated with glycerol (2 : . _ : . 3
M to 8 mM), and the consumption of PEP was followed continu- reasons for this proposition are 2-fold. First, primary hy

ously by reduction of pyruvate with NADH. Two rates are droxyl groups in thea (Dha),  (GA), or y (erythrose)
discernible, which might correspond to two substrates. No NADH position relative to the carbonyl group are phosphorylated
is consumed when Dha kinase is omitted (- - -). (B) Identification (28, 35, 36). Second, the quantum mechanically calculated

of the phosphorylated product by cochromatography wiBlbha. — charge distribution, bond length, and bond energy of the
A total of 2.2 M glycerol doped with'fC]Dha was phosphorylated ' ' . 4
with unlabeled ATP @), and 2.2 M glycerol (without added Dha) phosphorylatable hydroxyl group do not differ significantly

was phosphorylated witti3P]ATP (). The reaction mixtures were ~ Detween free Dha and Dha in hemiaminal linkage with
inactivated by heating and then combined and separated on aimidazole. This high selectivity of Dha kinases is in stark

MonoQ anion-exchange column. The same experiment was repeatectontrast to the glycerol kinase, an enzyme of completely
wggoljjste%dgcl)t:?ﬂiSOfeE)zhgr!(r:’ll’]eanStG:( andD). C. freundiiDha kinase  gifferent structure8) which does not strongly discriminate
P ' between glycerol and Dhd§, 39).

consumption can be discerned. The fast phase of product The two kinases have similar substrate specificities and
formation corresponds to a raté of 380 product (M enzyme kinetic constants. The ATP-dependent kinase has a

AN i e . 3 times largelk., for Dha and a 30-fold largek..; for GA
DhaK™%) min~t, which is comparable to tHe,of Dha kinase .
for Dha (Table 1). The product corresponding to the slow than the RTS-dependent form. Where both occur concomi-
phase is formed at a rate of 904 product M DhaK-Y) Fantly, as |n_l_<lebS|eIIa pneumoniaé40) anq probably also
min~. It could not be isolated by anion-exchange chroma- in C. freyndu the ATP-dependent form might f“r!C“O” asa
tography. According to Figure 8A>99.5% pure glycerol metabolic enzyme, while the PTS-dependent might act as a

might contain 0.25% Dha kinase reactive molecules. sensor fqr Dhg and other short-chain carbonyl compounds.
In E. coli, which only has a PTS-dependent enzyme, the

DISCUSSION DhaL and DhaK subunits also function as a coactivator and
corepressor of DhaR, the transcription activator of dha

ATP- and PTS-dependent Dha kinases display a strikingly KLM operon (Bahler and Erni, to be published elsewhere).

high degree of sequence and structure similarity. WhereasThe metabolic form may have a higher turnover but low

ATP-dependent kinases have been characterized biochemiaffinity as expected of a catalytic workhorse, while the

cally and physiologically, little is known of the PTS- regulatory form may have a higher affinity but a slower

dependent kinases. Here, we biochemically characterize theturnover, sufficient to remove the ligand from the binding

PTS-dependent Dha kinase Bf coli and compare it with  site and trigger the signaling mechanism.

the ATP-dependent counterpart©f freundii Dha kinases

have a relatively broad substrate specificity for short-chain ACKNOWLEDGMENT
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