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The UDP-diacylglucosamine Pyrophosphohydrolase LpxH in
Lipid A Biosynthesis Utilizes Mn2� Cluster for Catalysis*
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Hayley E. Young‡, Matthew P. Donohue§, Tatyana I. Smirnova§, Alex I. Smirnov§, and Pei Zhou‡1

From the ‡Department of Biochemistry, Duke University Medical Center, Durham, North Carolina 27710 and the §Department of
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Background: LpxH is a novel pyrophosphate hydrolase in lipid A biosynthesis.
Results: Enzymatic and EPR studies reveal a catalytically important Mn2� cluster within LpxH.
Conclusion: LpxH is a Mn2�-dependent lipid A enzyme with an active site similar to calcineurin-like phosphatases, not Nudix
family hydrolases.
Significance:Unmasking the true nature of LpxH catalysis represents an important step toward structural characterization and
development of antibiotics.

In Escherichia coli and the majority of �- and �-proteobacte-
ria, the fourth step of lipid A biosynthesis, i.e. cleavage of the
pyrophosphate group of UDP-2,3-diacyl-GlcN, is carried out by
LpxH. LpxH has been previously suggested to contain signature
motifs found in the calcineurin-like phosphoesterase (CLP)
family of metalloenzymes; however, it cleaves a pyrophosphate
bond instead of a phosphoester bond, and its substrate contains
nucleoside diphosphate moieties more common to the Nudix
family rather than to the CLP family. Furthermore, the extent of
biochemical data fails to demonstrate a significant level ofmetal
activation in enzymatic assays, which is inconsistent with the
behavior of a metalloenzyme. Here, we report cloning, purifica-
tion, and detailed enzymatic characterization of Haemophilus
influenzae LpxH (HiLpxH). HiLpxH shows over 600-fold stim-
ulation of hydrolase activity in the presence ofMn2�. EPR stud-
ies reveal the presence of aMn2� cluster in LpxH. Finally, point
mutants of residues in the conserved metal-binding motifs of
the CLP family greatly inhibit HiLpxH activity, highlighting
their importance in enzyme function.Contrary toprevious anal-
yses of LpxH, we find HiLpxH does not obey surface dilution
kinetics.Overall, ourworkunambiguously establishes LpxHas a
calcineurin-like phosphoesterase containing a Mn2� cluster
coordinated by conserved residues. These results set the scene
for further structural investigation of the enzyme and for design
of novel antibiotics targeting lipid A biosynthesis.

The outer membrane of Gram-negative bacteria is arranged
into an asymmetric bilayer with the inner leaflet consisting of
phospholipids such as phosphatidylglycerol and phosphati-
dylethanolamine and the outer leaflet containing lipopolysac-
charide (LPS). LPS serves to shield bacteria from external dam-
age caused by detergents and antibiotics (1) and is anchored
into the bacterial outer membrane via a hexacylated saccha-
rolipid called lipidA (1, 2). In addition to serving as amembrane

anchor, lipid A also has a critical role in host response to bac-
terial infection, as it can be recognized by theTLR-4�MD2 com-
plex, leading to activation of the NF-�B pathway, secretion of
cytokines, and subsequent clearance of infection (3, 4). How-
ever, overactivation of the immune system by lipid A can result
in the potentially fatal condition of sepsis (5). Lipid A is
required for the growth and survival of most Gram-negative
bacteria, making its biosynthesis an attractive target for novel
antibiotics (1, 2, 6).
In Escherichia coli, the pathway for lipid A biosynthesis con-

sists of nine enzymes, each of which catalyzes a separate step
(1). Nearly all of these nine enzymes are highly conserved
throughoutGram-negative bacteria (7). However, an exception
to the universal nature of the pathway is the fourth step that
involves the hydrolysis of UDP-2,3-diacylglucosamine (UDP-
DAGn)2 to yield UMP and 2,3-diacylglucosamine 1-phosphate
(more commonly known as lipid X) (Fig. 1). This reaction,
thought to be the first membrane-associating step of the path-
way, can be carried out by either LpxH (8, 9) or LpxI (10). These
two enzymes share no sequence similarity, are never found in
the same organism, and attack different phosphates in their
catalysis of UDP-DAGn hydrolysis (10). Despite these differ-
ences, lpxI can complement an lpxH knock-out in E. coli (10),
indicating that LpxI and LpxH have the same function within
the context of the lipid A pathway.
The gene encoding LpxH was first discovered in E. coli, and

sequence analysis of LpxH orthologs revealed a DXH(X)�25
GDXXDR(X)�25GNH(D/E) (where X is any residue) motif that
is found in the calcineurin-like phosphoesterase (CLP) super-
family (Pfam00149). These enzymes perform catalysis using an
ordered shell of watermolecules and divalent or trivalent metal
cofactors coordinated by conserved residues of the metallo-
phosphoesterase motif (11, 12). It has been postulated that the
metal ions serve to bridge an oxide that performs a nucleophilic
attack, to stabilize the formation of a phosphorane intermedi-
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ate, and to coordinate a nucleophilic hydroxyl group to allow
for deprotonation (12, 13). Besides calcineurin, enzymes of the
CLP superfamily also include protein serine/threonine phos-
phatases (14), purple acid phosphatases (15), nucleotidases,
sphingomyelin phosphodiesterases (16), exonucleases, and
cyclic nucleotide phosphodiesterases (11). These enzymes have
broad functions but are thought to have evolved from the same
ancestor (17). Compared with other enzymes of this family,
LpxH hydrolyzes a unique substrate containing both lipid and
nucleotide moieties and does so by breaking a pyrophosphate
bond, a type of chemistry that to our knowledge has not been
previously reported for CLP enzymes (11). Additionally, no
metal dependence of LpxH has been reported (8), adding to the
mystery of whether the enzyme functions like other members
of the CLP family.
Here, we report cloning, overexpression, and purification of

an LpxH ortholog from Haemophilus influenzae (HiLpxH) to
near homogeneity (�95%). Using an optimized autoradio-
graphic assay, we have carried out detailed enzymatic charac-
terization of HiLpxH. We show that HiLpxH activity is stimu-
lated over 600-fold by Mn2�, and our EPR studies reveal a

Mn2� cluster that serves to facilitate catalysis. Mutagenesis
studies indicate the functional importance of the predicted
Mn2�-binding residues in the conserved metallophosphoes-
terase motif. This work sheds new insights into LpxH catalysis
that were previously disguised by enzyme impurity, less-than-
optimal assay conditions, and low enzymatic activity. These
new observations highlight a strong mechanistic similarity of
LpxH tomembers of the CLP family and set the scene for struc-
tural studies of LpxH.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Reagents for bacterial growth
included yeast extract, tryptone, and Bacto agar, and were pur-
chased from Difco. The HEPES, phosphate-buffered saline
(PBS) components, HCl, salts, ampicillin, isopropyl �-D-thio-
galactoside (IPTG), fatty acid-free bovine serum albumin
(BSA), EDTA, and DTT were purchased from Sigma. Metha-
nol, chloroform, pyridine, and acetic acid were obtained from
EMD Science (Gibbstown, NJ). Radioactive �-32Pi was pur-
chased from PerkinElmer Life Sciences. The plasmids used in
this study were purified using Qiagen Mini-Prep kits (Qiagen,
Valencia, CA) according to the manufacturer’s protocol. DNA
fragments were purified using QIAquick spin kits. Sequencing
was carried out by Eton Bioscience, Inc. (Research Triangle
Park, NC). Unless otherwise noted, protein concentration was
determined either by the bicinchoninic acid assay or Bradford
assay (Thermo Scientific, Waltham, MA) depending on com-
patibility with buffer components. Both of these methods were
carried out as described by the manufacturer.
Cloning of H. influenzae lpxH—Amplification of lpxH (HI0375)

from H. influenzae genomic DNA (ATCC, Manassas, VA) was
accomplished using PCR with primers 50 bp upstream and
downstream of lpxH. To facilitate eventual ligation of the gene
product into an expression vector, we used primers (Integrated
DNA Technologies, Coralville, IA) that allowed for the incor-
poration of NdeI andXhoI restriction sites to the 5� and 3� ends
of lpxH and the elimination of the stop codon at the end of the
gene. The PCR was carried out using a Mastercycler Gradient
Thermocycler (Eppendorf, Hamburg, Germany) with the
reagents and protocol of the KOD hot start kit (EMD Chemi-
cals, Gibbstown, NJ); the reaction was additionally supple-
mented with 3% (w/v) dimethyl sulfoxide. Sequencing of the
resulting product using the original primers was used to ensure
proper amplification.
To generate an expression vector with a C-terminal His10 tag

that was cleavable by tobacco etch virus (TEV) protease, 33
additional nucleotides were added to pET21b (Novagen/EMD
Chemicals) to encode for the seven amino acids of the protease
site (ENLYFQG) (18) and the four additional histidine residues
needed to elongate the affinity tag. This was accomplished
using QuikChange (Stratagene, La Jolla, CA) mutagenesis with
primers (Integrated DNA Technologies) that were designed to
insert the additional nucleotides 3� to the XhoI restriction site
in pET21b. The reaction was carried out using themanufactur-
er’s protocol with an additional supplement of 3% (w/v)
dimethyl sulfoxide and 1 M betaine. Following nucleotide inser-
tion, the resulting plasmid, p21t10, was confirmed by sequenc-
ing and transformed into chemically competent DH5� cells

FIGURE 1. LpxH catalyzes the fourth step in lipid A biosynthesis. UDP-
DAGn is synthesized by LpxA, LpxC, and LpxD. Hydrolysis of the molecule by
LpxH yields 2,3-diacylglucosamine 1-phosphate (lipid X) and UMP. Lipid X is
then condensed with a molecule of UDP-DAGn by LpxB to form disaccharide
1-phosphate and UDP. Following steps of the pathway involve the conver-
sion of disaccharide 1-phosphate to Kdo2-lipid A by LpxK, KdtA, LpxL, and
LpxM.
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(Invitrogen). Additionally, p21t10 was transformed into chem-
ically competent E. coli C41(DE3) to create the vector control
expression strain VC_T10.
Insertion of amplified H. influenza lpxH into p21t10 was

accomplished by digestion of both the PCR fragment and the
vector with NdeI and XhoI (New England Biolabs) under con-
ditions described by the manufacturer. After treatment of
p21t10 with antarctic phosphatase (New England Biolabs)
under conditions described by themanufacturer, digested lpxH
was inserted into the plasmid with T4 ligase (Invitrogen) as
directed by the manufacturer. The ligation product, pHiHt10,
was transformed into chemically competent C41(DE3) E. coli
to generate the expression strain HiH_t10. Sequencing with T7
forward and reverse primers confirmed the appropriate inser-
tion of H. influenzae lpxH into p21t10.
Protein Localization—Two samples of cell-free extract from

HiH_t10 (obtained as described belowwith cell debris removed
after centrifugation at 10,000 � g) corresponding to 6 mg of
total protein were brought to a volume of 1 ml with the appro-
priate stock solutions to yield final solution concentrations of
200mMNaCl, 20mMHEPES, pH8.0, and either 0 or 1.5%w/v of
TritonX-100. These sampleswere then incubated for 1 h at 4 °C
and then subjected to ultracentrifugation at 100,000 � g for 45
min. Resulting supernatants were collected as cytosolic frac-
tions, and pellets were resuspended in 200mMNaCl and 20mM

HEPES, pH 8.0, to obtain membrane fractions. The fractions
were analyzed for the presence of HiLpxH by both SDS-PAGE
and the optimized UDP-DAGn hydrolase activity assay, as
described below.
Protein Expression and Purification—A typical preparation

of HiLpxH began with inoculating an overnight culture of LB
with a single colony of HiH_t10. This overnight culture was
subsequently used to inoculate 3 liters of LB (10 g of tryptone,
5 g of yeast extract, 10 g of NaCl per liter) supplemented with
100 �g/ml ampicillin to an A600 of 0.02. Cultures were incu-
bated at 30 °C with aeration at 220 rpm until they reached A600
of 0.7–0.8 and thenwere induced for expression by the addition
of 1 mM IPTG and grown for an additional 4–5 h until the A600
reached �4. Cells from the growths were pelleted by centrifu-
gation at 5,000 � g, washed with 140 ml of cold PBS, and then
stored at �80 °C. For lysis, the frozen pellet was thawed, resus-
pended in 80 ml of ice-cold 20 mM HEPES, pH 8.0, and passed
twice through a French pressure cell (SIM-AMINCO; Spec-
tronic Instruments) at 18,000 p.s.i. The debris from the result-
ing lysate was removed by centrifugation at 10,000 � g, and the
subsequent supernatant was collected as a cell-free extract and
stored at �80 °C.
Cell-free extract was thawed and diluted to 5 mg/ml with 20

mMHEPES, pH 8.0. A stock solution of 10% (w/v) Triton X-100
(Thermo Scientific) was used to bring the cell-free extract to a
final detergent concentration of 1.5% (w/v). All subsequent
steps were carried out at 4 °C. The resulting solution was then
mixed by inversion for 1 h and then subjected to ultracentrifu-
gation at 100,000� g for 45min. The supernatant was removed
and diluted with the appropriate stocks to make a 450-ml solu-
tion of�3mg/ml protein, 20mMHEPES, pH 8.0, 200mMNaCl,
20 mM imidazole, and 0.5% Triton X-100. This solution was
then loaded by gravity onto a packed column of 20 ml of

Ni-NTA resin (Qiagen) that had been pre-equilibrated in 20
column volumes of load buffer (20 mMHEPES, pH 8.0, 200 mM

NaCl, 20 mM imidazole, 0.1% Triton X-100). The loaded col-
umnwas next washed with an additional 10 column volumes of
load buffer followed by a 15-column volume wash with load
buffer supplemented with 30 mM imidazole (final imidazole
concentration 50 mM). To exchange HiLpxH out of detergent,
the column was subjected to a 50 column volume wash with a
solution of 20 mMHEPES, pH 8.0, 200 mMNaCl. Elution of the
protein was accomplished by a 7 column volume wash with a
solution of 20 mM HEPES, pH 8.0, 200 mM NaCl, and 400 mM

imidazole. Samples from each wash of the column were ana-
lyzed by SDS-PAGE to ensure proper fractionation.
After elution, a TEV protease reaction was used to cleave the

C-terminal His10 tag. The eluted protein was diluted to a vol-
ume of 200 ml with the appropriate stock solutions to yield a
sample with final concentrations of 2mMDTT, 2mMEDTA, 20
mM HEPES, pH 8.0, 200 mM NaCl, 300 mM imidazole, and
�0.015 mg/ml (�1:50 of the HiLpxH concentration) of TEV
protease. The protease used was prepared as described in the
literature (18), and cleavage was monitored using SDS-PAGE.
After overnight incubation, the reaction was concentrated to a
final volume of 50 ml using 15 ml of Amicon Ultra 10K molec-
ular weight cutoff centrifuge concentrators (Millipore, Bil-
lerica, MA) and then dialyzed overnight against 8 liters of 20
mM HEPES, pH 8.0, and 200 mM NaCl. The remaining TEV
protease and any uncleaved HiLpxH was removed from the
sample by passage over a 5-ml Ni-NTA column pre-equili-
brated with 20 column volumes of a solution containing 20mM

HEPES, pH 8.0, 200 mMNaCl, and 20 mM imidazole. The flow-
through was collected and then concentrated using Millipore
conical spin concentrations to a final concentration of �8
mg/ml. The final protein sample, which contained HiLpxH fol-
lowed by the residual TEV cleavage site residues of ENLYFQ,
was analyzed by SDS-PAGE to confirm purity and stored at
�80 °C in 15-�l aliquots.
Generation and Purification of PointMutants—QuikChange

(Stratagene) mutagenesis was used to make alanine point
mutants of conserved residues within HiLpxH. The method
was carried out as described above, with pHiHt10 serving as
template DNA. Specific primers (Integrated DNA Technolo-
gies) were created for each desired alanine substitution, and
sequencing with T7 forward and reverse primers was used to
confirm the mutations. The mutated pHiHt10 vectors were
transformed into chemically competent E. coli C41(DE3) to
create respective expression strains. These strains, along with
wild-type HiH_t10, were grown under conditions described for
HiLpxH purification except that the culture volume was 250
ml. Cells from each of the growths were centrifuged at 5,000 �
g, and collected pellets were washed with 30ml of cold PBS and
then stored at �80 °C. For lysis, the frozen pellet from each
mutant strain and the wild-type strain was thawed, resus-
pended in 8 ml of ice-cold 20 mM HEPES, pH 8.0, and passed
twice through a French pressure cell (Sim-Aminco, Spectronic
Instruments) at 18,000 p.s.i. The debris from the resulting
lysate was removed by centrifugation at 10,000 � g, and the
subsequent supernatant was collected as cell-free extract and
stored at �80 °C.
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Purification of the protein from these growths was the same
as HiLpxH but adjusted to account for the smaller culture size.
The cell-free extract was thawed, diluted, and solubilized as
described for HiLpxH. Following the centrifugation step after
detergent incubation, the supernatantwas removed and diluted
with the appropriate stocks to make a 20-ml solution of �3
mg/ml protein, 20 mM HEPES, pH 8.0, 200 mM NaCl, 20 mM

imidazole, and 0.5% Triton X-100. This solution from each
strain was then loaded by gravity onto separate columns of 1ml
of Ni-NTA resin (Qiagen) that had been pre-equilibrated in 20
column volumes of the load buffer described above. Washing,
detergent exchange, and elution were carried out as outlined
for HiLpxH. Samples from each wash of the column were ana-
lyzed by SDS-PAGE to ensure proper fractionation. Following
elution, the samples were each concentrated to 3 ml using 5 ml
of Amicon Ultra 10K molecular weight cutoff centrifuge con-
centrators (Millipore) and then dialyzed overnight against 1
liter of 20 mM HEPES, pH 8.0, 200 mM NaCl. Resulting protein
solutions from eachmutant and the wild-type sample were fur-
ther concentrated to 500 �l and stored in �80 °C.
Synthesis of Radioactive Substrate—32P-Labeled UDP-DAGn

was prepared as described previously (10) with some modifica-
tions. First, 50 �l of 0.2 M 1H-tetrazole in acetonitrile in the
morpholidate reaction was replaced with 20 �l of 0.1 M dicya-
noimidazole in acetonitrile (Sigma). Second, after the product
of the morpholidate reaction was dried under N2, it was
extracted with a single phase Bligh-Dyer (19) with volumes of
0.5 ml of methanol, 0.25 ml of chloroform, and 0.2 ml of PBS.
The mixture was centrifuged to pellet debris, and the superna-
tant was transferred to a 2-ml polypropylene tube and dried
under N2. The radioactive substrate was then resuspended in
100–170 �l of 20 mM HEPES, pH 8.0, containing 0.02% Triton
X-100 and sonicated for 2 min. One final centrifugation step
was used to pellet any insoluble material. The supernatant con-
taining the final [�-32P]UDP-DAGn was transferred to a new
tube and stored at �20 °C. These extra extraction steps
removed contaminating impurities that interfered with the lin-
earity of our assays.
Optimized in Vitro Assay for UDP-DAGn Hydrolase Activity—

General autoradiographic assays for hydrolase activity were
similar to that previously described (8) with optimized modifi-
cations. Reactions mixtures were a final volume of 15 �l in
0.6-ml polypropylene tubes and contained 20 mM HEPES, pH
8.0, 0.5% (w/v) BSA, 0.05% (w/v) Triton X-100, 1 mM MnCl2,
100 �M UDP-DAGn (prepared as described previously (20)),
1,000 cpm/�l [�-32P]UDP-DAGn, and enzyme. Previous stud-
ies of E. coli LpxH reported a small enhancement in enzyme
stability and activity when the protein was purified withMnCl2
(8); therefore, MnCl2 was incorporated into the assay. All reac-
tion components besides the enzymeweremixed to a volume of
12 �l and equilibrated at 30 °C for 10 min, after which 3 �l of
enzyme was added to start the reaction. Unless otherwise
noted, enzyme samples were diluted in a buffer identical to the
assay mixture but lacking any lipid substrate. Aliquots of 1.5 �l
were taken from the reactions at various time intervals and
spotted onto 20� 20-cm glass-backed silica gel thin layer chro-
matography (TLC) plates (EMD Chemicals, Darmstadt, Ger-
many). These plates were developed in a 25:15:4:2 chloroform/

methanol/water/acetic acid tank system, dried, exposed to
phosphoscreens, scanned, and quantified as described previ-
ously (8).
Comparison of in Vitro Assays—To assess the effectiveness of

the optimized in vitro assay, E. coli LpxH (EcLpxH) cell-free
extract, HiLpxH cell-free extract, and purified HiLpxH were
analyzed for activity under both the original and the improved
assay conditions. To prepare the EcLpxH cell-free extract,
E. coli C41(DE3) was transformed with pKJB2 (8), a pET21a�

plasmid containing E. coli lpxH.A 250-ml culture of the result-
ing strain was grown at 30 °C in LB media and induced for
expression with IPTG at mid-log phase. After 5 h, cells were
harvested and lysed to generate cell-free extract using the
method described above. The same procedure was carried out
in parallel with strain HiH_t10 to prepare the HiLpxH cell-free
extract. Purified HiLpxH was isolated by the aforementioned
technique. Activity assessment under original conditions was
conducted as reported previouslywith the final protein concen-
trations in the assay for EcLpxH cell-free extract, HiLpxH cell-
free extract, and HiLpxH being 1.8, 4.5, and 8.5 �g/ml respec-
tively. Samples were also tested under the optimized in vitro
conditions with protein concentrations of 45 ng/ml EcLpxH
cell-free extract, 110 ng/ml HiLpxH cell-free extract, and 1.7
ng/ml HiLpxH.
Kinetic Parameters, pHOptimum,andDetergentDependence of

HiLpxH—To determine the Km and Vmax values of HiLpxH
with respect to UDP-DAGn, purified HiLpxH was assayed
under standard conditions except the concentration of UDP-
DAGn was varied from 20 to 400 �M. The velocities from each
of these reactions were plotted against substrate concentration,
and using KaleidaGraph (Synergy Software, Reading PA), the
resulting curve was fit to the Michaelis-Menten equation. To
maintain linear conversion at various substrate concentrations,
the HiLpxH in the assay was varied from 6 to 63 pM.
To assess the effect of pH on HiLpxH activity, purified pro-

tein was assayed under standard conditions except 20 mM

HEPES, pH 8.0, was replaced with a triple buffer system con-
taining 100mM sodium acetate, 50mMbis(2-hydroxyethyl)imi-
notris-(hydroxymethyl)hexane, and 50 mM Tris at a pH from
4.0 to 9.0. KaleidaGraph was used to fit a single-limb pKa curve
(Equation 1) to the resulting data. The enzyme concentration of
HiLpxHneeded to see linear activity in the assay at different pH
values ranged from 30 pM to 372 nM.

� �
C

1 � �H�/Ka
(Eq. 1)

Tomonitor the detergent dependence ofHiLpxH, the Triton
X-100 concentration in the standard assay was varied from 0 to
18mM (1.2% w/v). Purified HiLpxHwas diluted in the standard
buffer lacking Triton X-100, added to the reactions covering
the mentioned range of detergent concentrations, and assayed
for activity. Reported total detergent concentrations accounted
for the small amount of detergent (0.01mM, 0.0007%w/v) pres-
ent in both the [�-32P]UDP-DAGn and the nonradioactive
UDP-DAGn. Linear activity could be observed at final enzyme
concentrations of 30 and 6 pM.
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Metal Dependence of HiLpxH—To analyze the metal depen-
dence of HiLpxH, a modified autoradiographic assay was
employed. First, the enzyme sample was diluted with standard
reaction buffer that replaced 1 mM MnCl2 with 2 mM EDTA,
incubated on ice for 20 min, then diluted again into standard
reaction buffer with no MnCl2, and incubated on ice for an
additional 10 min. This EDTA-treated enzyme was next added
to reaction mixtures in which 1 mM MnCl2 was replaced by no
di- or trivalent metal ion, 2 mM NaCl, or each of the following
chloride salts at 1 mM: Ca2�, Co2�, Cu2�, Fe3�, Mg2�, Mn2�,
Ni2�, and Zn2�. To ensure linear activity under each condition,
the concentration of HiLpxH in the assays were varied from 35
to 178 nM.
Another form of the modified autoradiographic assay was

used to assess HiLpxH dependence onMnCl2 in which the pro-
tein was diluted in standard reaction buffer containing no
MnCl2 and then diluted into reactions inwhich theMnCl2 con-
centration ranged from 0 to 5 mM. Protein concentration was
980 pM in the 0 mM assay condition and 10 pM in all others.
EPR Spectroscopy—X-band EPR spectra were recorded using

Bruker Biospin (Billerica, MA) Bruker E-500 spectrometer
equipped with super high Q cavity providing conventional
perpendicular EPR mode (i.e.microwave magnetic field B1 is
perpendicular to the staticmagnetic fieldB0). All room temper-
ature spectra were recorded at the same experimental condi-
tions: 10 G modulation amplitude at 100 kHz, 2-milliwatt inci-
dent microwave power at 9.86 GHz frequency. For EPR
measurements at cryogenic temperatures, the spectrometer
was outfitted with ESR 910 cryostat and ITC-4 temperature
controller (Oxford Instruments, Concord, MA). Temperature
at the sample cavity was calibrated using a CernoxTM thin film
sensor (Lake ShoreCryotronics Inc.,Westerville,OH). Incident
microwave power was kept at levels to avoid saturation, and
modulation amplitude was set to about 1⁄3 to 1⁄4 of the narrowest
peak-to-peak line width.
Manganese Titration with EPR Detection at Room Temper-

ature—To assess binding of Mn2� to HiLpxH, 80 �l of a solu-
tion containing 100 �M purified HiLpxH, 20 mM HEPES, pH
8.0, and 200 mM NaCl was titrated in successive additions with
1�l of 1.645mMMnCl2 stock containing the same buffer as the
protein solution. After each addition of manganese stock, the
sample was mixed and incubated for �5 min at room temper-
ature. Subsequently, �20 �l of the titrated solution was drawn
into a quartz capillary with 0.70-mm inner diameter and
0.87-mmouter diameter (VitroCom,Mountain Lakes,NJ).One
end of the capillary was sealed with Critoseal� (McCormick
Scientific, St. Louis,MO) and inserted into a 3-mm inner diam-
eter quartz EPR tube (Wilmad-LabGlass, Vineland, NJ). The
tube was then fixed inside the EPR resonator so that the section
of the capillary containing the aqueous samplewas covering the
entire sensitivity region of the EPR resonator, and the Cri-
toseal� plugwas located outside. After taking an EPR spectrum,
the protein solution was recovered into the vial containing the
rest of the sample, and a new portion of MnCl2 was added. The
same quartz tube was used for all the protein-containing sam-
ples.When changing the sample, solutionwas drawn in and out
of the capillary twice to ensure complete replacement of the
previous sample. For a control calibration of EPR signal inten-

sity versus Mn2� concentration, the same procedure was used
except that a buffer-only solution was used.
After collection of spectra, the concentration of free Mn2�

ion present in solutions was evaluated by either least squares
fitting of the high field hyperfine component of the six-line
Mn2� EPR spectrum using EWVoigt program (21) or by mea-
suring peak-to-peak intensity of that component as the peak
linewidth did not change. Bothmeasurements yielded identical
results. The determined free Mn2� concentrations were ana-
lyzed based on a two-site binding model (Equation 2),

P � MO¡
Ka1

P1M

P � MO¡
Ka2

P2M

P1 � MO¡
Ka2

PMM

P2 � MO¡
Ka1

PMM (Eq. 2)

where P is the protein with only the first (P1M), and the second
(P2M), or both metal-binding sites occupied by metal ion M,
and Ka1 and Ka2 are the corresponding association constants.
All experimental spectrawere corrected for a small background
signal from the resonator that was recorded using a capillary
containing only protein solution in buffer. Least squares fitting
of experimental data were accomplished using the Levenberg-
Marquardt optimization, andparameter uncertaintiesweredeter-
mined by standard covariance matrix method using SigmaPlot
(Systat Software, San Jose, CA).
Manganese Titration with EPR Detection at Cryogenic Tem-

peratures—Low temperature EPR experiments were employed
for further assessment of theMn2�-protein interaction and for
the existence of aMn2� cluster. For these experiments, samples
containing 20 mM HEPES, pH 8.0, 200 mM NaCl, 10% (v/v)
glycerol, and 234 �M of HiLpxH were incubated with molar
equivalents of MnCl2 ranging from 0 to 2.0. After assembly,
these samples were stored at �80 °C. Just before an EPR mea-
surement, a sample was thawed and drawn into 3 -mm inner
diameter precision quartz EPR tubes (Wilmad-LabGlass) and
then frozen again by immersing the tube into liquid nitrogen
before being placed in a pre-cooled EPR cryostat.

RESULTS

Expression and Purification of HiLpxH—The gene encoding
LpxH from H. influenzae was amplified from genomic DNA
and cloned into a modified pET21b expression vector designed
to yield a protein product that was tagged at the C terminus
with an eight-residue TEVprotease cleavage site followed by 10
histidine residues. Transformation of this plasmid into E. coli
C41 resulted in strain HiH_t10. When HiH_t10 was grown at
30 °C in the presence of IPTG, the overexpression of a 27-kDa
proteinmatching themolecular weight of the predicted protein
product was evident when compared with a vector control
strain VC_t10 via SDS-PAGE (Fig. 2A).
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When overexpressed in E. coli C41, HiLpxH partitioned to
both the membrane and the cytosolic fractions, as indicated by
SDS-PAGE and activity assay (Fig. 2B). This membrane associ-
ation of the protein is similar to the behavior reported for
EcLpxH (8). To increase the yield of protein for purification, the
cell-free extract from HiH_t10 was incubated with Triton
X-100 to solubilize anyHiLpxH thatmay be associatedwith the
membrane, resulting in recovery of nearly all the LpxH activity
to the soluble fraction (Fig. 2B).

Following detergent treatment, Ni-NTA chromatography
was used to isolate the His10-tagged HiLpxH. Any remaining
detergent from this initial solubilization step was removedwith
an extensive wash in buffer lacking detergent or imidazole after
the protein was loaded onto the Ni-NTA column. The initial
Ni-NTA step resulted in a 10-fold increase in specific activity
(Table 1) and yielded protein that was �90% pure by SDS-
PAGE (Fig. 2C). Following dialysis to remove imidazole and
cleavage of the His tag and subsequent clean-up with another
Ni-NTA column, the final protein sample showed marginal
increase in purity by gel but a 6-fold enhancement in specific
activity. This corresponded to a dramatic increase in total
active units (480%, Table 1), suggesting that although the inclu-
sion of an affinity tag facilitated protein purification, its pres-
ence inadvertently impaired the enzyme activity. Overall, we
were able to consistently recover �30 mg of HiLpxH per 1 liter
of HiH_t10 culture. This final protein sample was �95% pure
(Fig. 2C) and exhibited a 60-fold increase in specific activity
(Table 1).
HiLpxH Activity in Optimized Autoradiographic Assay—

LpxH activity can be monitored with a TLC-based assay utiliz-
ing a [�-32P]UDP-DAGn substrate that retains the radioactive
label upon hydrolysis to lipid X, making it possible to quantify
substrate conversion using autoradiography. The previously
published assay conditions contained 25 mM HEPES, pH 8.0,
100�MUDP-DAGn, and 1,000 cpm/�l [�-32P]UDP-DAGn (8).
Based on the observations of increased stability of the E. coli
ortholog in the presence of MnCl2 and slight activation of the
enzyme upon preincubation with the metal (8), we have added
1 mM MnCl2 to the assay dilution buffer as well as to the reac-
tion. Additionally, we supplemented the reaction with 0.05
mg/ml BSA and 0.05% Triton X-100 to aid in protein stability
and substrate solubility. When purified HiLpxH was assayed
with these modifications, we were able to track conversion of
[�-32P]UDP-DAGn to 32P-lipid X (Fig. 3A) and calculate an
activity that was 1,000-fold higher than that calculated when
HiLpxHwas assayed under previously reported conditions (Fig.
3B). This increase in activity under optimized conditions was
also observed when the cell-free extract of strains overexpress-
ing HiLpxH (HiH CFE) and EcLpxH (EcH CFE) were tested for
lipid X formation. The LpxH expression from both of these
cell-free extract samples appeared equal by SDS-PAGE (data
not shown) and corresponded to similar levels of activity under
both conditions, indicating the activation was not ortholog-
specific. Furthermore, activity in the optimized system is linear
with both time (Fig. 3C) and protein concentration (Fig. 3D).
Apparent Kinetic Parameters, pH Rate Profile, and Detergent

Dependence of HiLpxH—Although the enzymatic properties of
EcLpxH had been reported previously (8), these observations
were obscured by sample impurity, less-than-optimal assay
conditions, and low enzymatic activity. Therefore, it is critical
to revisit the characterization of LpxH using a highly purified
protein sample and our newly optimized assay conditions. The
specific activity of purified HiLpxH was determined at varied
concentrations of UDP-DAGn to calculate the basic kinetic
parameters of the enzyme (Fig. 4A).When this informationwas
fit to a Michaelis-Menten model, it resulted in an apparent Km

FIGURE 2. SDS-PAGE analysis of overexpression and purification of
HiLpxH. A, cell-free extract (CFE) of VC_t10 and HiH_t10 prepared as
described under “Experimental Procedures.” The 27-kDa band that is present
in the HiH_t10 lane and not in the VC_t10 lane corresponds to overexpressed
HiLpxH. B, cytosolic (Cyt) and membrane (Mem) fractions of HiH_t10 cell-free
extracts incubated in the absence or presence of Triton X-100 (TX-100). The
activity of each fraction, as determined by autoradiographic assay, is listed
below the lanes as a percentage of total LpxH activity observed in the corre-
sponding cell-free extract. C, analysis of fractions from HiLpxH purification
outlined under “Experimental Procedures.” Fractions from the Ni-NTA purifi-
cation include the Load, denoting the solubilized cell-free extract from
HiH10_t that was loaded onto the column, FT representing the flow-through
from the column, W1 signifying the 50 mM imidazole wash, and Elute indicat-
ing the tagged HiLpxH obtained from the 400 mM imidazole wash. The CU
elute lane shows protein that flowed through the second clean-up Ni-NTA
column after TEV protease digestion. The purified HiLpxH fractions depict the
final sample of purified HiLpxH that was used in autoradiographic assays and
EPR experiments. The labels 5 �g and 10 �g indicate how much protein was
loaded in each lane.
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of 79.4	 11.0�M for the lipid substrate and an apparentVmax of
18.1 	 0.9 mmol min�1 mg�1.
The high specific activity of HiLpxH also enabled us to deter-

mine the pHdependence of LpxH catalysis. LpxH ismost active
at slightly alkaline pH values and exhibits a sharp decrease in its
catalytic activity at low pH. It is important to note that such a
drop in LpxH activity at acidic pH is not due to enzyme insta-
bility as preincubation of HiLpxH at low pH does not alter the
apparent enzyme activity at the standard condition of pH 8.0
(data not shown). These data were fit to a single lobed pH curve
described by Equation 1 with a pKa 
 6.6 	 0.4 (Fig. 4B).

Finally, the activity of HiLpxH was assessed at a range of
Triton X-100 concentrations from 0 to 18mM. As shown in Fig.
4C, the enzyme is active without detergent and demonstrates
stimulation in hydrolysis as the detergent concentration
approaches the critical micelle concentration (0.19 mM). At
detergent amounts above the critical micelle concentration,
the protein initially shows a decrease in hydrolytic ability,
after which activity appears to be unaffected by the detergent
concentration in the assay. Such behavior is not indicative of
surface dilution kinetics, suggesting that although the
enzyme likely associates with the surface of the detergent-

TABLE 1
Purification of HiLpxH from E. coli strain HiH_t10
Specific activities were determined under optimized assay conditions as described under “Experimental Procedures.”

Step Protein Volume Units Specific activity Yield Purification

mg ml mmol/min mmol min�1 mg�1 % -fold
Ni-NTA load 1,400 400 182 0.13 100 1
Ni-NTA elution 210 140 273 1.3 150 10
Final sample 112 16 874 7.8 480 60

FIGURE 3. Optimized assay shows enhancement in LpxH activity and is linear with time and protein concentration. A, scan of phosphoscreen exposed
to silica TLC plate from a representative HiLpxH assay using 10 pM enzyme. Product conversion is calculated by quantifying intensity of lipid X as a percentage
of the total intensity of each lane and then subtracting the background conversion calculated from the no enzyme (no rxn) control. B, specific activity of various
protein samples under original assay conditions compared with optimized assay conditions. Cell-free extract samples overproducing EcLpxH (EcH CFE) and
HiLpxH (HiH CFE) were prepared in parallel and exhibit similar levels of protein expression. C, percent of 100 �M UDP-DAGn converted to lipid X at specific time
points under standard assay conditions with 10 pM HiLpxH. Data were fit to a linear curve using KaleidaGraph and showed an R2 value of 0.998. D, percent of
100 �M UDP-DAGn converted to lipid X at various HiLpxH concentrations after 10 min under standard reaction conditions. KaleidaGraph was once again used
to fit data to a linear curve with an R2 value of 0.995. Plots generated in C and D are the result of the average of three independent data sets.
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substrate micelles in vitro during catalysis, it is not directly
embedded in a detergent micelle.
Metal Dependence of HiLpxH—Although Mn2� has been

previously suggested to play a role in maintaining enzyme
structure, facilitatingmembrane association, or contributing to
the formation of the active site of EcLpxH (8), the exact func-
tion ofmetal ions in LpxH remains to be elucidated as inclusion
of Mn2� in enzymatic assays using partially purified EcLpxH
only has amarginal effect on the enzyme activity. To determine
how metal ions altered the capability of LpxH to hydrolyze
UDP-DAGn, we first incubated highly purified HiLpxH with a
reaction buffer in which the MnCl2 was replaced with 2 mM

EDTA to remove any co-purifying metal ions and then diluted
it into standard assay conditions containing 1mM of the follow-
ing chloride salts: Ca2�, Co2�, Cu2�, Fe3�, Mg2�, Mn2�, Ni2�,
and Zn2�. Assay conditions where the di- or trivalentmetal salt
was replaced by 2 mM NaCl or no metal additive were also
included as controls. Results were comparedwith the activity of
HiLpxH in the presence of no metal and are shown in Fig. 5A.
The Mn2� assay condition showed activity that was 670-fold
greater than the condition with no metal. The Ni2�, Co2�, and
Fe3� conditions also enhanced activity; however, the increase
(10–50-fold) was substantially lower than that seen when
Mn2� was present. The activity of the enzyme was negligible in
NaCl, indicating that the ionic strength of the reaction was not
responsible for any stimulation observed. The enzymedid show
residual activity in the absence of metal, albeit only visible at
enzyme concentrations 1,000-fold greater than that usually
used in the assay.
To further investigate Mn2�-dependent stimulation, HiLpxH

activity was determined at a range of Mn2� concentrations
(Fig. 5B). Enzyme activity increased withMn2� concentrations
up to 2.5 mM, an �108-fold molar excess compared with the
HiLpxH concentration in the assay. After this point, there
seemed to be no further stimulation in product hydrolysis. This
patternwas indicative ofMichaelis-Menten saturation kinetics,
suggesting the metal acts as a pseudo-substrate for HiLpxH.

Consequently, the data were fit to determine an apparentKm of
487 	 113 �M for Mn2�. This term was designated the KMetal
for the enzyme.
Evidence for TwoMn2�-binding Sites inHiLpxH—To further

probe the interaction of Mn2� with HiLpxH, we generated a
Mn2� titration curve using EPR spectroscopy, a technique that
has been used to characterize theMn2�-binding site in another
CLP family enzyme, bacteriophage 	 protein phosphatase (22).
This approach relies on the fact that aMn2� ion coordinated to
a protein-binding site exhibits very broad EPR lines caused by
large zero-field splitting effects,making it undetectable at room
temperature, whereas free Mn2� yields a distinct EPR signal
under the same condition. Representative room temperature
EPR spectra from the titration of HiLpxH with manganese are
shown in Fig. 6A. For samples with Mn2�-to-protein ratio
above 1:1, an EPR spectrum revealed a six-line hyperfine pat-
tern (nuclear spin I 
 5/2) with a splitting of �95 G positioned
at g�2.0 that is characteristic of free (hexoaqua)Mn2� ion. The
intensity of the spectrum varied, increasing concomitantly with
the manganese-to-protein ratio (Fig. 6A). Spectra obtained
from samples with Mn2�-to-protein ratio of 
1 demonstrated
no detectable six-line component characteristic of the free
Mn2� ion, indicating that the free metal concentration was
below the EPR detection limit (�1 �M) and that nearly all the
Mn2� ions in these samples are bound to the protein.

The spectrawere further analyzed to assess the binding of the
metal ion to LpxH. As the intensity of the six-line hyperfine
component correlates to the amount of free Mn2� in the sam-
ple tube, the concentration of unassociated ion could be deter-
mined by comparing the double integral of the high field hyper-
fine component of the HiLpxH-MnCl2 titration spectra with
that from a control titration containing only MnCl2. Fig. 6B
shows the intensity of EPR spectra of free hexoaqua Mn2� ion
as a function of total [Mn2�] for samples containing either
MnCl2 in buffer (squares) or MnCl2 and HiLpxH (circles).
Above �200 �M Mn2�, which represents [Mn2�]/[HiLpxH]
ratios above 2, the slopes of both plots are approximately the

FIGURE 4. Enzymatic analysis of HiLpxH. A, HiLpxH activity under standard conditions is dependent upon UDP-DAGn concentration. The apparent Km was
79.4 	 11.0 �M and the apparent Vmax was 18.1 	 0.9 mmol min�1 mg�1, both calculated by fitting the data using KaleidaGraph. B, changes in pH alter the in
vitro activity of HiLpxH. The enzyme exhibits a dramatic increase in activity as the pH of the reaction reaches 7 but very little change upon progressively more
alkaline conditions. Data were fit to Equation 1 using KaleidaGraph, yielding a pKa of 6.56 	 0.38. C, effect of Triton X-100 concentration on HiLpxH-specific
activity at 100 �M UDP-DAGn. Surface dilution kinetics are not apparent as activity does not appear to have a strong correlation with detergent amount, and
the enzyme displays detectable activity even at very low Triton X-100 (TX-100) concentrations. All plots shown were each generated from the average of three
separate experiments.
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same, indicating that concentration of protein-bound Mn2�

species plateaus and that each HiLpxH binds two Mn2� ions.
Based on this observation, the titration curve in Fig. 6Bwas fit

with a two-site binding model (Equation 2). Although the least
squares fit was of exceptionally high quality (Rsqr 
 0.998) for
Ka2, yielding a value of 5.8	 0.6� 105 M�1 (orKd2 
 1.7�M), it
was found to be insensitive toKa1 as long asKa1 �50� 106 M�1

(or Kd1 � 20 nM). Indeed, no free Mn2� was detectable in EPR
spectrawhen themetal-to-protein ratiowas below1, consistent
with the notion that the binding affinity for the first metal is
very tight, well below the detection limit of the EPR instrument
(�1 �M).
Indication of di-Mn2� Cluster Formation in HiLpxH—Ob-

serving that twometal ions seem to associate with HiLpxH and
knowing that othermembers of the CLP family have been iden-

tified to contain metal centers, the possibility of such cluster
formation in HiLpxH was investigated using cryogenic EPR
spectroscopy. The presence of a close pair of Mn2� ions can be
monitored through the detection of spin exchange coupling in
the EPR spectra, as noted with both di-manganese cluster
bridged by oxygen atoms (23) and other CLP enzymes (11, 22).
Fig. 7A shows representative experimental continuous wave
EPR spectra measured at 28 K from a buffered protein solution
in the absence of MnCl2 (top) and from protein samples with
varyingMn2�-to-protein ratios. It should be noted that the EPR
spectrum of HiLpxH in the absence ofMn2� revealed small but

FIGURE 5. Metal dependence of HiLpxH. A, HiLpxH treated with EDTA was
assayed under standard conditions supplemented with either metal, NaCl, or
no metal. Resulting specific activity was calculated and compared with the
specific activity of the no metal control. Data shown are the means of three
separate experiments. B, UDP-DAGn hydrolysis activity of HiLpxH was deter-
mined as a function of MnCl2 concentration in the assay. The data were fit to
a Michaelis-Menten model with KaleidaGraph to obtain a Km of 487 	 113 �M

for Mn2�.

FIGURE 6. Room temperature EPR analysis of Mn2� binding. A, represent-
ative room temperature continuous wave X-band EPR spectra from samples
containing 100 �M of HiLpxH and the appropriate concentration of MnCl2 to
yield 1 eq of Mn2�, 1.4 eq of Mn2�, and 2.0 eq of Mn2�. For a comparison, an
EPR spectrum from a control sample containing only buffer and MnCl2 at the
same concentration as 0.6 Mn2� eq. B, double integrated intensity of free
(hexoaqua) Mn2� EPR signal as a function of Mn2� concentration for the
room temperature titration experiment (circles) and a control titration exper-
iment without the protein present (squares). Line represents least squares fit
using a two-site binding model.
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FIGURE 7. Cryogenic EPR spectra of HiLpxH in the presence of Mn2�. A, representative continuous wave X-band EPR spectra measured at 28 K. From top to
bottom are background signal from an EPR resonator outfitted with a low temperature quartz insert; signal from samples a range of [Mn2�]/[HiLpxH] ratios; and
signal from a Mn2� only solution. Position of the g 
 4.3 marker originating from a low symmetry Fe3� ion nonspecifically bound to the protein is shown by a
dashed line. The areas of the spectra indicating the presence of a di-Mn2� cluster (g 
 14, 7.7, 3.1, and 2.48) are denoted by arrows. B, spectra from A enhanced
in the range 500 –2,500 G to highlight the increase in hyperfine splitting at g 
 7.7 for greater [Mn2�]/[HiLpxH] ratios.
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easily observable features at g 
 4.3 (Fig. 7A, marked by a
dashed line) that were assigned to a low symmetry Fe3� ion
nonspecifically bound to protein. The g
 4.3 signal was used as
an internal EPR intensity marker, as the protein concentration
was kept constant in all samples.
The cryogenic experiments revealed that an increase in the

[Mn2�]/[HiLpxH] ratio resulted in systematic changes in EPR
spectra at this temperature as indicated by the progressive
appearance of new features upon further addition of MnCl2 to
the samples. Some of these features are attributed toMn2� ions
bound to the protein, although others likely arise from nonas-
sociated hexoaqua Mn2�, as such features are also obtained
from a control experiment using a MnCl2 solution supple-
mented with 10% (v/v) glycerol (Fig. 7A, Mn only spectrum).
The control spectrum is easily identified by a sharp six-line hyper-
fine pattern at g 
 2.04 (Fig. 7A, marked with arrow) arising from
electronic spin S
 	1/2 transition that is split into six lineswith a
splitting of about 95 G by theMn2� nuclear spin I 
 5/2.

Patterns indicative of a symmetric exchange-coupled pair of
Mn2� ions are evident in the cryogenic EPR spectra of HiLpxH
and MnCl2. Specifically, at g �7.7, we observed a component
with a multiline pattern characterized by an effective hyperfine
splitting of �40.2 G. Such a pattern appears first in the spec-
trum from theHiLpxH sample containing 1.25 eq ofMn2�, and
the intensity of this pattern increased with greater metal-to-
protein ratios (Fig. 7B). The hyperfine splitting constants for
binuclear Mn2� complexes reported in the literature range
from 40 to 47 G (23–32). Thus, the splitting of 40.2 G we
observed for the HiLpxH/Mn2� sample is consistent with the
existence of binuclear manganese center in the protein.

In support of the spectral feature at g �7.7, other spectral fea-
tures similar to those detected for a binuclear Mn2[(OPPh2)2N]4
complex (33) were observed at g �14 in HiLpxH samples with
more than 1 Mn2� eq (Fig. 7B). The signals at g �3.1 and 2.48
(Fig. 7B) also can be attributed to a binuclear cluster (34),
although they might exhibit a substantial overlap with the sig-
nal originating from a singly occupied HiLpxH Mn2� site as
well as the free Mn2� signal. Although none of these compo-
nents show resolved hyperfine patterns with splitting charac-
teristic of the binuclearMn2� center, such a loss in resolution is
not uncommon for many binuclear Mn2� complexes (24–26,
34, 35).
PointMutagenesis of Conserved Residues—After establishing

that LpxH possesses a binuclear Mn2� metal cluster, we pro-
ceeded to examine the functional role of conserved residues in
catalysis. Sequence alignment of LpxH orthologs reveals three
areas of amino acid conservation (Fig. 8) that showhomology to
themotifs characteristic of theCLP family. Themost conserved
CLP family motif, DXH(X)�25GDXXDR(X)�25GNH(D/E),
where X indicates any amino acid (the underlined histidine is
not completely conserved), is clustered at the N-terminal
region of LpxH (Fig. 8, motif 1, green). Themiddle region of the
protein contains a motif of a highly conserved histidine fol-
lowed by an aspartate (Fig. 8, motif 2, cyan) that is less ubiqui-
tous in theCLP family and not always detectable from sequence
alignment (13). Finally, at the C terminus of LpxH, there is a
UUXGHXHmotif (Fig. 8, motif 3, orange), withU representing
any hydrophobic residue, which was first characterized in a
sub-class of CLP enzymes that are involved in DNA repair and
polymerization (36, 37).

FIGURE 8. Sequence alignment of LpxH orthologs highlighting conserved residues. Motifs characteristic of the calcineurin-like phosphatases are boxed in
color as follows: green represents motif 1, the most conserved residues across the family (DXHX�25GDXXDRX�25GNH(D/E)); cyan denotes a lesser conserved
motif, motif 2, not always clearly detectable through sequence alignment (usually a highly conserved His followed by Asp); and orange depicts motif 3, an
additional motif first identified in a subset of enzymes that are involved in DNA repair (UUXGHXH where U is a hydrophobic amino acid). Residues that were
mutated to alanine are italicized and underlined. Alignment was generated using the ClustalW2 tool on the EBI website. Sequences were obtained from the
NCBI server.
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To assess the importance of these areas of conservation, we
made the following alanine point mutants of amino acids (Fig.
8, underlined) from the motif in each region: D9A, H11A,
D42A, R81A in motif 1; H115A and D117A in motif 2; and
H196A in motif 3. These point mutants, along with a wild-type
HiLpxH control, were expressed in E. coli with a C-terminal
His10 tag and purified using Ni-NTA chromatography. The
mutant proteins overexpressed at levels comparable with that
of wild type, and the final purities of all protein forms were
similar (data not shown). The isolated protein samples were
analyzed for UDP-DAGn hydrolase activity using the radioac-
tive assay, and their resulting activities were compared with
that of the wild-type control (Table 2). All of the point mutants
showed a decrease in specific activity; however, the residues of
the motif in the N-terminal region displayed the most signifi-
cant change. The D9A mutant exhibited a 20,000-fold inhibi-
tion of hydrolysis, 10-fold over any of the other mutants. The
other mutants of the N-terminal region, as well as the H115A
mutation in the middle region and the H196A mutation in the
C-terminal region, showed similar levels of hydrolysis inactiva-
tion. This is in contrast to the D117A mutant from the middle
region that was only slightly impaired comparedwith wild type.

DISCUSSION

Optimized Assay Conditions Unmask the Genuine Nature of
LpxHCatalysis—Previous studies ofE. coliLpxH identified it as
a peripheral membrane protein with conserved sequences
found in the CLP family of phosphoesterases, but the enzyme
properties of EcLpxH have been obscured by limited sample
purity (60%) and low activity under assay conditions (8). To
reveal the true nature of LpxH catalysis, we cloned and purified
the H. influenzae ortholog of LpxH to near homogeneity and
identified optimized assay conditions with 1,000-fold enrich-
ment in LpxH-specific activity. These developments facilitated
enzymatic reassessment of LpxH, leading to new insights into
the protein’s properties. Specifically, we noted the apparent
Vmax value of HiLpxH, 18.1 mmol min�1 mg�1, is �1,000-fold
greater than the corresponding E. coli value, 17.2 �mol min�1

mg�1 (8), which was determined in the absence of BSA, Triton
X-100, and MnCl2. Additionally, the previously reported pH-
rate profile showed small variation of activities within the same
order ofmagnitude over the entire range of tested pHvalues (8),
whereas that for HiLpxH reveals a 1,000-fold increase in activ-
ity over three pH units. The mono-limbic shape of the pH-rate
profile for HiLpxH is similar to that reported for LpxI (10).

Perhaps the most notable difference between previous
assessments of LpxH and those reported here is the activity of
the enzyme in the presence of detergent. Although EcLpxH
demonstrated surface dilution kinetics, with the enzyme show-
ing inactivation at high levels of detergent (8), HiLpxH retains a
relatively consistent level of activity over a wide range of deter-
gent concentrations. The low purity of the EcLpxH protein and
unsatisfactory assay conditions may have masked enzymatic
activity in a micellar system. Because HiLpxH does not obey
surface dilution kinetics, it is likely this enzyme is not embed-
ded within the membrane but partitions between the cytosol
and the innermembrane surface to performcatalysis,much like
themodel suggested for LpxI (10). This similarity inmembrane
interaction is consistent with the idea that LpxI and LpxH are
functionally interchangeable within the lipid A pathway.
LpxH Contains a Mn2� Cluster for Catalysis—LpxH is clas-

sified by sequence to belong to the CLP family that employs
metal ions for catalysis, but its metal dependence has never
been thoroughly investigated. Our enzymatic analyses reveal
Mn2� is the most likely candidate for HiLpxH’s cofactor. The
calculated KMetal of the enzyme for Mn2� (487 �M) is near the
estimated concentration of Mn2� in E. coli (38), further sup-
porting the plausibility of the metal as a physiological cofactor.
Although CLPs have been shown to contain two different met-
als in their binuclear active sites, those containingMn2�usually
have this ion occupying both sites (11).
We took advantage of the paramagnetic properties of Mn2�

to probe the binding of the metal to the HiLpxH with EPR
spectroscopy. Results from room temperature EPR titrations
suggest that two tight-binding Mn2� ions are interacting with
the protein with varying affinities. This observation is common
for CLP enzymes, as binding at one site can be as much as 100
times stronger than that at the second site (11, 13). Subsequent
cryogenic EPR experiments showed evidence of strong spin
exchange coupling, making it likely that the two metal-binding
sites in HiLpxH are in close proximity and form a cluster. Clus-
ter formation is beneficial for the catalysis of reactions, as the
proximity of the metal ions in an active site allows for a sym-
metric delocalization of charge that is not possible with only
one metal (39). This delocalized distribution over two metals
permits them to act like a unit in stabilizing transition states of
concerted mechanisms that facilitate the concurrent anionic
ligand addition and anionic ligand dissociation. In the case of
hydrolases, this stabilization of the transition state lowers the
activation barrier for both nucleophilic attack by the activated
water and phosphoester bond cleavage. Additionally, it has
been reported that having two closeMn2� ions in an active site
decreases the strength of bridging-ligand field potential and
increases the Lewis acidity of the metals, allowing them to have
a higher affinity for ligands like H2O and facilitating the forma-
tion of a hydroxide anion that performs the nucleophilic attack
in a hydrolysis reaction (39).
Intriguingly, although both our enzymatic assay and the EPR

measurements establish LpxH as a metalloenzyme, the two
techniques yielded very different affinities for Mn2� binding,
with the enzymatic KMetal term being 2 orders of magnitude
greater than the EPR-determined Kd values. The disparity in
metal affinity calculations may be indicative of three Mn2�-

TABLE 2
Activity of purified HiLpxH point mutants compared with wild-type
HiLpxH
Samples were analyzed for activity using optimized assay conditions as outlined
under “Experimental Procedures.”

Conserved
region Mutation

Specific
activity

decrease compared
withWT

�mol/min/mg -fold
WT 6,900 	 700 1

Motif 1 D9A 0.03 	 0.004 200,000
H11A 0.41 	 0.02 20,000
D42A 0.09 	 0.01 80,000
R81A 0.93 	 0.04 7,000

Motif 2 H115A 0.57 	 0.008 12,000
D117A 3,020 	 90 2

Motif 3 H196A 1.4 	 1 5,000
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binding sites in LpxH: two sites in the binuclear cluster revealed
in the EPR studies with affinities in the low nanomolar and
micromolar ranges, and another weak-bindingMn2� that facil-
itates the catalysis but only binds LpxH in the presence of the
substrate UDP-DAGn, yielding an apparent KMetal in the high
micromolar to sub-millimolar range. Supporting this notion,
members of the protein phosphate M family have been shown
to contain a third Mn2� cofactor in proximity of the di-metal
cluster found in their active sites (40). This thirdmetal has been
shown to have significantly weaker affinity (highmicromolar to
sub-millimolar) than the ions inmetal cluster (40) and has been
suggested to directly take part in catalysis (41) or have a regu-
latory role important in substrate recognition (42).
Conserved Residues in theMetal-bindingMotifs Define LpxH

as a CLP, Not Nudix Family Hydrolase—The hydrolase reac-
tion catalyzed by LpxH is more commonly carried out by
enzymes in the Nudix family, which cleave the pyrophosphate
bond of nucleoside diphosphates linked to anothermoiety (43).
Although these enzymes also use metals and activated water
molecules in catalysis, they have a characteristic sequencemotif
(“Nudix box”) of GX5EX7REUXEEXGU, with glutamate resi-
dues in the conserved motif positioning the cofactors. The
metal cofactors inNudix enzymes are almost alwaysMg2� (43),
making them much less diverse that those of the CLP family.
In the CLP family, metal chelation is achieved by use of the

residues in the Asp-rich metallophosphoesterase motif, high-
lighted in Fig. 9A (11, 13). The functional groups of these amino
acids directly serve as ligands to the ions andperform secondary
coordination of waters and amino acids that in turn coordinate
themetals, as observed in the structure of bacteriophage 	 pro-
tein phosphatase (Fig. 9B). The two metal cofactors are often
bridged by a carboxylate (D49, Fig. 9B); such an orientation is a
common structural motif in binuclear enzymes (11, 39).

The investigated alanine point mutants of conserved resi-
dues in the HiLxpH metallophosphoesterase motifs have
shown a significant decrease in activity, supporting the similar-
ity of the protein to the CLP family. These residues in HiLpxH
are likely to participate in metal coordination, similar to the
corresponding residues in other CLP enzymes (13, 44–47)
(seen with the positions of Asp-20, His-22, Asp-49, His-139,
and His-186 in the structure of bacteriophage 	 protein phos-
phatase in Fig. 8B), and their mutations impair hydrolysis by
abrogating metal binding. The D117A mutation only had a
slight effect on HiLpxH activity suggesting it has a negligible
role in catalysis. Support for this hypothesis comes in the posi-
tion of D117’s corresponding residue in bacteriophage 	 pro-
tein phosphatase, which lies distant from the enzyme’s binu-
clear site.
Taken together, themutagenesis data fromHiLpxH support an

active site structure similar to that found in other CLP enzymes,
with the residues of the conserved CLP motif in HiLpxH coordi-
nating a high affinity binuclear Mn2� site (Fig. 8C). This
strongly suggests that despite the fact LpxH cleaves the pyro-
phosphate bond of a substrate containing a nucleoside di-phos-
phate linked to a lipid moiety, it is a uniquemember of the CLP
family rather than the Nudix family (11).
Conclusion—Through development of a robust assay system

and utilization of a nearly homogeneous purified protein sam-
ple, we have been able to unmask the genuine features of LpxH
catalysis. Our studies reveal that the LpxH is a membrane-as-
sociatingMn2�-dependent enzyme that ismore similar to LpxI
in terms of pH and detergent profiles than previously reported.
Furthermore, it shows strong similarities to the enzymes of the
CLP family, making it possible to propose an active site struc-
ture with a binuclear site coordinated by residues of the con-
served CLP motifs. These findings pave the way for structural

FIGURE 9. HiLpxH’s active site is likely structured in a way similar to other CLP enzymes. A, alignment of conserved CLP motifs in various family members.
The most conserved portion of the motif is labeled motif 1. Motifs 2 and 3 indicate portions of the motif less ubiquitous throughout the family. B, active site of
bacteriophage 	 protein phosphatase modified from Protein Data Bank code 1G5B (45). Residues marked in green, cyan, and orange correspond to those that
are part of motifs 1–3, respectively, and their location in the motifs are denoted by * in A. Residues marked in gray are not part of the CLP motif but have roles
in active site coordination. Mn2� ions are represented by purple spheres, water molecules are indicated by dark gray spheres, and the SO4 substrate mimic is
shown in yellow. Black dashed lines indicate possible modes of coordination as suggested by intramolecular distances. C, proposed Mn2� coordination of
HiLpxH based on similarity to the enzymes of the CLP family. Metal-chelating residues are underlined in color to indicate their location in the conserved CLP
motifs.
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studies of LpxH to understand the unique features of this
enzyme for processing lipid substrate. Because of the impor-
tance of lipid A in bacterial pathogenesis and growth, detailed
enzyme kinetic information of LpxH gained from our studies
also help set the scene for further exploration of its inhibition as
a method of antibiotic development.
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