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utilizes a phosphoprotein instead of ATP as

phosphoryl donor

Regula Gutknecht, Rudolf Beutler,
Luis F.Garcia-Alles, Ulrich Baumann and
Bernhard Erni’

Departement fiir Chemie und Biochemie, Universitit Bern,
Freiestrasse 3, CH-3012 Bern, Switzerland

!Corresponding author
e-mail: erni@ibc.unibe.ch

The dihydroxyacetone kinase (DhaK) of Escherichia
coli consists of three soluble protein subunits. DhaK
(YcgT; 39.5 kDa) and Dhal. (YcgS; 22.6 kDa) are
similar to the N- and C-terminal halves of the ATP-
dependent DhaK ubiquitous in bacteria, animals and
plants. The homodimeric DhaM (YcgC; 51.6 kDa)
consists of three domains. The N-terminal dimeriza-
tion domain has the same fold as the IIA domain
(PDB code 1PDO) of the mannose transporter of the
bacterial phosphoenolpyruvate:sugar phosphotrans-
ferase system (PTS). The middle domain is similar to
HPr and the C-terminus is similar to the N-terminal
domain of enzyme I (EI) of the PTS. DhaM is phos-
phorylated three times by phosphoenolpyruvate in an
EI- and HPr-dependent reaction. DhaK and DhalL are
not phosphorylated. The IIA domain of DhaM, instead
of ATP, is the phosphoryl donor to dihydroxyacetone
(Dha). Unlike the carbohydrate-specific transporters
of the PTS, DhaK, Dhal. and DhaM have no transport
activity.
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Introduction

Sugars are primed for metabolic transformation by phos-
phorylation. Sugar phosphates are formed by kinases at the
expense of ATP, and by phosphorolytic cleavage of
intracellular oligo- and polysaccharides. The equilibria of
these reactions are far to the right and the intracellular
concentration of free carbohydrates is kept low. In
addition, in bacteria carbohydrates can be phosphorylated
at the expense of phosphoenolpyruvate (PEP) (Kundig
et al., 1964). Whereas phosphorolytic and ATP-dependent
phosphorylation entails direct transfer of phosphate
between donor and acceptor, phosphotransfer from PEP
is mediated by a cascade of four proteins that are
phosphorylated at histidines or cysteines (Figure 1B).
The components at the end of the cascade are sugar-
specific transporters that couple phosphorylation with
translocation of their substrates. This transport mechan-
ism, which results in chemical modification of the
transported solute, is termed group translocation (Hays,
1978) or vectorial phosphorylation. The soluble phospho-
relay proteins and the membrane-bound transporters
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together constitute the PEP:sugar phosphotransferase
system (PTS). Several components of the phosphorylation
cascade are also involved in regulation of metabolism in
response to the availability of carbohydrate nutrients,
hence the apparent complexity of the system (for a review
see Postma et al., 1996). The first unit of the cascade,
termed enzyme I (EI), is a soluble two-domain protein
(LiCalsi et al., 1991). It catalyses the phosphoryl transfer
from PEP to the second component: the small (9 kDa)
soluble HPr (histidine-containing phosphoryl carrier
protein). HPr itself then serves as phosphoryl donor to
the different PTS transporters (so-called enzymes II). They
consist of three to four functional units, termed IIA, IIB,
IIC and IID (Saier and Reizer, 1992; Lengeler et al., 1994;
Robillard and Broos, 1999), which are individual subunits
of a protein complex or independently folding domains of
a multidomain protein. IIA and IIB sequentially transfer a
phosphoryl group from the phosphoryl carrier protein HPr
to the transported substrate. IIC and IID span the
membrane and mediate substrate translocation. IIC
mutants with impaired translocation but normal phos-
phorylation activity, and mutants that catalyse facilitated
diffusion uncoupled from phosphorylation, have been
isolated (Ruijter et al., 1990, 1992; Buhr et al., 1992).
Cytoplasmic glucose can be phosphorylated by the IICBS'c
subunit of the glucose transporter without the need to exit
first and then re-enter (Thompson and Chassy, 1985;
Nuoffer et al., 1988). Although of interest for understand-
ing the catalytic mechanism, these partial reactions are not
physiologically relevant. Phosphorylation coupled with
transport and involvement of at least one membrane-
spanning IIC unit is the rule, but there is an exception.
In Escherichia coli, dihydroxyacetone (Dha) is phos-
phorylated at the expense of PEP by three soluble proteins.
The YcgT (SWISS-PROT P76015) and YcgS (SWISS-
PROT P76014) subunits are similar to the dihydroxy-
acetone kinase (DhaK) of Citrobacter freundii (Daniel
et al., 1995; SWISS-PROT P76015), and will henceforth
be termed DhaK and DhaL.. YcgC (SWISS-PROT P37349)
is a PTS protein that serves as phosphoryl donor instead of
ATP, and will henceforth be termed DhaM. There are
multiple pathways to dihydroxyacetone phosphate (re-
viewed by Johnson et al., 1984): (i) formation of Dha by
NAD*-dependent oxidation of glycerol and phosphoryl-
ation by an ATP-dependent kinase; (ii) flavin-dependent
oxidation of glycerol-3-phosphate; and (iii) phosphoryl-
ation of Dha by a PEP-dependent PT mechanism. Whereas
Klebsiella pneumoniae has all three pathways, E.coli has
only (ii) and (iii). The PEP-dependent pathway was first
identified by Jin and Lin (1984) in an E.coli double mutant
lacking the ATP-dependent glycerol kinase and the NAD*-
dependent dehydrogenase. They demonstrated that phos-
phorylation of Dha depends on two components: (i) EI of
the PTS; and (ii) a gene at 26 min, the interruption of

© European Molecular Biology Organization



A He H169 S20 H430
] & - i ¥ ]
A HPr EI:V

orf-1 dhaR dhaK dhaldhaM  treA

QOIGO 40:’.."0 SDIOO BDIDD 10?00

B El HPr A"

Fig. 1. The dihydroxyacetone kinase of E.coli. (A) Operon structure of
the Dha PTS and domain structure of DhaM. The active site histidines
are indicated with closed circles, the invariant Ser in the HPr domain
with an open circle. (B) Phosphoryl flow between the general PTS
proteins EI and HPr and the mannose transporter (top), and between
the PTS and DhaM, respectively. Active site histidines are indicated
with closed circles. Homologous domains are vertically aligned; the
IIA domain is filled. Notice that IIA in DhaM is at the end of the
phosphoprotein relay, whereas ITA of IITABM® is in the middle. Solid
arrows indicate main phosphotransfer reactions; dotted arrows indicate
cross-talk reactions. Shown at the bottom is the homologous but single-
subunit DhaK of C.freundii, which utilizes ATP instead of phospho-
DhaM as phosphoryl donor.

which abolished PEP-dependent phosphorylation of Dha.
The transposon-targeted gene, termed ptsD, was predicted
to encode a Dha-specific enzyme II (IIPh2) of the PTS.
However, no gene coding for II°" was identified by in
silico analyses of the E.coli genome, possibly because
enzymes II were presumed to be multi-spanning membrane
proteins. Only recently, upon re-examination of the 25 min
region, were DhaK and DhaL identified as subunits of a
dihydroxyacetone kinase and DhaM as a putative allosteric
regulator of this kinase (Paulsen et al., 2000). We identified
DhaK and DhaLl on two-dimensional gels because they
were both prominently upregulated in a pts/ (EI) mutant
(Beutler, 2000; Beutler et al., 2001). DhaM was found
because it was encoded in the same operon and could then
be identified as a PTS protein by sequence comparison. We
have purified the three subunits. All three are required for
PEP-dependent phosphorylation of Dha, with phospho-
DhaM serving as phosphoryl donor instead of ATP.

Results

Structure of the dha operon and amino acid
sequence of its proteins

The dha operon comprises three cistrons, encoding in this
order, DhaK, DhaL. and DhaM (Figure 1A). The 3’ end of
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dhaK and the 5" end of dhaL are separated by 10 non-
coding nucleotides, dhal and dhaM by only seven. The
operon is bracketed on the 5" side by the divergently
transcribed gene dhaR, encoding a protein that is 70%
identical to the Dha regulator of C.freundii (Daniel et al.,
1995), and by treA on the 3’ side, which encodes a
periplasmic trehalase (Gutierrez et al., 1989). DhaK
(39.5 kDa) and DhaL. (22.6 kDa) are 30 and 27% identical
to the N- and C-terminal halves, respectively, of the DhaK
(57.9 kDa) of C.freundii. DhaK shares with DhaK two
histidine-containing and glycine-rich segments (SGGGS-
GHEPEPMH and GIHGEPG) and a third invariant
sequence, KNYTGD. Dhal. and the C-terminal half of
DhaK have only a few short motifs in common. In view of
the fact that DhaK/Dhal. and DhaK have the same
acceptor substrate but structurally different phosphoryl
donors, the three invariant segments might be part of a
common binding site for Dha. DhaM (51.6 kDa) is a
multi-phosphoryl transfer protein of the PTS comparable
to MTP of Rhodobacter capsulatus (Wu et al., 1990;
SWISS-PROT P23388). It consists of three domains: the
first (residues 1-129) is ITA like (see below); the second
(residues ~155-231) is HPr like (29% identity). It contains
the GLHVRP motif of the phosphorylation site, and
31 residues further downstream the invariant serine.
The third domain (residues ~270-473) is similar to the
N-terminal domain of enzymes I of the PTS (Liao et al.,
1996). It displays 33% sequence identity, and contains the
characteristic SHS motif of the EI phosphorylation site.
Two properties of DhaM are noteworthy. First, it does not
comprise a domain similar to the C-terminal domain of
enzyme I that catalyses the phosphotransfer between PEP
and the SHS histidine. Therefore, DhaM should be
phosphorylated only in the presence of EI in trans.
Secondly, the N-terminal domain of DhaM (residues
~1-130) can be aligned (32-42% identity) with open
reading frames (ORFs) of unknown function from
Mycoplasma  capricolum, Deinococcus radiodurans,
Selenomonas ruminantium, Streptomyces coelicolor and
Staphylococcus epidermidis (Figure 2A), but not with the
ITA domain of the R.capsulatus MTP (<16% identity).
However, using 3D-pssm, a Web-based method for protein
fold recognition (http://www.bmm.icnet.uk/~3dpssm/;
Kelley et al., 2000), a striking similarity between the
DhaM and the ITAM2" domain of the IIABM2" subunit of the
mannose transporter (Erni et al., 1987, 1989; Nunn et al.,
1996; PDB code 1PDO) could be detected. IIAM2" has an
(ap)40P fold, with four parallel strands in the order 2134
and a fifth antiparallel strand donated by the opposite
subunit (Figure 2B). This swap of a B-strand makes ITAMa
a stable dimer (Markovic-Housley ez al., 1994). His10 and
Asp67 in loops B0 and Bzoic of IIAM2 form a catalytic
diad. These residues, invariant in all members of the
ITAMan family, are also invariant in DhaM and the five
similar ORFs (Figure 2A). From the similarity of design
with ITABM# DhaM is predicted to be a dimer of two
interlocked subunits (Gutknecht et al., 1999).

Production and purification of DhaK, Dhal

and DhaMV

Full-length proteins were produced without affinity tags.
DhaK and Dhal. were synthesized together because it was
initially not clear whether the two subunits would be stable
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Fig. 2. (A) Secondary structure assignment for the IIA domain of
DhaM and sequence alignment. The secondary structure elements
(o-helices A-E and B-strands 1-5) and the sequence of ITAM2" are
given at the top. Active site residues invariant between IIAM2" and the
six similar sequences are boxed. Sequence alignments between the ITA
domain of DhaM (E.c.) and five similar ORFs of unknown function are
given below. Residues that are invariant (*) and similar (:.) between
these six sequences are indicated. The linker regions connecting IIA
with IIB (Ala Pro rich) and the IIA-like with the HPr-like domains

of DhaM, respectively, are shown at the bottom. E.c., E.coli; M.c.,
M.capricolum; D.r., D.radiodurans; S.r., S.ruminantium; S.c.,
S.coelicolor; S.e. S.epidermidis. (B) Model of the IIAM2" dimer (PDB
code 1PDO). Shown in ball and stick representation are the active site
residues. Shown in dark grey is the part of helix D that is presumed to
be shortened in DhaM. The shortening of helix D might widen the cleft
between the two subunits and thereby facilitate the access to the
phosphoryl donor His for Dha bound to the DhaK-DhaL. complex.

independently of each other. The two subunits are
overproduced in comparable amounts and in completely
soluble form (Figure 3, lane 1). DhaK binds quantitatively
to the anion exchange resin, DhalL only partly, although
DhaK and DhaL. have comparable pls (4.7 and 5.1). DhalL
and DhaK might form a weak complex, which is
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Fig. 3. Purification of DhaK, Dhal. and DhaM. Whole-cell lysates
containing DhaK and DhaL (lane 1) and DhaM (lane 4). Separated
DhaK (lane 2), DhaL (lane 3) and DhaM (lane 5) after gel filtration
purification. The 15% polyacrylamide gel is stained with Coomassie
Blue.

dissociated during purification. DhaK and Dhal. can be
completely separated by gel filtration in 0.15 M NaCl
(Figure 3, lanes 2 and 3). DhaK elutes after the marker
protein IIABMan (2 X 35 kDa), DhaL shortly before ITASk
(18 kDa), suggesting a monomeric state for both proteins
(results not shown). Production and purification of DhaM
are straightforward (Figure 3, lanes 4 and 5). As expected
of a 2 X 52 kDa homodimer, DhaM elutes between the
dimeric EI (2 X 63 kDa) and IIABMan (2 X 35 kDa) on
gel filtration (results not shown).

Dha phosphotransferase (PT) activity

All three subunits, DhaM, DhaK and DhaL., are necessary
for PEP-dependent phosphorylation of Dha. PT activity
increases non-linearly at subunit concentrations <0.1 uM
(Figure 4A, insert), as expected if the catalytic complex is
formed of two or more randomly colliding subunits. The
reaction rate starts to level off when the reduction of Dha
phosphate by glycerol-3-phosphate dehydrogenase be-
comes rate limiting. PT activity further depends on PEP,
EI and HPr, and the single omission of either EI or HPr
completely abolishes the PT activity (Figure 4B). This
indicates that the HPr-like domain of DhaM cannot
efficiently substitute for the general phosphoryl carrier
protein HPr (Figure 1B). ATP cannot serve as phosphoryl
donor to DhaK and DhaL. (Figure 4B). All three subunits
of the DhaK complex must be present in ~1:1:1 molar
ratio. PT activity decreases as soon as the concentration of
one of the three is reduced (Figure 4C). The Ky, of the
purified DhaK—Dhal.-DhaM complex for Dha is 45 uM
and kg, is 2.8 s7! (Figure 4E and F).

Protein phosphorylation and active site titration

Equimolar amounts of EI, HPr, DhaM, DhaK and Dhal.
were incubated with [**P]JPEP, and analysed by gel
electrophoresis and autoradiography. DhaM was strongly
phosphorylated, whereas no traces of phosphorylated
DhaK or DhaLll could be detected (Figure 5A). DhaM is
six times more strongly phosphorylated than EI and HPr,
indicative of multiple phosphorylation of DhaM. Active
site titration of DhaM with PEP in the presence of catalytic
amounts of EI and HPr revealed that ~3.5 mol PEP are
consumed per mole of DhaM (Figure 4D). This number is
consistent with three phosphorylation sites, which are
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Fig. 4. Dha phosphorylation and DhaM active site titration. (A) Rate of
Dha phosphorylation by DhaM-DhaK-DhaL at a constant molar ratio
of 1:1:1 and three different concentrations of glycerol-3-phosphate
dehydrogenase (open circle, 1.0 pg/ml; open square, 2.0 pg/ml and
open triangle, 4.0 ug/ml) The insert shows the non-linearity at low
concentration. (B) Dependence of Dha phosphorylation upon 1:1 serial
dilution of ATP (upside-down triangle, <1.0 mM), PEP (closed
triangle, =<1.0 mM), EI (closed circle, <10 nM) and HPr (closed
square, =180 nM). The numbers in parentheses indicate the maximum
concentrations used at dilution 1. (C) Rate of Dha phosphorylation by
DhaK, DhaM and DhaL. The concentration of two subunits was kept
constant at 0.33 uM, while the third (open circle, DhaM; open square,
DhakK; open triangle, DhalL) was varied from 0 to 0.66 uM. (D) Active
site titration of DhaM. DhaM was incubated with PEP and catalytic
concentrations of EI and HPr. The amount of PEP consumed was
determined from the NADH consumed during the reduction of
pyruvate with lactate dehydrogenase (Mukhija and Erni, 1997).

The ratio NADH/DhaM obtained from the linear regression is 3.5.

(E) Michaelis—Menten plot. The rate-limiting concentrations of
DhaM, DhaK and DhaL. were 0.33 uM each. Ky = 45 = 6 uM and
kea = 2.8 = 0.1 s7! were calculated by non-linear least squares fit to

a hyperbola. (F) Double-reciprocal plot of the Michaelis—Menten plot
from (E).

presumed to be the invariant His9, His169 and His430
(Figure 1B). Neither DhaK nor DhalL caused a burst of
pyruvate formation in this assay, indicating that the
absence of an autoradiographic signal is not due to
phosphoprotein hydrolysis during gel electrophoresis
(results not shown) and confirming that these proteins
are indeed not phosphorylated. Phosphorylation of DhaM
depends strictly upon EI but not upon HPr (Figure 5, first
and second lanes). Contamination by HPr of the purified
El, DhaK, DhalL or DhaM preparations can be excluded,
because all proteins were produced in ptsH (HPr deletion)
strains. We conclude that slow transfer of phosphoryl

-HPr -El -DhaM -Dhak -Dhal Comp
Dha |- + - — + — + — + — +
pelJA S
-
P-DhaM 7™ & Edd
P-HPr —|
B =
El 1S T e B i
DhaM — = & s « — ===
A= - ==l o s
Dhak -
Dhal TS w e v S e e e -
-
HPr —

Fig. 5. Phosphorylation of DhaM. Equimolar amounts of purified
DhaM, DhaK, DhalL, EI and HPr were incubated with [33P]PEP for
10 min at 37°C either together (Comp) or with one component at a
time omitted. To one aliquot was added a molar excess of Dha (+)
to dephosphorylate the PTS proteins. One polyacrylamide gel was
autoradiographed (A). Note that HPr is dispensible for slow
phosphotransfer from PEP to Dha, but that both DhaK and DhaL are
essential. The second gel was stained with Coomassie Blue (B).

groups also occurs from EI to DhaM. The transfer rate
suffices to radiolabel 0.1 nmol of protein, but not several
micromoles of Dha.

Functional characterization of active site mutants
and the isolated llIA-like domain of DhaM

The general phosphoryl carrier protein HPr is obviously
necessary for efficient phosphorylation of Dha (Figure 4B).
There are two likely pathways (Figure 1B) for
the fast phosphotransfer between HPr and DhaM:
(i) HPr(His15) — DhaM(His430 — His169 — His9) —
Dha; (ii) HPr(His15) — DhaM(His9) — Dha (with a
possibility of backward phosphorylation of His169 and
His430). For the slow phosphorylation of DhaM observed
in the absence of HPr (Figure 5A, lanes 1 and 2), there are
also two possible pathways: (i) PEP — DhaM(His430)
mediated by the C-terminal domain of EI; and (ii)
PEP — EI(His189) — DhaM(His169). The third possi-
bility, direct phosphotransfer between HPr and the HPr-
like domain or between the N-terminal domain of EI and
the El-like domain of DhaM, is less plausible because of
the non-complementarity of the interacting sites (Schauder
et al., 1998).

To characterize different pathways of phosphotransfer,
the active site histidines of DhaM were mutated to alanine,
one at a time, to afford the three mutants DhaM(H9A),
DhaM(H169A) and DhaM(H430A). In addition, the ITA-
like domain of DhaM (residues 1-129) was produced as
protein subunit DhaM*.

The three His—Ala mutants are completely inactive
(Figure 6A). This outcome is expected of DhaM(H9A) if
phospho-His9 is the immediate phosphoryl donor to Dha.
That DhaM(H169A) and DhaM(H430A) are also inactive
indicates that HPr(His15) — DhaM(His430 — His169 —
His9) — Dha is the only route of fast phosphotransfer
(Figure 1B, solid arrows), and that EI(His189) —
DhaM(His169) and HPr(His15) — DhaM(His9) are not
alternative pathways. DhaM*, the separate IIA-like
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Fig. 6. Activities of DhaM mutants. (A) Rate of Dha phosphorylation
by DhaM wild type (open circle), HO9A (open square), HI69A (open
triangle) and H430A (upside-down triangle). The concentrations of
DhaK and DhaLlL were kept constant at 0.33 uM. (B) Rate of Dha
phosphorylation by DhaM*, the recombinant IIA-like domain of
DhaM. The concentration of DhaK and DhaL was 0.33 uM. (C and
D) Phosphorylation of DhaM mutants. DhaM wild type and mutants
were phosphorylated with [>*P]PEP in the absence (C) and presence (D)
of HPr. To one of two identical aliquots was added a molar excess of
Dha (+) to allow for dephosphorylation of the proteins. Shown are

the EI- and DhaM-containing sectors from the autoradiogram. The
complete autoradiograms and Coomassie Blue-stained gels had the
same appearance as in Figure 5. For experimental details see legend to
Figure 5.

domain, has <10 nmol/umol/s PT activity, which is <0.3%
of DhaM-specific activity (Figure 6B). This indicates that
direct phosphotransfer between His15 of HPr and His9 of
DhaM is possible, but slow.

To identify additional pathways of slow transfer, the
H9A, H169A and H430A mutants of DhaM and DhaM*
were phosphorylated in the absence and presence of HPr
(Figures 6C, D and 7). DhaM(H430A) is phosphorylated
without and with HPr (Figure 6C and D, lanes 9 and 10),
indicating that phosphotransfer from His189 of EI to
His169 on the HPr-like domain of DhaM, and from His15
of HPr to His9 of DhaM, occur at measurable rates.
DhaM(H430A) is dephosphorylated by Dha (Figure 6C
and D, lane 10), as expected of DhaM with a functional
ITA-like domain. The H169A and H9A mutants of DhaM
are also phosphorylated both in the absence and presence
of HPr (Figure 6C and D, lanes 5-8). In the absence of
HPr, DhaM must be phosphorylated by direct phospho-
transfer from PEP to His430 catalysed by the C-terminal
domain of EI In the presence of HPr, His9 of DhaM in
addition is phosphorylated by HPr (see below and
Figure 7). Unlike the H430A mutant, the H9A and
HI169A mutants cannot be dephosphorylated by Dha, as
expected if His9 is the phosphoryl donor to Dha and if
phosphotransfer between His430 and His9 depends on
His169. The isolated IIA-like domain, DhaM*, is weakly
phosphorylated by the general phosphoryl carrier protein
HPr (Figure 7A, lane 5), and in the absence of HPr also by
full-length DhaM (Figure 7A, lane 1), indicating inter-
molecular phosphotransfer between His169 of a DhaM
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Fig. 7. Phosphorylation of the IIA-like domain of DhaM.
Stoichiometric amounts of purified IIA-like domain (DhaM*), DhaM,
DhaK, DhaL, EI and HPr were incubated with [3*P]PEP for 10 min at
37°C, either together (Comp) or with the indicated proteins omitted. To
one aliquot was added a molar excess of Dha (+) to dephosphorylate
the PTS proteins. Note that the ITA-like domain (DhaM*) is phos-
phorylated by HPr (in the absence of DhaM) as well as by DhaM (in
the absence of HPr), and is completely dephosphorylated by Dha.

(A) Autoradiography; (B) gel stained with Coomassie Blue.

subunit and His9 of truncated DhaM* as an additional
pathway of phosphotransfer.

Discussion

Dha is phosphorylated by PEP in a reaction catalysed by
components of the bacterial PEP:sugar PTS. The Dha
binding moiety is a soluble heterodimeric complex
homologous to the ATP-dependent dihydroxyacetone
kinase, and not a membrane-spanning enzyme II of the
PTS as originally suspected (Jin and Lin, 1984). ATP-
dependent dihydroxyacetone kinases are ubiquitous in
bacteria (Daniel et al., 1995), yeast, animals and plants. It
therefore appears that in the course of evolution the
enzyme now found in E.coli has switched from ATP as a
source of high-energy phosphate to a phosphohistidine
protein of the PTS. Why a phosphoprotein instead of ATP?
ATP is a highly connected metabolite (Jeong et al., 2000)
and therefore not suitable as a sensor to monitor the
availability of a particular metabolite. In principle, a
phosphoprotein such as DhaM, dedicated to phosphorylat-
ing a single or a few similar substrates, can assume this
function, as demonstrated for other PTS proteins (for
reviews see Amster-Choder et al., 1989; Schnetz and Rak,
1990, Stiilke et al., 1998; Gorke and Rak, 1999). The
multiple phosphorylation and oligomeric structure of
DhaM might permit non-linear and time-delayed re-
sponses to intracellular metabolic cues. For example,
dephosphorylated DhaM might act directly as a
co-inducer, perhaps together with the nearby DhaR
regulator.

The general phosphoryl carrier protein HPr and all three
active site histidines of DhaM are required for efficient
transfer, suggesting the sequence of transfer reactions
depicted by the solid arrows in Figure 1B. However,
cross-talk between EI/HPr on one side and the



phosphorylation sites of DhaM on the other can be
detected if protein phosphorylation is measured (Figure 6C
and D). Slow phosphotransfer occurs by all routes between
complementary domains on EI and DhaM. Whether
protein phosphorylation and dephosphorylation in the
presence of Dha are detectable depends strongly on the
relationship between PEP concentration and incubation
time (results not shown). Because all three active site
mutants can be phosphorylated, but at the same time do not
have catalytic activity, the phosphotransfer reactions
detected by protein phosphorylation are most likely not
relevant physiologically.

DhaM is composed of three functional modules with
similarities to the IIABMa" gubunit of the mannose
transporter and the general PTS proteins EI and HPr.
Whereas the EI- and HPr-like domains share 30%
sequence identity with other PTS proteins, the similarity
of fold and sequence between the IIA domain and ITAM2
could only be detected by 3D template matching
(Figure 2A). Sequence alignment of DhaM with [[AMan
shows a deletion of 12 residues extending from loop B40p
into helix D of IIAMa (Figure 2B). These modifications
could be an adaptation of the structure for better binding of
the Dha—DhaK-DhaL ternary complex. A docking model
of the ITAMan_TIBMan complex showed that the imidazole
residue of the acceptor His on IIB is on a convex surface
that can reach deep into the narrow cleft between the
subunits of the ITA dimer (Schauder et al., 1998). Dha, in
contrast to the acceptor His of IIB, is not covalently bound.
Non-covalent binding requires several weak interactions
and the Dha binding site is, therefore, likely to be extended
if not a shallow cleft. Truncation of helix D of the ITA
domain of DhaM could widen the cleft and create space for
docking with the flat (less convex binding) surface of the
Dha-DhaK-DhaL ternary complex.

Materials and methods

Plasmid construction

The overlapping coding regions of dhaK and dhaL were PCR amplified in
one piece, and dhaM separately with genomic DNA as template and
primers encoding Ndel and HindllI restriction sites. The PCR fragments
were digested with Ndel and HindIll, and ligated with the expression
vector pMSEH2 (Beutler et al., 2000). The plasmid pUBIIA encoding the
IIA-like domain of DhaM (residues 1-129) with an N-terminal His tag
was prepared from a PCR fragment. The sequences of the N- and
C-termini are NH,mgsshhhhhhssglvprgshM; VNL/HALE;,o-COOH. The
active site mutations HOA, H169A and H430A of DhaM were introduced
by primer extension mutagenesis (Ho et al., 1989) using primers encoding
the His to Ala mutation and a diagnostic Nhel restriction site. Successful
mutagenesis was verified by DNA sequencing. Standard procedures were
used for plasmid purification, restriction analysis, ligation and trans-
formation.

Production and purification of Dhal, DhaK and DhaMl
Escherichia coli K-12 WA2127AHIC (AmanXYZ AptsHIcrr) (Mao et al.,
1995) was used to overproduce the protein subunits. Cells were grown in
11 of Luria—Bertani (LB) medium in an Erlenmeyer flask on a rotary
shaker at 37°C. When the cells had reached Asso = 1.0, gene expression
was induced with 0.05 mM isopropyl-B-D-thiogalactopyranoside and
incubation was continued for 5 h.

Purification of DhaM. Cells were harvested by centrifugation (7500 g for
20 min at 4°C), resuspended in 2.5 ml/g wet weight of buffer A [20 mM
Tris—HCI pH 7.6, 1 mM EDTA, 0.5 mM dithiothreitol (DTT), 0.2 mM
phenylmethylsulfonyl fluoride (PMSF)] and lysed by two passages
through a French pressure cell (1000 p.s.i.). Cell debris was removed by
low-speed centrifugation (12 000 g for 10 min at 4°C), membranes by
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high-speed centrifugation (360 000 g for 1 h at 4°C), and the super-
natants containing the soluble proteins were applied to ion-exchange
columns as follows. Extracts containing DhaM from 1 1 of culture were
applied to a HighQ anion exchange column (10 ml Macro Prep, HighQ
Support; Bio-Rad) equilibrated with buffer A. The column was developed
with a gradient of 0-800 mM NaCl in buffer A (flow rate 1.5 ml/min,
4.5 ml/fraction). DhaM eluted at 0.5 M NaCl. The trailing half of the
peak was pooled, concentrated in a Centriprep-30 concentrator to 5 ml
and 2.5 ml were applied to a gel filtration column (Superdex 200 16/60;
Pharmacia) equilibrated with buffer B (20 mM NaP; pH 7.4, 150 mM
NaCl, 1 mM EDTA, 0.5 mM DTT) and eluted at a flow rate of 1 ml/min.
The peak fractions were pooled. The yield was ~50 mg of pure DhaM per
litre of cell culture.

Purification of DhaK and DhaL. Cells were lysed in buffer A pH 8.6 as
described for DhaM. Extracts from 11 were applied to 15 ml
DEAE—cellulose (C545, Fluka) equilibrated with buffer A pH 8.6.
More than 50% of DhalL did not bind and eluted in the void volume. The
DhaL-containing fractions were pooled and concentrated in a
Centriprep-10 concentrator. DhaK was eluted together with the remaining
DhalL in a gradient of 0-700 mM NaCl at a flow rate of 1 ml/min. DhaK-
containing fractions were pooled and concentrated in a Centriprep-30
concentrator. Dhal. from the flow-through and DhaK were further
purified by gel filtration (Superdex 75 16/60, equilibrated with buffer B,
flow rate 1 ml/min). DhaK and DhaL, which eluted well separated, were
rechromatographed to remove minor contaminants. The yield per litre
was 60 mg of DhaK and 3 mg of Dhal.

Purification of DhaM*, the IIA-like domain of DhaM. Escherichia coli
K-12 BL21 transformed with plasmid pUBIIA were grown in 300 ml of
LB in an Erlenmeyer flask on a rotary shaker at 28°C. When the cells had
reached Asso = 1.0, gene expression was induced with 0.3 mM IPTG and
incubation was continued at 22°C (to minimize the formation of inclusion
bodies) for 4 h. Cells were lysed by one passage through a French
pressure cell (8 ml buffer G, 50 mM NaP; pH 8.0, 0.5 M NaCl, 5 mM
imidazole, 10 mM [B-mercaptoethanol) and the high-speed supernatant
mixed with 4 ml of Ni>*-NTA-agarose equilibrated in buffer G. After
30 min at 22°C, the slurry was cooled to 4°C and poured into a column.
The column was washed with 15 ml each of buffers G, H (50 mM NaP;
pH 5.5, 0.5M NaCl, 10 mM B-mercaptoethanol) and 130 (30 mM
imidazole, 50 mM NaP; pH 7.4, 0.5 M NaCl, 10 mM [-mercapto-
ethanol). DhaM* was eluted with buffer 1150 (150 mM imidazole in
buffer I). The yield was between 5 and 10 mg of 80% pure protein.

Assay for PEP: Dha PT activity

Reactions were performed in 96-well microtitre plates. DhaP was reduced
with NADH by glycerol-3-phosphate dehydrogenase. The disappearance
of NADH was monitored in a Spectramax-250 plate reader, continuously
during 10 min at 30°C. Initial rates were calculated from the maximal
slope of the absorption at 340 nm. One millilitre of reaction mixture
contained 9 ug of EI, 25 pg of HPr (purified as described by Mao et al.,
1995), DhaK, DhalL and DhaM as specified in the figure legends, 1 ug of
rabbit glycerol-3-phosphate dehydrogenase (Fluka), 0.8 mM Dha,
1.0 mM PEP, 0.5 mM NADH, 50 mM KP; pH 7.5, 2.5 mM DTT and
2.55 mM MgCl,. The reaction volume was 150 pl/well and the reactions
were started by the addition of PEP.

Assay for protein phosphorylation

[**P]PEP was a gift of Dr Seema Mukhija (Arpida AG, Miinchenstein).
Assay mixtures (20 pl) contained approximately equimolar amounts
(0.5-5 pg) of ElI, HPr, DhaK, DhalL and DhaM, 10 mM NaP; pH 7.0,
5 mM MgCl,, 0.65 mM [3P]PEP and 1.3 mM Dha where indicated.
Incubation was for 10 min at 37°C. The reaction was stopped by dilution
with gel electrophoresis sample buffer. Duplicate gels were run, one of
which was stained with Coomassie Blue and the other dried and analysed
on a phosphoimager.

Active site titration of DhaM

The amount of PEP consumed upon phosphorylation of a known amount
of DhaM was determined in a coupled assay with pyruvate
dehydrogenase. NADH consumption was determined colorimetrically
at 340 nm in a Spectramax-250 plate reader. One millilitre of reaction
mixture contained catalytic amounts of EI, HPr, 1.0 mM PEP, 0.5 mM
NADH, 1.5 ug of lactate dehydrogenase (Boehringer Mannheim),
50 mM KP; pH 7.5, 2.5 mM DTT, 2.5 mM NaF, 2.5 mM MgCl,, and
between 0 and 80 UM purified DhaM. The reaction was started by the
addition of PEP. In order to exclude the remote possibility that DhaK is
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phosphorylated but that the phosphoprotein is too labile for detection by
autoradiography, DhaK was also tested by active site titration in the
presence of catalytic amounts of EI, HPr and DhaM. No PEP was
consumed (results not shown).
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