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Abstract

MraY (phospho-MurNAc-pentapeptide translocase) is an integral membrane enzyme that
catalyzes an essential step of bacterial cell wall biosynthesis: the transfer of the peptidoglycan
precursor phospho-MurNAc-pentapeptide to the lipid carrier undecaprenyl phosphate. MraY has
long been considered a promising target for the development of antibiotics, but the lack of a
structure has hindered mechanistic understanding of this critical enzyme and the enzyme
superfamily in general. The superfamily includes enzymes involved in bacterial
lipopolysaccharide/teichoic acid formation and eukaryotic N-linked glycosylation, modifications
that are central in many biological processes. We present the crystal structure of MraY from
Aquifex aeolicus (MraY ap) at 3.3 A resolution, which allows us to visualize the overall
architecture, locate Mg2* within the active site, and provide a structural basis of catalysis for this
class of enzyme.

Bacteria maintain their cell shapes at different osmotic pressures by using the mesh-like
layers of the cell wall to surround and stabilize the membrane. The cell wall of both Gram-
negative and Gram-positive bacteria is composed of peptidoglycan, a cross-linked polymer
of carbohydrates and amino acids. Because biosynthesis of peptidoglycan is a critical
process for bacteria, it has been a major target for antibiotics (1, 2). Peptidoglycan
biosynthesis involves three main stages. First, the peptidoglycan precursor UDP-N-
acetylmuramoyl (MurNAc)—pentapeptide (.-Ala-y-o-Glu-diaminopimelic acid/.-Lys-o-Ala-o-
Ala) is synthesized in the cytosol. Second, this hydrophilic precursor is attached to a carrier
lipid, and the lipid-linked precursor is flipped across the membrane to the periplasm.Third,
peptidoglycan precursors are polymerized to form the cell wall.

MraY, or phospho-MurNAc-pentapeptide translocase, is an integral membrane protein
responsible for the second stage of peptidoglycan biosynthesis. MraY catalyzes the transfer
of phospho-MurNAc-pentapeptide from UDP-MurNAc-pentapeptide to the lipid carrier
undecaprenyl phosphate (Css-P), yielding undecaprenyl-pyrophosphoryl-MurNAc-
pentapeptide, also known as Lipid I (Fig. 1A). This MraY-mediated membrane step is
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Mg?2*-dependent and essential for bacterial viability (3, 4). Pharmacologically, MraY has
long been known as a promising target for the development of new antibiotics because it is
the target of five different classes of natural product inhibitors with antibacterial activity as
well as bacteriolytic protein E from bacteriophage phiX174 (1, 5-11).

MraY belongs to a subfamily of the polyprenyl-phosphate N-acetyl hexosamine 1-phosphate
transferase (PNPT) superfamily. The PNPT superfamily includes the MraY, WecA, TagO,
WhcO, WhbpL, and RgpG enzyme families, which are responsible for the synthesis of cell
envelope polymers such as the O-antigen and teichoic acid in bacteria, and the GPT (UDP-
GIcNAc:dolichol-P GIcNAc-1-P transferase) enzyme family, which is responsible for the
committed step of N-linked glycosylation in eukaryotes (12). The structural basis of enzyme
function has been elusive because no structure from this enzyme superfamily is available.

For structural and functional studies, recombinant MraY from Aquifex aeolicus (MraY aa)
was expressed, purified, and crystallized (supplementary materials, materials and methods).
Single anomalous dispersion phasing was performed by using a selenomethionine-
substituted MraY ana crystal (fig. S1). The final model was refined with good geometry
(table S1 and S2).

A thin-layer chromatography (TLC)-based translocase assay (13) shows that recombinant
MraY aa can catalyze the transfer of phospho-MurNAc-pentapeptide to the carrier lipid Css-
P (Fig. 1B). Endogenous Escherichia coli MraY does not contribute appreciably to the
observed activity (fig. S2). We also used the translocase assay to show that MraY aa could
be inhibited by the MraY-specific natural product inhibitor capuramycin with a median
inhibitory concentration (1Csp) value of about 56 pM (Fig. 1C) (7, 9).

MraY aa crystallizes as a dimer in the asymmetric unit. The twofold axis of the dimer is
perpendicular to the putative membrane plane and parallel to one of the crystallographic
twofold axes (Fig. 2A). At the center of the dimer interface is an oval-shaped tunnel. The
tunnel is surrounded mostly by hydrophobic amino acids and is large enough to
accommodate lipids (Fig. 2B). An unbiased electron density map shows that two elongated
electron density peaks, too long to be detergent molecules, are intertwined within the dimer
interface (fig. S3). The overall dimensions of the dimer are about 72 A across the long axis
and 55 A across the short axis when viewed from the cytoplasmic side (Fig. 2B). Each
protomer contains 10 transmembrane helices (TM1 to TM10), an interfacial helix (IH), a
periplasmic B hairpin (PB), a periplasmic helix (PH), and five cytoplasmic loops (loop A to
loop E) (Fig. 2C). Both the N- and C-termini of the structure are located on the periplasmic
side, which is consistent with previous topological studies (14). TM9 breaks into two helical
fragments (TM9a and TM9b), with TM9b displaying a substantial bend (~50° relative to the
membrane normal) in the middle of the membrane. This bending causes TM9b to protrude
~20 A into the lipid membrane away from the rest of structure (Fig. 2, A and B). This
protrusion is buttressed by interactions with TM5. TM9b—together with TM3, TM4, and
TM8—surrounds TM5 and thus generates a cleft around the inner leaflet membrane region
of TM8 (Fig. 2B).

To test the oligomeric status of MraY aa, we performed cross-linking studies in both
detergent micelles and lipid membranes. For detergent-solubilized MraY aa, we performed
the experiment using the nonspecific cross-linker disuccinimidyl suberate (DSS), and for
membrane-embedded MraY aa, We performed structure-guided disulfide cross-bridge
experiments (fig. S4). The results show that MraY aa forms a dimer both in detergent
micelles and in the membrane. Consistent with this observation, a recent bacterial two-
hybrid study indicated that MraY enzymes in Caulobacter crescentus interact with each
other (15).
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To gain functional insight, we mapped sequence conservation onto the MraY aa structure
(Fig. 3A and fig. S5). The highest conservation is localized around the cleft formed by the
cytoplasmic and inner-leaflet membrane regions of TM3, TM4, TM8, and TM9b (Fig. 3A).
Recent mutational studies of Bacillus subtilis MraY showed that 14 invariant polar/charged
amino acid residues are essential as evidenced by both in vivo functional complementation
assay and in vitro enzymatic assay (16). Most of these residues are localized in the cleft,
suggesting that this region serves as the active site (Fig. 3B). On the basis of our mutational
mapping, we predicted that three invariant aspartate residues (Asp!l’, Aspl18, and Asp26%)
conserved throughout the entire PNPT family and two invariant histidine residues (His324
and His32%) in the MraY family are catalytically important because they do not appear to be
involved in maintaining the putative active site structure (Fig. 3B). We individually mutated
each of these three invariant aspartate as well as three histidine residues (His324, His325, and
His326) and found that mutation of any of the three aspartate residues and one histidine
residue (His324) resulted in nearly complete loss of activity of MraY aa, whereas mutating a
nonconserved residue (11e83) away from the active site (on TM2) did not reduce catalytic
activity (Fig. 3C). We observed that there is no appreciable difference in stability upon
mutation. Thus, at least three acidic residues and one histidine residue (Aspl7, Asp!18,
Asp265, and His324) in the active site are important for catalysis.

It had been assumed that the residues corresponding to Asp!17 and Asp!18 in MraY ap are
involved in Mg2* coordination based on sequence similarity to the Mg2*-binding motif
(DDXXDI/N) of prenyl transferases (17), but this assumption was challenged recently (16).
To identify Mg2* within the active site of the structure, we performed anomalous scattering
studies using Mn2*-substituted Mra¥ aa crystals (experimental details are available in the
supplementary materials, materials and methods). Anomalous difference Fourier density
maps calculated from both Mn2*-soaked and Mn%*—co-crystallized crystals displayed peaks
at the active site near Asp25°® (Fig. 3D). The Mn2* directly interacts only with AspZ%5 but not
with Asp17 or Asp!18, An Fo-Fc OMIT electron density map from the native data at 3.3 A
shows that there are unassigned density peaks within interacting distance of the Mg2*, which
are probably involved in Mg2* coordination (fig. S6).

From sequence conservation and topological studies, it was predicted that MraY contains
five conserved cytoplasmic loops (fig. S5) (3). Substantial portions of the loops correspond
to the inner-leaflet membrane region of TM helices in the structure. The fifth predicted loop
is composed of TM9b and the loop connecting TM9b to TM10 (loop E) (Fig. 4A and fig.
S5). This region shows subfamily-specific sequence conservation within the PNPT
superfamily (18, 19), and it was predicted that it has a role in the specific recognition of
sugars. This is consistent with a study of WecA, which showed that this region may interact
with sugar nucleotides (18).

Within the two protomers of the asymmetric unit, only one (chain A) shows well-resolved
electron density for loop E (fig. S7). Loop E is ~23 amino acids long and is composed of
several basic residues followed by a stretch of sequence (PXHHHXEXXG) that is highly
conserved within the MraY family (hereafter termed “HHH motif”). The HHH motif
includes a short stretch of helical segment followed by a loop (Fig. 4A). Two Ni2* ions,
verified through anomalous scattering studies, are coordinated by the short helical segment,
one by the first two histidines (His324 and His325) and the second by the third histidine
(His326) and Glu328 (fig. S8). The translocase assay with the concentrations of Mg2* (100
mM) and Ni2* (10 mM) used for crystallization resulted in full activity, suggesting that the
structure of Ni2*-bound loop E reflects a physiologically relevant conformation (fig. S9).

TMB9b is an amphipathic helix substantially tilted and protruding toward the lipid membrane
and, together with loop E (HHH motif), abuts the active site, thus making the active site cleft
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deeper (Figs. 3 and 4A). Highly conserved polar and charged amino acids on TM9b and
loop E (the HHH motif) are localized and pointed toward a region near the active site Mg2*,
which is consistent with the previous notion that this region is the binding site for the
hydrophilic substrate UDP-MurNAc-pentapeptide. An Fo-Fc OMIT map shows a t-shaped
density peak threaded and trapped in the gap between TM9b and loop E (fig. S10).

Bouhss and colleagues proposed that Asp!1’ (Asp® in B. subtilis MraY) interacts with and
deprotonates the phosphate moiety of Css-P. Asp17 is one of the three catalytically
important acidic residues in the active site (16). The structure of MraY aa is in line with the
prediction that Asp17 is the binding site for the phosphate group of Csg-P because it is
surrounded by the conserved residues Lys!?1, Lys133 and Asp?%° as well as the Mg?* ion
(fig. S11). The surface representation of MraY aa reveals that there is an inverted-U—shaped
groove surrounding TM9b that extends into the active site where Asp17 is located (Fig. 4B).
Because Css-P is longer than the depth of the membrane, and is elastic owing to the
polyisoprenyl group, the inverted-U—shaped groove within the membrane region of the
enzyme could perhaps serve as the binding site for the hydrophobic substrate Css-P (Fig.
4B).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. MraY pp isfunctional

(A) Hlustration of MraY-mediated translocation. The M-labeled hexagon represents
MurNAc, and the five attached circles represent the pentapeptide (.-Ala-y-o-Glu-
diaminopimelic acid-o-Ala-o-Ala). MraY is shown in green, and phosphates are depicted as
red circles. (B) Thin-layer chromatography-based translocase assay of detergent-solubilized
MraY aa. The substrate UDP-MurNAc-pentapeptide and the product Lipid | are indicated
with arrows. The identity of Lipid | was deduced from the similar retardation factor (Rf)
values as published (13). The concentration of MraY aa was 100 pg/ml. (C) Capuramycin
inhibition curve of detergent-solubilized MraY aa With ICgg = 56.4 + 14.3 pM (Data are
shown as means + SD, n = 3 experiments). Capuramycin was preincubated with MraY aa
for 20 min at 30°C before the reaction was initiated.
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Periplasm

Cytoplasm

Fig. 2. Architecture and topology of MraY

(A) View from within the membrane. Only transmembrane helices (TMs) from one
protomer are colored. Loop E from only one protomer was present in the model, but loop E
from both protomers are shown. The yellow sphere is Mg2*. (B) Cytoplasmic view. The
yellow sphere is Mg2*. (C) Topology diagram of MraY protomer. Each TM is colored
differently. TMs are given numbers, and cytoplasmic loops are given letters. Loop A is
missing in the structure. The same colors are used for TMs in (A) through (C).
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(A) Conservation mapping on the MraY ax structure. Sequence conservation is colored on
one protomer with a gradient from magenta (absolutely conserved) to cyan (least conserved)
based on 28 MraY sequences (fig. S5). The structure is rotated ~45° toward the reader
relative to Fig. 2A. The arrow indicates the active site cleft. (B) Mutation mapping on the
MraY aa structure based on the studies of Al-Dabbagh et al. (16). Mutations leading to
pronounced functional effects are shown in stick representation. Among these mutations,
amino acid residues that appear to be important for catalysis and active site structural
maintenance are colored orange and cyan, respectively. (C) Mutational studies of putative
active-site residues of MraY aa using the same translocase assay as Fig. 1B. The specific
activities of mutants were normalized to that of wild type (Data are shown as means + SD, n
= 3 experiments). (D) Active site Mn2* (Mg2*)-binding site. Anomalous difference Fourier
density for Mn2*, shown in green mesh contoured at 5.2, is cal culated from a data set
collected from a crystal grown in the presence of Mn2* without Ni2* by using phases
derived from the model without the metals. Another anomalous difference Fourier density
peak for Mn2*, shown in red mesh contoured at 3.40, was calculated from a data set
collected from a crystal soaked with Mn2* in the presence of Ni2* by using phases derived
from the model without the metals.
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Fig. 4. Putative substrate-binding sites

(A) Zoomed-in view of TM9b, loop E (the HHH motif). The structure is rotated 90° toward
the reader relative to Fig. 3A. TM9b/loop E is shown in sausage representation, with the
thicker region more conserved (magenta) and the thinner region less conserved (cyan). Side
chain of highly conserved amino acids on TM9b and loop E as well as the catalytic residue
D265 are shown in stick representation. MgZ* and Ni2* are shown as yellow and green
spheres, respectively. (B) A hydrophobic groove connected to the active site is delineated
with dashed lines on the MraY ap surface illustration. Mg2* is shown as a yellow sphere,
and D117 is colored red. Protomers are colored blue and gray.
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