
pathways that reactivate these receptors are
likely to blunt inhibition of mutant KRAS.
KRASG12Cmutationsoccur in 16%of lungadeno-

carcinomas (32), making them one of the most
frequent activating genetic alterations in lung
cancer, a disease responsible for approximately
1.6 million annual deaths worldwide. No ef-
fective inhibitor of mutant KRAS has yet been
developed for use in the clinic. Our results
suggest that KRASG12C allele–specific inhibitors,
such as the one described here, merit investi-
gation as potential therapeutics for KRASG12C-
lung cancers.
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STRUCTURAL BIOLOGY

Structures of aminoarabinose
transferase ArnT suggest a molecular
basis for lipid A glycosylation
Vasileios I. Petrou,1 Carmen M. Herrera,2* Kathryn M. Schultz,3*
Oliver B. Clarke,4 Jérémie Vendome,4,5 David Tomasek,1 Surajit Banerjee,6

Kanagalaghatta R. Rajashankar,6 Meagan Belcher Dufrisne,1

Brian Kloss,7 Edda Kloppmann,8 Burkhard Rost,8,9 Candice S. Klug,3

M. Stephen Trent,2 Lawrence Shapiro,4 Filippo Mancia1†

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 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.

P
olymyxins are last-resort antibiotics used
to combat multidrug-resistant infections
by Gram-negative bacteria (1, 2). They are
thought to act by permeabilizing themem-
branes 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 am-
phipathic saccharolipid that anchors LPS to the
outer leaflet of the outermembrane (3). Resistance
to polymyxins develops through active modifica-
tions of lipid A, which cap the glucosamine sugar
phosphates and thus reduce negative membrane
charge (4). LipidAmodification is also relevant for
evasionof naturally occurring cationic antimicrobial
peptides by Gram-negative bacteria (5, 6).
In Escherichia coli and 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 in-
tegral membrane lipid-to-lipid glycosyltransfer-
ase 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 mech-

anistic basis of ArnT function, we screened 12
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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 and4′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 ArnTCm is
expressed in the DarnTDeptA double-knockout E. coli strain (dm). The back-
ground E. coli 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 ArnTCm. 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 mono-
mer are 55,79, and42Å (width, height, anddepth).Membrane boundaries shown
were calculated using the PPM server (21). Dashed lines represent missing
segments in the structure. (D) Arrangement of TM helices in ArnTCm 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 ArnTCm. P, peri-
plasm;M,membrane (inner); C, cytoplasm;TMD:TMdomain; PL4 (shown in red).
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Fig. 2. Significant structural features of ArnTCm.
(A) Three views of ArnTCm in spacefill representa-
tion showing the location of notable cavities in the
structure. The middle view has the same orienta-
tion as the view in (B).The other two are obtained
by 45° rotation in opposite directions around a
vertical axis.Cavities are colorcoded as in (B),where
their identity is labeled. (B) Ribbon representation
of ArnTCm showing the volumes of notable cavities
in the structure.Volumeswere calculated using the
Voss Volume Voxelator server (22), using probes
with 15 and 1.75 Å radii, corresponding to the outer
and inner probe, respectively.The approximatemem-
braneboundaries are shownasblack lines. (C)Close-
up of themetal coordination site in ArnTCm showing
Zn+2 as a purple sphere and the coordinating resi-
dues colored by heteroatom. The dashed red line
box in (B) shows the overall location of the coor-
dination site. (D) The effect of mutations in Zn+2

coordinating residues on ArnTSe expressed in a
BL21(DE3)DarnT E. coli strain for rescue of poly-
myxin B (PMXB) resistance (13). Corresponding res-
idue numbers in ArnTCm are shown in parentheses
here and in all subsequent figures. OD600, optical
density at 600 nm. Data presented are means +
SD. N is shown for each data column.
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prokaryotic putative ArnTs from diverse species
to find a candidate for crystallization (11). ArnT
fromCupriavidusmetallidurans CH34 (ArnTCm)
emerged as the most promising based on ex-
pression 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 characterizedArnTCm to determinewhether

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. coli showed
that heterologous expression of ArnTCm in an
E. coli strain lacking endogenous arnT and eptA
(DarnTDeptA) resulted in lipid A modification
by L-Ara4N (Fig. 1B). The identity of the trans-
ferred sugar was confirmed by mass spectrom-
etry (fig. S2A). Unlike ArnT from Salmonella
enterica serovar Typhimurium (ArnTSe), ArnTCm
failed to rescue resistance to polymyxin in DarnT
(13, 14) (fig. S2B) and in DarnTDeptA (fig. S2C)
E. coli strains. Although it is known that ArnTSe
adds L-Ara4N to both the 1 and 4′ phosphates of
lipid A (7), ArnTCm appears only to yield a single
lipid A species modified at the 1-phosphate po-
sition (fig. S2D), which suggests that modifica-
tion at the 1-position does not confer protection
to polymyxin in E. coli. Consistent with this, re-
moval or modification of the 4′-phosphate con-
fers polymyxin resistance in other species (15, 16).
Therefore, functional hypotheses derived from
the structures of ArnTCm were tested on ArnTSe
by using a polymyxin growth assay previously
established in E. coli (13, 14) and with a direct
assay on ArnTCm for some mutants. The overall
sequence identity between ArnTSe and ArnTCm
is 23%, but the degree of conservation in and
around the key regions for activity is substan-
tially higher, which suggests that their structure
and function are likely conserved (fig. S3).
The structure of ArnTCm was determined to

2.8 Å resolution by the single-wavelength anoma-
lous diffraction method using SeMet-substituted
protein (fig. S4 and Table 1). ArnTCm is a mono-
mer, 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).
JM1 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/b/a arrangement
(Fig. 1E).
ArnT is a member of the GT-C family of glyco-

syltransferases (18), and it has a similar fold to a
bacterial oligosaccharyltransferase (OST) from
Campylobacter lari (PglB) and to an archaeal OST
from Archaeoglobus fulgidus (AglB) (19, 20) (fig.

S6A). The topology differs among the three (fig.
S6B), but an inner core of AglB’s TMdomain aligns
wellwith that ofArnTCm (fig. S6C) and apart of the
PDsofArnTCmandPglB is similar (fig. S6, D and E).
These similarities in fold may underscore an evo-
lutionary relationship, but the functions of the

three enzymes aremarkedly different. Only ArnT
has a lipid as glycosyl acceptor (lipid A). Because
both substrates are lipidic, ArnT must bring both
from themembrane to the active site for catalysis.
The structure of ArnTCm shows three major

cavities (Fig. 2, A and B), which differ in their
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Table 1. Data collection and refinement statistics for ArnT. I/s(I), the empirical signal-to-noise ratio;
CC1/2, a correlation coefficient; N/A, not applicable; h, k, and l, indices that define the lattice planes; Rmeas,
multiplicity-correctedR,Rpim, expected precision; RMS, rootmean 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 (Å) 0.979 0.979 0.979
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Resolution range (Å) 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 P212121 P212121 P212121. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Unit cell: a, b, c (Å)
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 (%) 99.9 (100.0) 99.8 (99.5) 100 (99.9)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Mean I/s(I) 25.5 (0.9) 5.6 (1.3) 11.4 (2.4)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Wilson B-factor (Å2) 65.2 63.8 81.5
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Rmerge 0.38 (3.5) 0.37 (1.9) 0.23 (1.3)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Rmeas 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)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

CC1/2 0.999 (0.218) 0.994 (0.468) 1.000 (0.839)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Resolution where I/s(I) > 2.0 (overall) 2.83 3.40 N/A
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Resolution where I/s(I) > 2.0 (along h) 2.92 3.20 N/A
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Resolution where I/s(I) > 2.0 (along k) 2.70 4.11 N/A
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Resolution where I/s(I) > 2.0 (along l) 2.84 3.58 N/A
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Resolution where CC1/2 >0.5 (overall) 2.86 3.20 N/A
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Resolution where CC1/2 >0.5 (along h) 2.81 3.20 N/A
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Resolution where CC1/2 >0.5 (along k) 2.83 3.85 N/A
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Resolution where CC1/2 >0.5 (along l) 2.94 3.36 N/A
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Refinement
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Reflections used in refinement 20,239 (1,962) 12,427 (1,208) N/A
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Reflections used for Rfree 1047 (96) 668 (59) N/A
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Rwork 0.21 (0.41) 0.22 (0.32) N/A
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Rfree 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
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

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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electrostatic nature. The largest (>3000 Å3 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 ac-
cessible from the outer leaflet of the inner mem-
brane, 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, althoughentrance
to cavity 1maybe occludedbyPL4 (Fig. 2, A andB).
The Kdo sugars of lipid A could bind to the hy-
drophilic upper portion of the cavity and possibly
interact with the PD. The smaller cavity 2, con-
nected 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 mol-
ecule is entirely hydrophobic (Fig. 2, A and B, and
fig. S5B).
ArnTCm binds a metal we identified as Zn be-

tween JM1 and PL4 (Fig. 2C and fig. S7). The Zn2+

ion is bound with a five-point trigonal bipyrami-
dal 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 carboxy-terminal 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 ArnTSe when mutated
(Fig. 2D) (13). However, H265 is a valine (V241) in
ArnTSe (fig. S3A), and therefore, its metal coor-
dination must differ.
To investigate how ArnT interacts with its

lipid substrates, we cocrystallized ArnTCm with

UndP by incorporating this hydrophobic com-
pound into the LCPmixture, and we determined
the structure to 3.2 Å resolution (Table 1). The
ArnTCm-UndP structure features three discon-
tinuous densities compatible with a poly-prenyl
ligand, which allowed us to model the entire car-
rier lipid (Fig. 3A and fig. S8). The upper density
(Fig. 3A), stemming from inside cavity 2, corre-
sponds to the phosphate head group and five
prenyl groups and defines the approximate lo-
cation 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 ArnTSe function (fig. S9). These
results may indicate flexibility of the UndP bind-
ing mode away from the active site.
Notably, in the UndP-bound structure, we ob-

served 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 appa-
rent loss of metal coordination (Fig. 3, A and D).
The nature of Zn2+ coordination is consistentwith
a role in fixing the loop in a conformation that
allows the UndP substrate to bind. The confor-
mation 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,
theUndP-mediated structural rearrangement en-
ablesdisplacementofPL4 fromthecavity 1 surface,
which may enable access to lipid A (fig. S10).
The phosphate of UndP is coordinated by

lysine K85 and arginine R270, whereas the oxy-

gen 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 ArnTSe leads to
complete loss of function (Fig. 3E) (13). A sulfate
ion identified in the structure of AglB and
proposed to occupy the position of the UndP
phosphate (20), is superimposablewith the phos-
phate of UndP in our structure (fig. S12), which
suggests a commonmodality for donor substrate
orientation.
Naïve docking of L-Ara4N-tri-prenyl phos-

phate to the ArnTCm structure yielded a highly
populated pose with favorable energy and posi-
tions that matched the experimentally observed
UndP (fig. S13). This pose revealed three addi-
tional conserved residues (Y59, Y82 and E506)
that are likely to interact with L-Ara4N. We con-
firmed the importance of Y59 and Y82 in ArnTSe
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, which coordinates Zn2+ in apo ArnTCm,
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 ArnTCm, E84A was also inactive (fig. S14).
Overall, the structures of ArnTCm suggest that

the binding of substratesmay be sequential, with
UndP-a-L-Ara4N binding stabilizing a conforma-
tion 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 struc-
ture 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
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Fig. 3. Binding of undecaprenyl phosphate (UndP) to ArnTCm.
(A) Ribbon representation of the 3.2 Å resolution crystal structure
of ArnTCm 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 2Fobs – Fcalc 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) Super-

position 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. N is shown for each data column.
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with conserved positively charged residues (R58
and K203, respectively), play a critical role in
orienting the lipid A phosphate for a nucleo-
philic attack on the L-Ara4N donor (Fig. 4C).
Indeed, mutations of D55 and D158 in ArnTCm,
and of any of the equivalent residues involved
in these two ion pairs in ArnTSe, 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.
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Fig. 4. Putative catalyticmechanismofArnT. (A) Schematic representation
of substrate-binding–induced conformational changes and catalytic cycle of
ArnTCm. 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 ArnTCm. A putative position for the aminoarabinose sugar deter-
mined 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
Cg-Cg distance of 7.1 Å. P1 (magenta) is the phosphate of experimentally deter-
mined UndP, whereas P2 (heteroatom) is the phosphate from the modeled
L-Ara4N-phosphate. (C) Putative catalytic mechanism in which two of the oxy-

gen 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-Ara4N 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 ArnTSe tested utilizing the PMXB
growth assay (13). Data presented aremeans +SD.N is shown for each data column.
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bymultidrug-resistant infections. A bacterial enzyme called ArnT can mediate resistance to polymyxins 
Polymyxins are antibiotics that disrupt the bacterial cell membrane and are used to treat

A bacterial defense mechanism

This copy is for your personal, non-commercial use only. 

Article Tools
http://science.sciencemag.org/content/351/6273/608
article tools: 
Visit the online version of this article to access the personalization and

Permissions
http://www.sciencemag.org/about/permissions.dtl
Obtain information about reproducing this article: 

 is a registered trademark of AAAS. ScienceAdvancement of Science; all rights reserved. The title 
Avenue NW, Washington, DC 20005. Copyright 2016 by the American Association for the
in December, by the American Association for the Advancement of Science, 1200 New York 

(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last weekScience 

 o
n 

D
ec

em
be

r 2
, 2

01
6

ht
tp

://
sc

ie
nc

e.
sc

ie
nc

em
ag

.o
rg

/
D

ow
nl

oa
de

d 
fro

m
 

http://oascentral.sciencemag.org/RealMedia/ads/click_lx.ads/sciencemag/cgi/reprint/L22/136744002/Top1/AAAS/PDF-Bio-Techne.com-WEBOE-W-009269/RNDsytems.raw/1?x
http://science.sciencemag.org/content/351/6273/608
http://www.sciencemag.org/about/permissions.dtl
http://science.sciencemag.org/

