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Abstract

Polymyxins are antibiotics used in the last line of defense to combat multidrug-resistant infections
by Gram-negative bacteria. Polymyxin resistance arises through charge modification of the
bacterial outer membrane with the attachment of the cationic sugar 4-amino-4-deoxy-L-arabinose
to lipid A, a reaction catalyzed by the integral membrane lipid-to-lipid glycosyltransferase 4-
amino-4-deoxy-L-arabinose transferase (ArnT). Here, we report crystal structures of ArnT from
Cupriavidus metallidurans, alone and in complex with the lipid carrier undecaprenyl phosphate, at
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2.8 and 3.2 angstrom resolution, respectively. The structures show cavities for both lipidic
substrates, which converge at the active site. A structural rearrangement occurs on undecaprenyl
phosphate binding, which stabilizes the active site and likely allows lipid A binding. Functional
mutagenesis experiments based on these structures suggest a mechanistic model for ArnT family
enzymes.

Polymyxins are last-resort antibiotics used to combat multidrug-resistant infections by
Gram-negative bacteria (1, 2). They are thought to act by permeabilizing the membranes of
Gram-negative bacteria, after binding to the lipopolysaccharide (LPS) of the outer
membrane (1, 2). This association with the outer membrane is primarily achieved through
electrostatic interactions between amino groups of polymyxins and negatively charged
moieties of the backbone glucosamine and 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo)
sugars of lipid A, an amphipathic saccharolipid that anchors LPS to the outer leaflet of the
outer membrane (3). Resistance to polymyxins develops through active modifications of
lipid A, which cap the glucosamine sugar phosphates and thus reduce negative membrane
charge (4). Lipid A modification is also relevant for evasion of naturally occurring cationic
antimicrobial peptides by Gram-negative bacteria (5, 6).

In Escherichia coliand Salmonella enterica, the most effective modification for reduction of
negative membrane charge is the attachment of the cationic sugar 4-amino-4-deoxy-L-
arabinose (L-Ara4N) to lipid A phosphate groups at the 1 and 4/ positions (7). L-Ara4N is
provided by the lipid carrier undecaprenyl phosphate (UndP). The reaction is catalyzed on
the periplasmic side of the inner membrane by ArnT (PmrK), an integral membrane lipid-to-
lipid glycosyltransferase and the last enzyme in the aminoarabinose biosynthetic pathway of
Gram-negative bacteria (4, 7, 8) (Fig. 1A). The lipid A 1-phosphate group is also modified
by EptA (PmrC), which adds phosphoethanolamine (pEtN), competing with ArnT for the 1-
phosphate site (9, 10).

To gain insight into the structure and mechanistic basis of ArnT function, we screened 12
prokaryotic putative ArnTs from diverse species to find a candidate for crystallization (11).
ArnT from Cupriavidus metallidurans CH34 (ArnT ;) emerged as the most promising
based on expression levels (fig. S1A) and behavior in size-exclusion chromatography in
detergent (fig. S1B). This protein yielded crystals in lipidic cubic phase (LCP) (12) (fig. S1,
C and D) that were suitable for structure determination.

We characterized ArnT ¢, to determine whether it was a true ArnT capable of transferring
L-Ara4N to lipid A. Thin-layer chromatography (TLC) of 32P-labeled lipid A isolated from
E. colishowed that heterologous expression of ArnT ¢, in an E. coli strain lacking
endogenous arn7 and eptA (AarnTAeptA) resulted in lipid A modification by L-Ara4N (Fig.
1B). The identity of the transferred sugar was confirmed by mass spectrometry (fig. S2A).
Unlike ArnT from Salmonella enterica serovar Typhimurium (ArnT sp), ArnT o, failed to
rescue resistance to polymyxin in Aarn7 (13, 14) (fig. S2B) and in AarnTAeptA (fig. S2C) E.
coli strains. Although it is known that ArnT g, adds L-Ara4N to both the 1 and 4/ phosphates
of lipid A (7), ArnT ¢, appears only to yield a single lipid A species modified at the 1-
phosphate position (fig. S2D), which suggests that modification at the 1-position does not
confer protection to polymyxin in £. coli. Consistent with this, removal or modification of
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the 4’-phosphate confers polymyxin resistance in other species (15, 16). Therefore,
functional hypotheses derived from the structures of ArnT ., were tested on ArnT g, by
using a polymyxin growth assay previously established in £. coli (13, 14) and with a direct
assay on ArnT ¢, for some mutants. The overall sequence identity between ArnT s, and
AT oy, is 23%, but the degree of conservation in and around the key regions for activity is
substantially higher, which suggests that their structure and function are likely conserved
(fig. S3).

The structure of ArnT &, was determined to 2.8 A resolution by the single-wavelength
anomalous diffraction method using SeMet-substituted protein (fig. S4 and Table 1).

ArnT ¢, is @ monomer, consisting of a transmembrane (TM) domain and a soluble
periplasmic domain (PD) positioned above it (Fig. 1C). The TM domain, demarcated by a
clear hydrophobic belt (fig. S5A), shows 13 TM helices, as recently predicted for ArnT from
Burkholderia cenocepacia (17), in an intricate arrangement (Fig. 1, D and E). The structure
has three juxtamembrane (JM) helices (JM1 to JM3). JIM1 and JM2 are both part of the first
periplasmic loop and are perpendicular to each other, creating a distinctive cross-shaped
structure (Fig. 1C). JM3 leads into a flexible periplasmic loop between TM7 and TM8
[periplasmic loop 4 (PL4), partially disordered in the structure], previously shown to be
functionally important (13, 17). TM13 leads into the PD, which has an a/p/a arrangement
(Fig. 1E).

ArnT is a member of the GT-C family of glycosyltransferases (18), and it has a similar fold
to a bacterial oligosaccharyltransferase (OST) from Campylobacter /ari (PgIB) and to an
archaeal OST from Archaeoglobus fulgidus (AgIB) (19, 20) (fig. S6A). The topology differs
among the three (fig. S6B), but an inner core of AglB’s TM domain aligns well with that of
AT ¢y, (fig. S6C) and a part of the PDs of ArnT o, and PgIB is similar (fig. S6, D and E).
These similarities in fold may underscore an evolutionary relationship, but the functions of
the three enzymes are markedly different. Only ArnT has a lipid as glycosyl acceptor (lipid
A). Because both substrates are lipidic, ArnT must bring both from the membrane to the
active site for catalysis.

The structure of ArnT ~,, shows three major cavities (Fig. 2, A and B), which differ in their
electrostatic nature. The largest (>3000 A3 within the membrane), cavity 1, is amphipathic
with a lower, primarily hydrophobic portion located below the level of the membrane and an
upper hydrophilic one (fig. S5B). We hypothesize that cavity 1 is where lipid A binds to
ArnT. Note that the hydrophobic portion of cavity 1 is directly accessible from the outer
leaflet of the inner membrane, and it has a volume compatible with the acyl chains and the
glucosamine sugar backbone of lipid A. This suggests a simple mechanism for lipophilic
substrate recruitment, although entrance to cavity 1 may be occluded by PL4 (Fig. 2, A and
B). The Kdo sugars of lipid A could bind to the hydrophilic upper portion of the cavity and
possibly interact with the PD. The smaller cavity 2, connected to cavity 1 through a narrow
passage, is primarily hydrophilic, despite its position, at least in part, below the boundary of
the membrane (Fig. 2, A and B, and fig. S5B). Finally, cavity 3, located close to the
cytoplasmic side of the molecule is entirely hydrophobic (Fig. 2, A and B, and fig. S5B).
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ArnT o, binds a metal we identified as Zn between JM1 and PL4 (Fig. 2C and fig. S7). The
Zn2* jon is bound with a five-point trigonal bipyramidal coordination by glutamic acid at
position 84 (E84) (bidentate), histidines H265 and H267, and likely by a water molecule
(Fig. 2C), replaced in our crystals by the carboxyterminal carbonyl from a symmetry-related
molecule (fig. S7B). All three metal-coordinating residues appear to be important for
function, as shown by the lack of polymyxin resistance in ArnT s, when mutated (Fig. 2D)
(13). However, H265 is a valine (V241) in ArnT s, (fig. S3A), and therefore, its metal
coordination must differ.

To investigate how ArnT interacts with its lipid substrates, we cocrystallized ArnT &, with
UndP by incorporating this hydrophobic compound into the LCP mixture, and we
determined the structure to 3.2 A resolution (Table 1). The ArnT ¢,-UndP structure features
three discontinuous densities compatible with a polyprenyl ligand, which allowed us to
model the entire carrier lipid (Fig. 3A and fig. S8). The upper density (Fig. 3A), stemming
from inside cavity 2, corresponds to the phosphate head group and five prenyl groups and
defines the approximate location of the active site within the hydrophilic cavity 2 (Fig. 3B).
The lower region of density (Fig. 3A), corresponding to the last four prenyls of UndP,
extends from cavity 3, which is lined with hydrophobic residues that provide an ideal
environment for accommodating the lipid tail (Fig. 3C). Mutations within cavity 3 had only
a marginal effect on ArnT g, function (fig. S9). These results may indicate flexibility of the
UndP binding mode away from the active site.

Notably, in the UndP-bound structure, we observed a structural rearrangement of PL4. A
coil-to-helix transition results in an extension of JM3 by two full turns, which leads to a
repositioning of several residues around UndP and the apparent loss of metal coordination
(Fig. 3, A and D). The nature of Zn?* coordination is consistent with a role in fixing the loop
in a conformation that allows the UndP substrate to bind. The conformation observed in the
UndP-bound structure substantially reduces the volume of cavity 2, as the extension of JM3
envelopes the head of the substrate (fig. S10). Furthermore, although the volume of cavity 1
is only marginally changed, the UndP-mediated structural rearrangement enables
displacementofPL4 from the cavityl surface, which may enable access to lipid A (fig. S10).

The phosphate of UndP is coordinated by lysine K85 and arginine R270, whereas the
oxygen of the phosphodiester bond participates in hydrogen bonding with tyrosine Y345
(Fig. 3B). These three residues are absolutely conserved (fig. S11), and their mutation in
ArnT g, leads to complete loss of function (Fig. 3E) (13). A sulfate ion identified in the
structure of AgIB and proposed to occupy the position of the UndP phosphate (20), is
superimposable with the phosphate of UndP in our structure (fig. S12), which suggests a
common modality for donor substrate orientation.

Naive docking of L-Ara4N-tri-prenyl phosphate to the ArnT ¢, structure yielded a highly
populated pose with favorable energy and positions that matched the experimentally
observed UndP (fig. S13). This pose revealed three additional conserved residues (Y59, Y82
and E506) that are likely to interact with L-Ara4N. We confirmed the importance of Y59
and Y82 in ArnT s, function (Fig. 3E). Residues corresponding to Y59, K85, R270, and
E506, have been shown to be functionally relevant in ArnT from B. cenocepacia (17). E84,
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which coordinates Zn?* in apo AT ¢, appears to bind the amino group of L-Ara4N, which
suggests a possible role for this residue in transitioning to the substrate-bound form. In
ArnT ¢, EB4A was also inactive (fig. S14).

Overall, the structures of ArnT ¢, suggest that the binding of substrates may be sequential,
with UndP-a-L-Ara4N binding stabilizing a conformation accessible to lipid A (Fig. 4A).
The active site, situated between the two substrate cavities, is completed by elements of the
extended JM3 helix only with UndP bound (Fig. 4, A and B). The structure with bound
UndP and modeled L-Ara4N is consistent with a catalytic mechanism in which two
conserved aspartic acid residues, D55 and D158, located at the interface between cavities 1
and 2 (Fig. 4B) and engaged in salt bridges with conserved positively charged residues (R58
and K203, respectively), play a critical role in orienting the lipid A phosphate for a
nucleophilic attack on the L-Ara4N donor (Fig. 4C). Indeed, mutations of D55 and D158 in
ArnT ¢, and of any of the equivalent residues involved in these two ion pairs in ArnT g, led
to loss of activity (Fig. 4D and fig. S14). This work provides a structural framework for
understanding the function of the ArnT family of enzymes, which may inform the design of
compounds targeted at reversing resistance to polymyxin-class antibiotics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Structure and function of ArnT from Cupriavidus metallidurans CH34
(A) Schematic representation of the reaction catalyzed by ArnT. The sugar L-Ara4N is

transferred from the carrier UndP to lipid A. 1 and 4’ phosphate positions on lipid A are
marked. (B) Analysis of 32P-labeled lipid A species by TLC showing rescue of lipid A
modification with L-Ara4N when ArnT ¢, is expressed in the AarnTAeptA double-knockout
E. colistrain (dm). The background £. colfi strain (WD101; wt, wild type) has a pmrA
constitutive phenotype (pmrAC), enabling it to synthesize L-Ara4N- and pEtN-modified
lipid A and to exhibit resistance to polymyxins (8). (C) Crystal structure of ArnT ;. Two
orthogonal views, perpendicular to the plane of the membrane, are presented in ribbon
representation with rainbow coloring starting from the N terminus (blue) to the C terminus
(purple). The approximate dimensions of the monomer are 55,79, and 42 A (width, height,
and depth). Membrane boundaries shown were calculated using the PPM server (21).
Dashed lines represent missing segments in the structure. (D) Arrangement of TM helices in
ArnT o, shown as a slice of the TM domain at the level indicated by the arrow in (C). (E)
Schematic representation of the connectivity and structural elements of ArnT ;. P,
periplasm; M, membrane (inner); C, cytoplasm; TMD:TM domain; PL4 (shown in red).
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Fig. 2. Significant structural features of ArnTcm
(A) Three views of ArnT ¢, in spacefill representation showing the location of notable

cavities in the structure. The middle view has the same orientation as the view in (B). The
other two are obtained by 45° rotation in opposite directions around a vertical axis. Cavities
are color coded as in (B), where their identity is labeled. (B) Ribbon representation of

AT ¢, showing the volumes of notable cavities in the structure. Volumes were calculated
using the Voss Volume Voxelator server (22), using probes with 15 and 1.75 A radii,
corresponding to the outer and inner probe, respectively. The approximate membrane
boundaries are shown as black lines. (C) Close-up of the metal coordination site in ArnT &,
showing Zn*2 as a purple sphere and the coordinating residues colored by heteroatom. The
dashed red line box in (B) shows the overall location of the coordination site. (D) The effect
of mutations in Zn*2 coordinating residues on ArnT g, expressed in a BL21(DE3)MarnT E.
colf strain for rescue of polymyxin B (PMXB) resistance (13). Corresponding residue
numbers in ArnT ¢, are shown in parentheses here and in all subsequent figures. ODggg,
optical density at 600 nm. Data presented are means + SD. N is shown for each data column.
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Fig. 3. Binding of undecaprenyl phosphate (UndP) to ArnTc,
(A) Ribbon representation of the 3.2 A resolution crystal structure of ArnT &, in complex

with UndP. UndP was modeled based on densities present for the head group and tail of the
molecule. The electron densities shown are from a 2 /5 — Fealc OMit map for the UndP
contoured at 1 root mean square deviation (RMSD). (B) Close-up of the head group, with
residues tested for functional significance shown in stick representation and colored by
location (green for cavity 2) and heteroatom. (C) Close-up of the tail of UndP inserted into
cavity 3. Residues shown in stick representation and colored by location (tan for cavity 3)
and heteroatom have been tested for functional significance (see fig. S9). (D) Superposition
of the apo and UndP-bound structures, where PL4 is colored pink for the apo structure and
red for the UndP-bound state. The rearrangement of coil (apo) to helix (bound) shown here
is the only substantial change between the two structures. (E) Functional significance of
residues around the head group of UndP, tested by using a polymyxin B (PMXB) growth
assay (13). Data presented are means + SD. Nis shown for each data column.
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Fig. 4. Putative catalytic mechanism of ArnT
(A) Schematic representation of substrate-binding—induced conformational changes and

catalytic cycle of ArnT ;. The boundaries of cavity 1 are shown in green, and the loop
(PL4) that rearranges upon UndP binding is in red. (B) Structural perspective of the active
site of ArnT ;. A putative position for the aminoarabinose sugar determined by docking is
shown. The conserved D55 and D158 are located at the interface between the binding site
for UndP-L-Ara4N and cavity 1, and have a Cy~Cy distance of 7.1 A. P1 (magenta) is the
phosphate of experimentally determined UndP, whereas P2 (heteroatom) is the phosphate
from the modeled L-Ara4N-phosphate. (C) Putative catalytic mechanism in which two of
the oxygen atoms of the acceptor phosphate are coordinated by D55 and D158, which leaves
the third with a net negative charge, primed for a direct nucleophilic attack on the arabinose
ring. This mechanism is consistent with inversion of the glycosidic bond, as reported for L-
AradN attachment to lipid A (23). A precedent for a phosphate acting as a nucleophile exists
(24). R58 and K203 appear to act similarly as the catalytic Mg2*, in the case of PglB, that
localizes the charge of an aspartate and a glutamate, which in turn coordinate the
nucleophile acceptor amide (19, 25). (D) Function of putative catalytic aspartates D32 and
D136 and positively charged residues R35 and K180 in ArnT g, tested utilizing the PMXB
growth assay (13). Data presented are means + SD. N is shown for each data column.
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Table 1
Data collection and refinement statistics for ArnT

Nla( /), the empirical signal-to-noise ratio; CCqo, a correlation coefficient; N/A, not applicable; /4, &, and /,
indices that define the lattice planes; Rmeas, multiplicity-corrected R, Rpim, expected precision; RMS, root
mean square; clashscore is a validation tool in Phenix; TLS, translation/libration/screw, a mathematical model.
Note that the apo data set was collected from crystals grown in the presence of decaprenyl phosphate. The

presence of this compound in the crystallization mix does not lead to the conformational change observed in
the ligand-bound form (see Materials and Methods).

apo bound (UndP) SeMet

Data collection
Wavelength (A) 0.979 0.979 0.979
Resolution range (A) 46.2-2.7 (2.8-2.7) 47.9-3.2(3.3-3.2) 75.5-3.3 (3.4-3.3)
Space group P212:29 P2,2:2¢ P2,2,2,
Unit cell: a, b, ¢ (A) 58.60, 80.63, 150.25 59.65, 80.32, 150.16  58.91, 81.21, 151.63
Total reflections 554,931 (41,515) 89,964 (8,386) 265,697 (25,867)
Unique reflections 20,239 (2,000) 12,427 (1,212) 11,387 (1,120)
Multiplicity 27.4 (20.8) 7.2 (6.9) 23.3(23.1)
Completeness (%0) 99.9 (100.0) 99.8 (99.5) 100 (99.9)
Mean 1/o(l) 25.5 (0.9) 5.6 (1.3) 11.4 (2.4)
Wilson B-factor (A2) 65.2 63.8 815
Rimerge 0.38 (3.5) 0.37 (1.9) 0.23 (1.3)
Rimeas 0.39 (3.6) 0.40 (2.0) 0.23 (1.3)
Rpim 0.075 (0.767) 0.144 (0.748) 0.048 (0.271)
CCip 0.999 (0.218) 0.994 (0.468) 1.000 (0.839)
Resolution where I/o(l) > 2.0 (overall) 2.83 3.40 N/A
Resolution where I/o(1) > 2.0 (along h) 2.92 3.20 N/A
Resolution where I/o(l) > 2.0 (along k) 2.70 411 N/A
Resolution where I/a(l) > 2.0 (along I) 2.84 3.58 N/A
Resolution where CC,/, >0.5 (overall) 2.86 3.20 N/A
Resolution where CCyj, >0.5 (along h) 2.81 3.20 N/A
Resolution where CC,/, >0.5 (along k) 2.83 3.85 N/A
Resolution where CCy, >0.5 (along I) 2.94 3.36 N/A
Refinement
Reflections used in refinement 20,239 (1,962) 12,427 (1,208) N/A
Reflections used for Rgee 1047 (96) 668 (59) N/A
Ruwork 0.21 (0.41) 0.22 (0.32) N/A
Riree 0.26 (0.42) 0.26 (0.38) N/A
Number of nonhydrogen atoms 4,562 4,804 N/A

Macromolecules 4,097 4,171 N/A
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Petrou et al.
apo bound (UndP) SeMet
Ligands 431 627 N/A
Protein residues 537 541 N/A
RMS (bonds) 0.003 0.002 N/A
RMS (angles) 0.56 0.49 N/A
Ramachandran favored (%) 97 96 N/A
Ramachandran allowed (%) 2.8 3.7 N/A
Ramachandran outliers (%) 0 0.2 N/A
Rotamer outliers (%) 0.5 0.5 N/A
Clashscore 4.25 4.96 N/A
Average B-factor 75.8 50.6 N/A
Macromolecules 74.4 49.5 N/A
Ligands 89.6 57.4 N/A
Solvent 65.1 44.2 N/A
Number of TLS groups 2 2 N/A
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