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Activation of Escherichia coli UDP-3-O-[(R)-3-hydroxymyristoyl]-N-acetylglucosamine
Deacetylase by Fe*™ Yields a More Efficient Enzyme with Altered Ligand Affinity’
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ABSTRACT: The metal-dependent deacetylase UDP-3-0O-[( R)-3-hydroxymyristoyl]- N-acetylglucosamine dea-
cetylase (LpxC) catalyzes the first committed step in lipid A biosynthesis, the hydrolysis of UDP-3-0-
myristoyl- N-acetylglucosamine to form UDP-3-O-myristoylglucosamine and acetate. Consequently, LpxC is
a target for the development of antibiotics, nearly all of which coordinate the active site metal ion. Here we
examine the ability of Fe*" to serve as a cofactor for wild-type Escherichia coli LpxC and a mutant enzyme
(EcC63A), in which one of the ligands for the inhibitory metal binding site has been removed. LpxC exhibits
higher activity (6—8-fold) with a single bound Fe’' as the cofactor compared to Zn*"-LpxC; both
metalloenzymes have a bell-shaped dependence on pH with similar pK, values, indicating that at least two
ionizations are important for maximal activity. X-ray absorption spectroscopy experiments suggest that the
catalytic metal ion bound to Fe*"-EcLpxC is five-coordinate, suggesting that catalytic activity may correlate
with coordination number. Furthermore, the ligand affinity of Fe*"-LpxC compared to the Zn>" enzyme is
altered by up to 6-fold. In contrast to Zn>"-LpxC, the activity of Fe*"-LpxC is redox-sensitive, and a time-
dependent decrease in activity is observed under aerobic conditions. The LpxC activity of crude E. coli cell
lysates is also aerobically sensitive, consistent with the presence of Fe*"-LpxC. These data indicate that
EcLpxC can use either Fe* or Zn>" to activate catalysis in vitro and possibly in vivo, which may allow LpxC

to function in E. coli grown under different environmental conditions.

Treatment of infections caused by Gram-negative bacteria is
often difficult, due in part to the antibiotic resistance associated
with these organisms. Furthermore, Gram-negative organisms
(e.g., Yersinia pestis and Francisella tularensis) have recently been
identified as potential bioterror agents (/). For these reasons, new
antibiotics that are effective in the treatment of Gram-negative
bacterial infections are needed, including drugs that act on new
targets. Possible targets in Gram-negative bacteria include the
enzymes involved in the biosynthesis of lipopolysaccharides
(LPS)' that make up the outer membranes of these
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organisms (2—4). The lipid A portion of LPS is responsible for
anchoring LPS to the cell surface; consequently, the lipid A
biosynthetic pathway is a potential source of targets for antibiotic
development (2). UDP-3-0-[(R)-3-hydroxymyristoyl]-N-acetyl-
glucosamine deacetylase (LpxC) catalyzes the committed, and
second overall, step in the biosynthesis of lipid A, the deacetyla-
tion of UDP-3-O-[(R)-3-hydroxymyristoyl]-N-acetylglucosa-
mine to form UDP-3-O-[(R)-3-hydroxymyristoyl]glucosamine
and acetate (Figure 1A) (5). Consequently, LpxC is an appealing
target for antimicrobial development.

LpxC was originally classified as a “Zn>"-dependent” deace-
tylase on the basis of the findings that LpxC activity is reversibly
inhibited by incubation with metal chelators [e.g., ethylenedia-
minetetraacetic acid (EDTA) and dipicolinic acid (DPA)] and
LpxC is copurified with Zn*" under aerobic conditions (6).
However, these previous studies did not evaluate the ability of
Fe’* to activate LpxC. Recently, there have been several
examples of Zn*"-dependent enzymes that have been reclassified
as “Fe’"-dependent” enzymes, including peptide deformylase
(PDF) (7—9), LuxS (/0), and possibly histone deacetylase 8
(HDACS) (11). The misidentification of the native metal cofactor
as Zn>" is attributed to the aerobic purification of these enzymes,
with the oxidation of Fe*" to Fe*" and substitution of Zn*" at the
active site.

Herein, we demonstrate that replacement of the Zn>" cofactor
with Fe*" in Escherichia coli LpxC both enhances the catalytic
activity and alters the affinity of this enzyme for ligands. In
fact, Fe*"-LpxC functions as a mononuclear metal-dependent
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FiGure 1: (A) LpxC-catalyzed reaction. (B) Active site of LpxC
from Aquifex aeolicus containing two zinc ions: Zny (catalytic) and
Zng (inhibitory). This figure was made from PDB entry 1P42. (C)
Structure of L-161,240. (D) Structure of BODIPY -fatty acid.

deacetylase with a catalytic activity that is ~6-fold higher than
that of Zn**-LpxC. This enhancement in catalytic activity is due
primarily to an increase in the value of the parameter k¢, not
K. X-ray absorption spectroscopy (XAS) experiments indicate
that the metal ion in Fe*"-LpxC is five-coordinate, suggesting
that higher coordination numbers correlate with enhanced
catalytic activity. In contrast to Zn**-LpxC, the activity of the
Fe*"-bound enzyme is sensitive to oxygen. Furthermore, the
activity of native LpxC in crude E. coli cell lysates is acrobically
sensitive, consistent with the presence of Fe**-LpxC. These
findings suggest that under normal growth conditions the native
metal bound to LpxC in E. coli is Fe>*. However, it is possible
that the active site metal bound to LpxC in vivo could switch
depending on the metal ion availability, thus allowing LpxC to
function using different metal ion cofactors under different
environmental conditions.

MATERIALS AND METHODS

General Procedures. E. coli (WT and C63A variant) and
A. aeolicus LpxC (AaLpxC) were overexpressed and purified
according to published procedures using DEAE-Sepharose and
Reactive Red-120 affinity dye columns at 4 °C and room
temperature, respectively (5, 6, 12, 13). The apo and single-
metal-bound forms of LpxC were prepared by treatment with
metal chelators (DPA and EDTA) followed by reconstitution
with Zn>" or Fe?™, as previously described (6, 14). All solutions
(except for enzyme) were degassed with Ar prior to use. For Fe*
experiments, a 400 mM FeCl, stock was prepared in 10 mM
dithionite and diluted to 100 uM with 1x assay buffer prior to
incubation with apo-LpxC. Similarly, a 100 mM ZnSOy, solution
was prepared in 25 mM bis-tris propane and 1.5 mM triscarbox-
yethylphosphine (TCEP) (pH 7.5—8.7) and diluted to 100 uM
with 1x assay buffer prior to incubation with apo-LpxC. The
concentrations of metal stocks were verified by ICP-MS. To
maintain anaerobic conditions, experiments were conducted
either in an anaerobic chamber (Coy Laboratory Products, Grass
Lake, MI) or using assay buffers containing 10 mM TCEP and
were completed in <2 h to ensure that LpxC was maximally
active during the course of the assays. All ICP-MS analysis was
conducted at the University of Michigan, Department of Geol-
ogy, by T. Huston.
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LpxC Deacetylase Assay. ['*CJUDP-3-0-(3-hydroxymyri-
stoyl)-N-acetylglucosamine was prepared, and the deacetylase
activity was measured as previously described (6, 14, 15). To
examine the metal ion stoichiometry of the Zn>*-LpxC-catalyzed
reactions, apo-LpxC was incubated [5 uM WT or C63A in
20 mM bis-tris propane (pH 7.5)] with 0—2 equiv of ZnSOy for
1—2 h at room temperature to allow for holoenzyme formation
and was then diluted to 100—200 nM in assay buffer just prior to
activity measurement. For the Fe*" stoichiometry, apo-LpxC
[10 uM WT or C63A in 20 mM bis-tris propane and 2—10 mM
TCEP (pH 7.5)] was incubated with FeCl, (1 to 500 uM) on ice
for 5—60 min in an anaerobic chamber (at <10 mM TCEP) and
then diluted with assay buffer prior to the measurement of
activity. Assay mixtures containing 20 mM bis-tris propane
(pH 7.5), 10 mM TCEP (for Fe*" measurements), bovine serum
albumin (BSA, fatty acid free, 1 mg/mL), and ["*CJUDP-3-0-(3-
hydroxymyristoyl)-N-acetylglucosamine (0.05—4 uM) were pre-
equilibrated at 30 °C, and the reactions were initiated by the
addition of enzyme (from 0.5 to 5 nM). ICP-MS results indicate
these samples contain <20 nM zinc. After incubation for various
times, the reactions were quenched by the addition of sodium
hydroxide, which also cleaves the myristate substituent from
substrate and product for ease of separation. Substrate and
product were separated on PEl-cellulose TLC plates (0.1 M
guanidinium HCI) and quantified by scintillation counting, and
the initial rates of product formation (<20% reaction) were
determined from these data. To evaluate the steady-state kinetic
parameters, activity was measured at seven to nine different
concentrations of myr-UDP-GIcNAc (from 50 nM to 4 uM). The
steady-state parameters ke, Ky, and ke, /Ky were obtained by
fitting the Michaelis—Menten equation to the initial linear
velocities measured at the various substrate concentrations
using the curve fitting program Kaleidagraph (Synergy Soft-
ware), which also calculates the asymptotic standard errors.
For pH studies of C63A LpxC, 20 mM bis-tris (pH 5.7—6.5)
or bis-tris propane (pH 7—10) with 10 mM TCEP was used and
pK, values were obtained by fitting eq 1 to these data. Control
experiments demonstrate that incubation of LpxC at various pH
values for up to 30 min does not lead to an irreversible decrease in
activity.

For experiments with the hydroxamate inhibitor L-161,240
(13, 16, 17), a generous gift from M. Pirrung, Zn>*- or Fe**-LpxC
(0.5 nM) was preincubated with inhibitor (from 0.5 to 500 nM,
DMSO) or DMSO for 15—25 min at 30 °C in 20 mM bis-tris
propane, 10 mM TCEP (pH 7.5), and 1 mg/mL BSA prior to
initiation of the reaction by the addition of [“CJUDP-3-O-
(3-hydroxymyristoyl)-N-acetylglucosamine (200 nM). Initial
rates were processed as described above, and the ICs, values were
obtained by fitting eq 2 to these data.
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Ultrafiltration Binding Assay. Dissociation constants (Kp)
of ["*CJUDP-3-0-(3-hydroxymyristoyl)glucosamine from LpxC-
product complexes were measured using ultrafiltration, as pre-
viously described (/8). Briefly, the concentration of product was
held constant (50—60 nM) and the concentration of wild-type or
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C63A LpxC was varied (from 0 to 24 uM). Enzyme and substrate
were incubated at 30 °C for 15—30 min prior to the assay to allow
for product formation and ligand equilibration. Assay mixtures
were then transferred into ultrafiltration devices (Microcon
30000 MWCO), and the free and bound products were separated
by centrifugation of the samples at 3000 rpm for 2.5 min. Equal
volumes of the filtrate and retentate were removed, and the
amounts of unbound (filtrate) and total product (retentate) were
quantified using scintillation counting. The EP/P,y, ratio was
determined as a function of E.,, and the Kp values were
obtained by fitting eq 3 to these data.

(3)

(7.c)
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K/ 4 Determination Using Fluorescence Anisotro-
py Measurements. The Kp value of 5-butyl-4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene-3-nonanoic acid [BODIPY 500/
510 C4, Cy (Invitrogen)] fatty acid for EcLpxC was determined
using fluorescence anisotropy as previously described (18, 19).
The concentration of BODIPY fatty acid was held constant
(0.1 uM)[in 25 mM HEPES, 10 mM TCEP (pH 7.5), and 100 uM
FeCly], and increasing concentrations of enzyme (from 0 to
100 uM) were titrated into the solution at 30 °C. The fluorescence
anisotropy (excitation at 480 nm and emission at 516 nm) was
measured ~3 min after each addition of LpxC, and Ky, values
were determined by fitting eq 4 to these data.

(E-FA)
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X-ray Absorption Spectroscopy. XAS samples were pre-
pared and analyzed as previously described (/2). Briefly, a
stoichiometric amount of apo-EcLpxC or apo-AaLpxC was
added to a solution of 24 uM FeCl, (anaerobic chamber) or
ZnSOy4 in 25 mM HEPES and 1.5 mM TCEP (pH 7.5) and
incubated on ice for 45 min (AaLpxC, room temperature for
25 min). The enzyme was concentrated using an Amicon Ultra-15
centrifugal filter unit (10000 MWCO), and unbound metal ions
were removed by washing with buffer [25 mM HEPES, 1.5 mM
TCEP (pH 7.5)] prior to concentration. Glycerol (20 uL) was
mixed with the enzyme (60 L) as a cryoprotectant, and samples
were transferred into Lucite cuvettes (3 mm x 2 mm x 25 mm)
with 40 um Kapton windows and frozen in liquid N,. The con-
centrations of Fe, Co, and Zn were determined using ICP-MS,
and all analyzed samples had a metal/enzyme stoichiometry
of <1 (range of 0.14—0.63). XAS data were collected at the
Stanford Synchotron Radiation Laboratory (beamline 9-3)
under dedicated conditions as fluorescence excitation spectra,
using a solid-state Ge detector array equipped with a filter and
Soller slits focused on the sample. All channels of each scan were
examined for glitches, and the good channels were averaged for
each sample (two independent samples for each protein) to give
the final spectrum.

EXAFSPAK (20) was used to extract and analyze EXAFS
data as previously described (/2), using ab inito phase and
amplitude parameters calculated using FEFF version 7.02 (21, 22).
XANES data were normalized to tabulated absorption coeffi-
cients (23) using MBACK (24). The area of the 1s— 3d transition
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in the XANES region was calculated by fitting the pre-edge
region (7107—7118 eV) using the sum of a Gaussian and an
arctan function; for comparison with previously published data,
the fitted Gaussian area was normalized to the K-edge jump for
Fe (3.556 x 10° cm?/g).

Native LpxC Deacetylase Activity. LB medium was
inoculated with BL21(DE3) or BL21(DE3)pLysS cells and
grown in a shaker (250 rpm) overnight at 37 °C. The cells were
harvested by centrifugation and the cell pellets resuspended in
20 mM bis-tris propane, 0—10 mM TCEP (pH 7.5). The cells
were washed with 5 mM CaCl, (1 x 2 mL) followed by buffer
(2 x 2mL), resuspended in buffer, and stored at —80 °C. Control
experiments demonstrate that Ca>" (<10 mM) has no significant
effect on Zn*"-LpxC activity. Prior to the assay of activity, cells
were thawed and incubated with lysozyme (0.2—1.2 mg/mL) in
assay buffer for 15 min at room temperature and the cell lysate
was cleared by centrifugation (14000 rpm for 15 min). A sample
of the cleared lysate was analyzed for metal content by ICP-MS;
the concentration of total Fe in these lysates is ~2-fold greater
than that of Zn (Fe/Zn ratio of 1.4—3.0). The cleared lysate was
diluted 10-fold in assay buffer prior to measurement of activity as
described above (200 nM substrate). To demonstrate that the
observed activity was catalyzed by LpxC, the activity was also
measured in the presence of the inhibitor L-161,240. In vitro
control experiments indicate that exchange of Zn*" for Fe** is
facile in vitro, but the opposite metal exchange is not readily
observed and is likely thermodynamically unfavorable (25).
Therefore, the experiments in cell lysates should err on the side
of underestimating the concentration of Fe*"-LpxC.

RESULTS

The Activity of Fe’"-LpxC Is Higher Than That of
Zn”T-LpxC. Activation of apo-LpxC by various divalent metal
ions was previously demonstrated with the ions in the following
order: Co’" > Zn** > Ni*" > Mn?". No increase in activity
was observed following the addition of Mg®", Ca®", Cd*", or
Cu** to apo-LpxC (6). Stoichiometric addition of Zn** and Co>"
fully activates apo-LpxC, while an excess concentration of Ni*"
(~3:1 Ni*":LpxC ratio) is required, suggesting that LpxC has
weaker affinity for Ni** (6). On the basis of these findings and
the fact that aerobically purified LpxC contains one to three Zn>"
ions per enzyme, LpxC was characterized as a “zinc-dependent”
deacetylase (6). Here we probe whether Fe?* can also activate
apo-LpxC.

Since Fe*" is a redox-sensitive metal ion, activation of LpxC
by Fe*™ was measured under anaerobic conditions (glovebox or
10 mM TCEP). Under these conditions, addition of Fe*™ (1-3
equiv) activates apo-LpxC. In fact, the initial velocity for
deacetylation of myr-UDP-GIcNAc (0.2 uM) under standard
assay conditions (pH 7.5) is 6—9-fold higher with Fe**-LpxC
than with Zn®"-LpxC, indicating that Fe*", like Co®", is better
suited than Zn®" at enhancing the catalytic activity of LpxC.
Furthermore, comparable activity is observed for LpxC in the
presence of both 1 and 3 equiv of Fe*", suggesting that the
enzyme is saturated with Fe’™ under the preincubation condi-
tions.

Metal Ion Stoichiometry. Crystal structures of AaLpxC
reveal that the LpxC active site contains two metal ion binding
sites [Figure 1B, (26)]: one catalytic site, Zn,, and one inhibitory
site, Zng. EcLpxC is activated by stoichiometric addition of
either Zn>* or Co>*, while the addition of excess Zn>" inhibits
enzyme activity (6). Similarly, the activity of apo-EcLpxC is
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activated by the addition of Fe*". For WT LpxC, an initial
increase in LpxC activity is observed as the concentration of
metal is increased from zero to one metal ion per enzyme for both
Fe’* and Zn*", followed by a decrease in enzyme activity as the
concentration of metal ion is increased further (Figure 2),
although the inhibition by zinc is significantly more severe. These
results are consistent with metal ion binding tightly at the
catalytic site to enhance catalytic activity, followed by binding
of a weaker, second metal ion at the inhibitory site that decreases
the observed catalytic activity. Comparison of the maximal
activities achieved with Fe’™ and Zn”" suggests that LpxC is
6—9-fold more active with bound Fe’™ than Zn>"; however,
direct comparison of these activities in the WT enzyme is
complicated by metal ion binding at the inhibitory site.

C63A Mutation in LpxC Decreases the Level of Metal
lon Inhibition. To circumvent complications arising from metal
ion inhibition, we proposed to preferentially decrease the metal
affinity of the inhibitory site by selectively removing a ligand
from this site. Structural data for AaLpxC indicate that the
ligands for the inhibitory Zn*" ion are the side chains of E78 and
H265, a bound palmitate, and the catalytic water molecule
[Figure 1B (26)], while EXAFS experiments indicate that the
inhibitory Zn>" in EcLpxC has at least one S/CI ligand (12).
Sequence alignment of EcLpxC with AaLpxC and mapping of
the Cys side chains onto the AaLpxC structure indicated that the
side chain of Cys63 [equivalent to Ser59 in AaLpxC (Figure 1B)]
is the only S atom within 10 A of the inhibitory Zn*" ion,
implying that Cys63 is the third protein ligand for the inhibitory
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FIGURE 2: Activation of apo-LpxC by Zn>* or Fe’*. Deacetylase
activity as a function of either Zn*" (@) or Fe’* (O) metal ion
stoichiometry was measured for WT LpxC (A) and C63A LpxC
(B). C63A LpxC activity was assayed with an up to 50-fold excess
Fe’* (not shown). The deacetylase activity for the substrate myr-
UDP-GIcNAc (0.2 uM) was measured at 30 °C after incubation with
varying equivalents of M>*, as described in Materials and Methods.
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metal ion site in EcLpxC (18, 19). Since the side chains of E78 and
H265 play important roles in the catalytic mechanism of
LpxC (14, 27), we chose to prepare the EcC63A mutant to
further compare the properties of Zn>"- and Fe*"-LpxC.

Stoichiometric addition of either Fe* or Zn>" to C63A LpxC
increases the catalytic activity to =280% of the maximal value
observed at higher metal concentrations, indicating that C63A
LpxCis activated by a single Fe** or Zn>* ion. Furthermore, the
level of inhibition of C63A LpxC by metal ions is significantly
reduced, consistent with the Cys63 side chain serving as a ligand
for the inhibitory metal ion binding site. This decrease in the level
of metal ion inhibition facilitates a more accurate comparison of
the maximal LpxC activity with the Fe’" and Zn>" cofactors.

Fe’" Activates Steady-State Turnover. Steady-state turn-
over was measured for LpxC (WT and C63A) reconstituted with
stoichiometric Fe*™ or Zn*" (Table 1), demonstrating that the
value of ke, /Ky for LpxC reconstituted with Fe*™ compared to
that with Zn®" is enhanced 8-fold. The C63A mutation also
increases the value of k., /Ky for LpxC reconstituted with Zn*t
and Fe?™ by 5- and 3.5-fold, respectively, relative to that of the
wild-type enzyme, at least partly due to a decreased level of metal
inhibition. Since the data obtained for WT LpxC are complicated
by differences in metal ion inhibition, we measured the relative
effects of Zn** and Fe’" on the steady-state parameters for the
C63A mutant. These results (Table 1 and Figure 3) show that
switching the metal ion cofactor in C63A LpxC from Zn>" to
Fe>" increases the values of both ke (4-fold) and key/Kym
(6-fold) with little effect on the value of Ky;.

The WT LpxC-catalyzed reaction exhibits a bell-shaped
dependence on pH, where pK,; and pK,, are proposed to
represent ionization of GIu78 and another group located near
the metal ion, such as H265, respectively (/4, 27). The pH
dependence of k., /Ky catalyzed by C63A LpxC activated by
Zn®" or Fe*' (Figure 4) shows a bell-shaped pH profile,
indicating that at least two ionizations are important for maximal
activity, consistent with pH profiles previously measured for WT
LpxC (14, 27). However, at high pH, the decrease in activity for
C63A LpxC has a squared dependence on the proton concentra-
tion (Figure 4), suggesting that two deprotonations affect the
activity at high pH. Therefore, the C63A mutant is best described
by three ionizations: one at low pH and two at high pH. These
data are fit using an equation that assumes that the two high-pH
ionizations have comparable pK, values. The reactions catalyzed
by EcC63A LpxC reconstituted with a stoichiometric amount of
either Zn*" or Fe*" have nearly identical pH profiles, indicating
that the Fe-bound enzyme has higher catalytic activity regardless

Table 1: Steady-State Activity Parameters for EcLpxC

kczll}7 1<M,7 kcal/1<M}7 kcal/KM (min_] ,MM_I)
enzyme” (min~") (uM) (min~ ' uM 1) pKai© pK.© at pH maximum®
Zn*"-LpxC? not determined not determined 34484 6.2+0.2° 9.24+0.2¢ not determined
Fe**-LpxC 90+3 0.32£0.04 281424 not determined not determined not determined
Zn*T-C63A 126 £ 12 0.7£0.2 170 £ 34 6.6+0.1 8.9+0.1 260 £ 20
Fe’t-C63A 530+30 0.5+0.1 990 £ 130 6.84+0.1 9.24+0.1 760 + 20

“LpxC was reconstituted with stoichiometric (1:1) metal in a 1preincubation step, as described in Materials and Methods. The measured values for k.,/ Ky
catalyzed by apo-LpxC and apo-C63A LpxCare 15and 11 min— yM_l, respectively, likely due to metal contamination in the assay. “The initial rates of LpxC
deacetylase activity were determined at 30 °C [20 mM bis-tris propane, 10 mM TCEP (pH 7.5), and | mg/mL BSA] with myr-UDP-GlcNAc as the substrate as
described in Materials and Methods. The kinetic parameters were obtained by fitting the Michaelis—Menten equation to the initial velocities. “Deacetylation
of myr-UDP-GIeNAc catalyzed by LpxC (Fe*™-WT and C63A) was assessed at 30 °C as a function of pH using substrate concentrations below the Ky
(<0.2uM). The pK, values were obtained from the pH dependence of the values using eq 1 as described in Materials and Methods. U/ Kng for WT ZnLpxCis
reported as the mean and standard deviation of five replicates performed at a single subsaturating substrate concentration (200 nM) with LpxC incubated with a
stoichiometric amount of Zn**. “Taken from ref /4.
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FIGURE 3: Steady-state turnover catalyzed by EcC63A substituted
with Zn>" (@) or Fe?* (O). The initial rates for deacetylation of myr-
UDP-GIcNAc (0.05—4 uM) were measured at 30 °C in 20 mM bis-
tris propane and 10 mM TCEP (pH 7.5), as described in Materials
and Methods using apoenzyme reconstituted with stoichiometric
metal ion. The parameters kcy, Knv, and ke, /Ky (Table 1) were
obtained by fitting the Michaelis—Menten equation to these data.
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FiGURE 4: pH dependence of the LpxC-catalyzed deacetylase activ-
ity for C63A Zn*"-LpxC (@) or C63A Fe? -LpxC (O). The values of
V/K were measured at 30 °C using subsaturating concentrations of
myr-UDP-GIcNAc (0.2 uM) and enzyme reconstituted with stoi-
chiometric metal ion, as described in Materials and Methods. The
pK, values (see Table 1) were determined by fitting eq 1 to the data.

of the pH. Furthermore, the fitted values for pKj,; and pK,, for
the C63A mutant are slightly higher than and comparable to,
respectively, the values determined for WT LpxC, suggesting that
the same ionizations are observed for both WT and the C63A
mutant. The additional ionization at high pH observed for the
C63A mutant could be due to several factors. For example,
several ionizable LpxC residues not directly implicated in cata-
lysis, such as H19 or K143 (18), could be perturbed in the C63A
mutant, and ionization of these residues could become observa-
ble in the steady-state kinetics. Alternatively, replacing the
cysteine thiol with an alanine may lower the metal—water pK,
such that it is observable at high pH. Ionization of these groups
could directly affect the stability of the transition state or could
reversibly destabilize the active structure of LpxC.

XAS Analysis of LpxC. The change in LpxC activity
observed with Fe>* and Zn?" cofactors may correlate with an
alteration in the preferred coordination numbers and/or geome-
tries of the respective metal ions. For peptide deformylase (PDF),
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FIGURE 5: XAS of Fe’ -EcLpxC. (A) XANES region. (B) Expan-
sion of XANES showing the 1s — 3d transition with a calculated
background (blue) and best fit (green). The Gaussian fit to the 1s —
3d transition is shown offset vertically for the sake of clarity. (C) k°-
weighted EXAFS data (blue) together with the best fit using five
oxygen ligands (red, dashed). (D) Fourier transform of EXAFS data:
experimental (solid line) and fit (dashed line) to five N or O ligands.

the higher coordination number of Fe’"-PDF compared to that
of Zn*"-PDF is proposed to contribute to the higher activity that
is observed with the Fe*" cofactor (28). In biological zinc sites, a
coordination number of four (tetrahedral geometry) is observed
most frequently, although five and six ligands are also observed,
while Fe’™ prefers higher coordination numbers (five or
six) (29—31). Previous XAS studies of AaLpxC and Pseudomonas
aeruginosa LpxC (PaLpxC) with a single bound Zn** (12)
demonstrated that the catalytic zinc ion has four N or O ligands.
Similarly, crystal structures of the zinc-inhibited form and the
cacodylate complex of AaLpxC indicate that the catalytic zinc
ion is tetrahedral (26, 32). The best fits to the EXAFS data for
EcLpxC with Zn>" bound to both the catalytic and inhibitory
sites include three N or O atoms and one S or Cl atom, while the
fit for EcLpxC with Co”" at the catalytic site includes five N or O
atoms. These previously published data suggest that the increased
activity of Co*™-EcLpxC (17) correlates with the higher coordi-
nation number.

To probe determinants of the enhanced activity of Fe’-LpxC,
we examined the coordination environments of EcLpxC and
AaLpxC with a stoichiometric amount of Fe*" bound at the
catalytic site. The XANES and EXAFS data for these samples
are shown in Figure 5. The XANES region of the XAS spectra
(Is— 3d transitions) provides valuable information about metal
ion coordination number and oxidation state. The 1s — 3d
transitions (pre-edge areas) observed for four-, five-, and six-
coordinate Fe are 19.8—25 x 1072 12.4—18.8 x 1072 and
3.1-9.9 x 1072 eV, respectively (33—35). The Fe pre-edge areas
calculated for EcLpxC (12.1 x 1072 ¢V) and AaLpxC (11.2—
14.9 x 102 V) are both consistent with a five-coordinate Fe
species (Table 2) and, in particular, are significantly smaller than
the values observed for tetrahedral Fe. This conclusion is
supported by the EXAFS data for both WT Fe*"-EcLpxC and
Fe?"-AaLpxC (Table 3 and Figure 5). Consistent with our
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Table 2: XANES Pre-Edge Areas

Table 4: LpxC Molecular Recognition Parameters

sample Is — 3d (sample 1) 1s — 3d (sample 2) 1s — 3d average enzyme” KpProduet (uMy? Kty acid g My ICso (nM)?
Fe’™-AaLpxC  11.2x 10 %eV 149x107%eV  13.1x 10 %eV apo-LpxC 1.5+0.5 2541 not determined
Fe**-EcLpxC  12.1 x 107 2eV 121x107%eV 121 x 107 2eV Zn**-LpxC 1.6+£0.2¢ 740.6" not determined
Fe>"-LpxC 1.94£0.3 4543 not determined
apo-C63A 0.5+£0.1 17+1 not determined
Zn*T-C63A 0.40+0.07 T+ 1 4+04
Table 3: Fitting Results for Fe-LpxC Fe2t-C63A 0.6+0.1 4443 2402

N RAY A (x10°AY) F BVS?
Fe*"-AaLpxC
sample 1 4 2.100 5.7 0.66 1.5
5 2.100 7.7 0.67 1.9
6 2.100 9.7 0.70 22
sample 2 4 2.100 6.0 0.40 1.5
5 2.096 8.2 0.42 1.9
6 2.097 10.5 0.44 2.3
Fe**-EcLpxC
sample 1 4 2.100 6.4 0.30 1.5
5 2.105 8.2 0.30 1.8
6 2.106 10.1 0.32 2.2
sample 2 4 2.090 6.8 0.33 1.5
5 2.090 8.8 0.33 1.9
6 2.090 10.9 0.35 2.3

“EXAFS coordination number, fixed at integer values. “Fe—O bond
length. Although the experimental accuracy is estimated to be £0.02 A,
values are reported to 0.001 A to show the precision of the data. “Root-
mean-square deviation between data and fit. “Bond-valence sum.

observations for Zn-AaLpxC and Zn-PaLpxC (12), the EXAFS
data for Fe’*-EcLpxC and Fe*"-AaLpxC show significant
disorder. Fits using four, five, or six low-Z ligands all give similar
quality fits, with Debye—Waller factors that increase as the fitted
coordination number increases (Table 3). Although it was
possible in most cases to fit the data using a mixed ligation mode
of three to five O or N atoms and one S atom, in no case did these
fits result in a more than modest (i.e., <10%) improvement in fit
quality, improvement that can be ascribed to the doubling in the
number of adjustable parameters. Further evidence that the
EXAFS data do not support the presence of mixed (N/O)+S
ligation comes from the fact that in most cases the apparent Fe—S
parameters were chemically unreasonable (e.g., apparent Fe—S
distances of <2 A and apparent Fe—S Debye—Waller factors
o of >0.01 A%). In all cases, both N/O only and (N/O)+S fits,
the apparent Fe—(N/O) distance was ~2.1 A, significantly longer
than that found for the four-coordinate Zn>" that is observed in
many XAS and crystallographic studies of AaLpxC, PaLpxC,
and EcLpxC (12), and consistent with the distances found for
five-coordinate Fe’". This conclusion is supported by the fact
that the five-coordinate Fe-(N/O) fits consistently give the bond-
valence sum values (36, 37) closest to 2.

Crystallographic analyses of AaLpxC and PaLpxC in com-
plexes with hydroxamate inhibitors or palmitate indicate that the
catalytic zinc changes geometry upon ligand binding to square
pyramidal (five-coordinate) (26, 38). These data indicate that the
geometry of the metal site is flexible, consistent with our finding
that the Fe*" site appears to adopt a five-coordinate structure
even in the absence of added inhibitors. Since the Fe-LpxC
coordination sphere is best fit to five N or O ligands, the added
ligand is most likely a water molecule as observed in other
proteins where metal substitution leads to a higher coordination
number, such as carbonic anhydrase (39) and peptide deformy-
lase (28). These observations are consistent with the suggestion

“Metal-substituted LpxC was reconstituted with stoichiometric metal
jon (1:1) as described in Materials and Methods. “Product (myr-UDP-
GlcNH,) binding to LpxC was assessed at 30 °C [20 mM bis-tris propane,
10 mM TCEP (pH 7.5)] using ultrafiltration as described in Materials
and Methods. The Kp values were obtained by fitting eq 3 to the data.
“BODIPY -fatty acid binding to LpxC was assessed at 30 °C [20 mM bis-tris
propane, 10 mM TCEP (pH 7.5), and 100 uM ZnSO, or FeCl,] using
fluorescence anisotropy as described in Materials and Methods. The Kp
values were obtained by fitting eq 4 to the data. “Hydroxamate L161, 240
inhibition of LpxC activity was assessed at 30 °C [20 mM bis-tris propane,
10 mM TCEP (pH 7.5), and 1 mg/mL BSA] and 200 nM myr-UDP-GIcNAc
as described in Materials and Methods. The ICs, values were obtained by
fittingeq 2 to the data. °Data adapted from ref /8. /Data adapted from ref /9.

that the higher activity and ligand affinity of Fe*"-EcLpxC
correlate with the higher coordination number of Fe*'.

Effect of Fe** on Molecular Recognition. The metal ion
status of LpxC was previously shown to influence the binding
affinity of LpxC for small molecules, which has important
implications for the development of LpxC inhibitors as potential
antibiotics (18, 19). Here, we examine whether substitution of
EcLpxC with Fe" alters the affinity of small molecules for LpxC
compared to Zn®" by measuring the affinities of myr-UDP-
GleNAc (KpP™%Y and a fluorescent fatty acid (K™ *9) for
LpxC (WT and C63A) using ultrafiltration and fluorescence
anisotropy, respectively. The C63A mutation in LpxC causes a
small enhancement in the binding affinity of these ligands, regard-
less of the metal ion at the active site (Table 4); the values of
Kp™% and Kp™™® 4 are lowered 3—4- and <2-fold, respec-
tively, compared to that of WT LpxC. The value of KP4 is not
significantly altered when Fe**- and Zn*"-EcLpxC are compared,
in either WT or C63A, suggesting that product binding in these
enzymes is similar and/or that there is not a direct metal ion—pro-
duct interaction in these complexes. In contrast, an ~6-fold
increase in Kp™® 4 is observed for LpxC (WT and C63A)
substituted with Fe>" compared to that with Zn>", indicating that
changing the metal ion significantly alters the recognition of this
small molecule, consistent with the direct metal ion—fatty acid
interaction observed in crystal structures of the LpxC- palmitate
complex (14, 32). Finally, a modest (2-fold) enhancement in
inhibition (ICs, value) by the hydroxamate inhibitor L-161,240 is
observed for LpxC with bound Fe*" compared to Zn>" (Table 4).
This is comparable to the 2-fold decrease in K; for inhibition of
histone deacetylase 8 by suberoylanilide hydroxamic acid upon
switching the active site metal ion from Zn>" to Fe’" (11).

Oxygen Sensitivity of Fe*™-EcLpxC Activity. Since Fe’
is a redox-sensitive metal ion, it is susceptible to oxidation. The
initial rate of deacetylation catalyzed by LpxC after reconstitu-
tion with a stoichiometric amount of Fe*" is decreased >8-fold
when assayed under aerobic conditions compared to anaerobic
conditions (glovebox). Furthermore, similar decreases were ob-
served when the deacetylase activity of Fe*"-LpxC was measured in
the presence of catalase (100 ug/mL), dithiothreitol (2 mM),
dithionite (<10 mM), or TCEP (<2 mM) under aerobic conditions,
suggesting that these conditions are not sufficient for maintaining
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FIGURE 6: Dependence of LpxC activity on reducing agents. (A) The activity of Fe’*- and Zn>*-EcLpxC was measured at 30 °C in buffer
containing either 10 mM TCEP (black bars) or 0.5 mM TCEP (gray bars) as described in Materials and Methods. (B) Apo-EcLpxC was
reconstituted with either Fe?" (O) or Zn>" (@), and the resulting activity was measured at 30 °C [20 mM bis-tris propane and 10 mM TCEP

(pH 7.5)] as a function of time.

Fe in the reduced form. However, when higher concentrations of
TCEP (10 mM) are added to the assay, comparable deacetylase
activity is observed for Fe’"-LpxC under both aerobic and
anaerobic conditions over 2 h (Figure 6). In contrast, there is
no change in Zn>"-LpxC activity when the concentration of
TCEP is varied under these conditions (Figure 6A). Note that the
activity of Fe>"-EcLpxC does not go to zero, but to the level
observed for Zn>"-EcLpxC activity, suggesting that under these
conditions the Fe** cofactor is replaced by nanomolar concen-
trations of adventitious Zn®>" in the assay. In vitro control
experiments demonstrate that Fe*"-LpxC inactivated by expo-
sure to oxygen can be reactivated by addition of divalent metal
ions. These results demonstrate that the activity of Fe*"-LpxC,
and not Zn*>"-LpxC, is sensitive to exposure to oxygen.

Native LpxC Activity. To analyze the metal ion cofactor
bound to LpxC in vivo, we measured the oxygen sensitivity of
natively expressed LpxC in E. coli cell lysates. E. coli cells
[BL21(DE3) without the LpxC expression plasmid] were grown
and lysed, and the resulting LpxC activity was measured over
time (from 15 min to 3 h following lysis) in buffers containing
either <1 or 10 mM TCEP. The total native EcLpxC activity in
cell lysates is ~3-fold higher in assays containing 10 mM TCEP
compared to 0.1 mM TCEP (Figure 7, column A). Furthermore,
over 3 h, the activity decreases ~5-fold (Figure 7, column B) to a
residual activity that is stable in the cell lysate. If the residual
activity measured in the presence of the LpxC hydroxamate
inhibitor L-161,240 (Figure 7, column C), reflecting background
deacetylation catalyzed by other enzymes, is subtracted from the
oxygen-sensitive activity, then the observed activity decreases
5—7-fold in the presence of oxygen. This decrease is consistent
with the higher activity of Fe**-LpxC compared to that of
Zn*"-LpxC. These findings suggest that the majority of the
native LpxC expressed in E. coli contains a bound Fe>* cofactor.

DISCUSSION

LpxC Activity Correlates with Metal Geometry. The
kinetic experiments indicate that Fe*™ can serve as a cofactor
for E. coli LpxC, a mononuclear metal-dependent deacetylase,

1.2
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FiGuRre 7: Native LpxC activity. The LpxC deacetylase activity of
E. coli crude cell lysates was measured at 30 °C as described in
Materials and Methods. (A) LpxC activity of E. coli cell lysate
measured in 20 mM bis-tris propane (pH 7.5) containing 10 mM
TCEP (black bars) or 0.1 mM TCEP (gray bars). (B) E. coli cell lysate
activity assayed in 10 mM TCEP immediately following lysis (black
bars) or after incubation on ice for 3 h under aerobic (benchtop)
conditions postlysis (gray bars). (C) The LpxC inhibitor L-161,240
inhibits 90% of the deacetylase activity in the E. coli cell lysate
[20 mM bis-tris propane and 10 mM TCEP (pH 7.5)]. The concen-
tration of L-161,240 was 0 uM (black bars) or 1 uM (gray bars).

and that the Fe*" cofactor alters the functional properties of
LpxC compared to those of Zn". Specifically, LpxC substituted
with a single catalytic Fe>* has 6—8-fold higher activity than
Zn>"-LpxC. Comparison of the steady-state kinetic parameters
for the C63A mutant indicates that switching from Zn>" to Fe*"
leads to a 6-fold increase in the value of k., /Ky, With a nearly
comparable effect on the value of kg, (4-fold). The single site
mutation, C63A, eliminates much of the metal inhibition that
complicates analysis of LpxC activity, likely by removing a ligand
to the inhibitory metal.

Metal substitution in LpxC increases the value of both steady-
state parameters k.,/ Ky and ke, The dependence of the value of
kear/ Ky for LpxC on the active site metal ion and on mutations
(Table 1) (14, 18) argues that substrate association is not the rate-
limiting step under these conditions even though the value of



Article

K239 —\_\
H265 +NH,
V=,

_HN__N-H

D246 —(Z—

HN—R

40
ﬁ: T
------ P
E78 —(g H°\: H-N"" "( d
Fe

H19

R=myrUDPGIc D242 79 H238

F1GURrE 8: Proposed mechanism for EcLpxC.

kea/Kn [£1.6 x 107 M~" 7! (Table 1)] approaches that of
diffusion-controlled rate constants measured for many enzymes
(10"=10° M~" s™") (40). Additionally, the solvent kinetic isotope
effect of 2 observed for k.,/ Ky catalyzed by LpxC (18) suggests that
the chemical step is a rate-contributing step for this kinetic para-
meter. Additionally, under saturating substrate and high-enzyme
concentration conditions, a burst of product formation is not
observed, suggesting that the rate-limiting step in ke, occurs at or
before the chemical step (27). Therefore, it is reasonable to assume
that the increases in key/Ky and ke upon substitution of Zn*" with
Fe?" are attributable mainly to an enhancement in the chemical step.

The best fit of the models to the XAS data includes five N or O
ligands for both Fe’"-substituted EcLpxC and AaLpxC com-
pared to the four N or O ligands observed for WT Zn**-LpxC
presumably due to an additional water ligand (/2). These results
are consistent with the hypothesis that the higher activity of the
Fe?"-substituted EcLpxC correlates with the coordination num-
ber. Previously, the enhanced activity of Fe*"-peptide deformy-
lase (PDF) has been proposed to be due, at least in part, to the
higher coordination number of Fe*"-PDF compared to that of
Zn*"-PDF (8, 28, 41—43). The XAS and activity data for Fe**-
EcLpxC, in concert with recent crystallography data demonstrat-
ing a square pyramidal zinc site in LpxC in a complex with
hydroxamate inhibitors or palmitate (26, 38), suggest that the
proposed mechanism for deacetylation should be modified to
incorporate a five-coordinate metal ion, in both the ground and
transition states (Figure 8). In this mechanism, the metal ion
serves both to lower the pK, of the metal-bound water and to
coordinate the substrate (myr-UDP-GIcNAc). Coordination of
the substrate to the metal ion can assist in polarization of the
carbonyl group, enhancing the electrophilicity of the carbonyl
carbon. However, enhancement of activity by the five-coordinate
Fe*™ cofactor could also be due to small differences in metal—
ligand bond length and ligand geometry that optimize the
positions of the metal-bound water, the substrate carbonyl
carbon, and active site side chains for catalyzing deacetylation.
Following substrate binding, the side chain of E78 serves as a
general base catalyst to activate the metal water for attack on the
carbonyl carbon of the substrate (14, 27); the resulting oxyanion
intermediate is stabilized by the side chain of T191 and the metal
ion (18). The mechanism that is most consistent with the crystal-
lographic, theoretical studies and mutagenesis data (14, 18, 44) is
one in which the side chain of protonated H265 [rather than
protonated E78 as proposed for most metalloproteinases (45)]
facilitates breakdown of the tetrahedral intermediate by proton-
ation of the leaving group.

Molecular Recognition Is Affected by Metal Substitu-
tion. Previously, it has been demonstrated that apo-LpxC, LpxC
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with a single bound zinc, and the zinc-inhibited form of LpxC
(Zny-LpxC) bind ligands with different affinities (79); similarly,
switching the catalytic metal from Zn*" to Fe*" alters molecular
recognition as well. The affinity of Fe*"-EcLpxC for a hydro-
xamate inhibitor increases by a small degree (~2-fold), consistent
with crystal structures indicating that the metal geometry in
LpxC-hydroxamate complexes is five-coordinate (square pyra-
midal) (26, 38). A similar increase in hydroxamate inhibitor
affinity was observed when the active site metal was switched
from Zn>* to Fe" in histone deacetylase 8 (11). In addition, the
affinity of Fe*"-EcLpxC for the BODIPY-fatty acid inhibitor is
decreased by 6-fold compared to that of the Zn-bound enzyme.
Both changes in affinity are likely due to alteration of the
geometry of the metal—ligand coordination, leading to altera-
tions in interactions with other active site groups. Since the
majority of LpxC inhibitors currently being developed as anti-
biotics interact with the active site metal ion, it is clear that the
identity of this metal ion will affect the inhibitor efficacy.

Fe®"-LpxC Is Redox-Sensitive in Vitro and Present in
E. coli. Differences in the in vitro behaviors of Fe*"-LpxC and
Zn>"-LpxC may provide information that will enable identifica-
tion of the metal ion cofactor used by LpxC in vivo. In particular,
the higher activity and oxygen sensitivity of Fe’"-LpxC com-
pared to those of Zn>"-LpxC provide a means of evaluating the
metal cofactor bound to LpxCin E. coli lysates. A majority of the
native LpxC activity in E. coli cell lysates is lost upon exposure to
oxygen (Figure 7). This suggests that E. coli grown aerobically in
rich medium (LB) use Fe*" as the main metal cofactor in LpxC
and not Zn>". However, both Fe** and Zn*" can activate LpxC-
catalyzed deacetylation, and this metal switching capability may
allow the LpxC to function, and E. coli to grow, under different
environmental conditions, including limiting iron concentra-
tions. Thus, LpxC likely fits into the category of a “cambialistic”
enzyme that can be activated by either Fe or Zn, like several other
enzymes, including the cambialistic Mn or Fe superoxide dis-
mutases (46), metallo-f-lactamase L1 (47, 48), and the glyoxy-
lases (49—51).

Given the effects of the active site metal bound to LpxC on
turnover and molecular recognition, and the ongoing efforts to
identify small-molecule inhibitors for this enzyme, most of which
feature moieties that bind the catalytic metal ion, further experi-
ments to determine the behavior and specificity of this enzyme in
vivo are needed.
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