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The emergence of multidrug-resistant and extensively drug-resis-
tant (XDR) tuberculosis (TB) is a serious global threat. Aminoglyco-
side antibiotics are used as a last resort to treat XDR-TB. Resistance
to the aminoglycoside kanamycin is a hallmark of XDR-TB. Here,
we reveal the function and structure of the mycobacterial protein
Eis responsible for resistance to kanamycin in a significant frac-
tion of kanamycin-resistant Mycobacterium tuberculosis clinical
isolates. We demonstrate that Eis has an unprecedented ability
to acetylate multiple amines of many aminoglycosides. Structural
and mutagenesis studies of Eis indicate that its acetylation me-
chanism is enabled by a complex tripartite fold that includes
two general control non-derepressible 5 (GCN5)-related N-acetyl-
transferase regions. An intricate negatively charged substrate-
binding pocket of Eis is a potential target of new antitubercular
drugs expected to overcome aminoglycoside resistance.

bacterial resistance | product-bound complex | ribosome inhibitor |
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berculosis (TB) is a deadly infectious disease caused by

the bacterium Mycobacterium tuberculosis (Mtb). With over
9 million new cases and nearly 2 million deaths each year, TB
is one of the most serious health problems worldwide. Continu-
ous use of the same multidrug therapy needed to treat TB and
noncompliance have led to emergence of multidrug-resistant
and extensively drug-resistant (XDR) strains of Mtb, an alarming
problem due to their global spread. Mtb strains are classified
as XDR when they are resistant to the two most potent first-line
oral antituberculosis drugs, rifampicin and isoniazid, as well as
to a fluoroquinolone and to at least one of three second line-
injectable antituberculosis drugs [kanamycin A (KAN), amikacin
(AMK), and capreomycin] (1).

KAN and AMK belong to the aminoglycoside (AG) family of
antibiotics (2) that inhibit protein synthesis in bacteria by target-
ing the 16S rRNA of the 30S subunit (3, 4) of the ribosome (5).
Recently, mechanisms of clinical resistance of Mtb to KAN were
elucidated. In one-third of clinical isolates, encompassing a
large set of strains from different regions of the world, clinical
resistance to KAN was solely due to the upregulation of the chro-
mosomal eis (enhanced intracellular survival) gene bearing mu-
tations in its promoter (6). In the other two-thirds, the resistance
was due to ribosomal mutations. A previous study established
that increased expression of the AG acetyltransferase (AAC)
Eis, encoded by the eis gene harboring such mutations, rendered
resistance to KAN in H37Rv, an AG-sensitive strain of Mtb (7).
Here, we report the in vitro characterization of Eis and show
that this resistance enzyme has an unprecedented ability to multi-
acetylate many AGs. We also present structural and mutagenesis
studies of Eis, which explain its acetylation mechanism.

Results and Discussion

Unique Multiacetylation of Aminoglycosides by Eis. Eis is a member
of a conserved chromosomally encoded family of proteins present
in many pathogens (SI Appendix, Fig. S2). It is highly divergent
from previously characterized AACs. To gain insight into the
mechanism of acetylation of AGs by Eis, we first explored its
substrate specificity profile by using a wide set of AGs: netilmicin
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(NET), sisomicin (SIS), neamine (NEA), ribostamycin (RIB),
paromomycin (PAR), neomycin B (NEO), KAN, AMK, tobra-
mycin (TOB), hygromycin (HYG), apramycin (APR), spectino-
mycin (SPT), and streptomycin (STR). Eis efficiently acetylated
a broad variety of AGs (all AGs tested, except APR, SPT, and
STR; SI Appendix, Fig. S1) as observed by spectrophotometric
(Fig. 1 and SI Appendix, Table S3) and mass spectrometry
(81 Appendix, Table S2) assays. Remarkably, and to our surprise,
Eis catalyzed an unprecedented multiacetylation (di-, tri-, and
even tetraacetylation) of its AG substrates. Such multiple acety-
lation has not been documented for any other known AAC. To
confirm the uniqueness of multiacetylation by Eis, we tested
six other AACs known to perform monoacetylation at the 2'-,
3-, or 6’ positions (8-16). UV-Visible (UV-Vis) and mass spectro-
metry assays of these six AACs with the ten AGs that are multi-
acetylated by Eis, showed only monoacetylation. These reactions
were performed under individually optimized conditions with ten
equivalents of acetyl-coenzyme A (AcCoA). To assess catalytic
specificity of Eis, we measured k.,, and K,,, values in steady-state
kinetic assays monitoring net acetylation of a variety of AGs
(81 Appendix, Table S3). Catalytic efficiencies (k.,/K,,) varied in
a 40-fold range (from 267 M~!'s~! for AMK to 10,042 M~!s™!
for NET). Most of this variation was due to differences in k.,
(a 24-fold range), whereas K,,, only displayed a fourfold variation,
suggesting that Eis evolved to bind different AGs with similar
affinities.

Regiospecificity of Triacetylation of NEA by Eis. To examine the
regiospecificity and the potential order of multiacetylation by
Eis, we investigated the triacetylation of NEA (Fig. 1). NEA con-
tains four primary amines located at positions 1, 2’, 3, and 6. The
reaction progress was monitored by thin-layer chromatography
(TLC) (Fig. 2 and SI Appendix, Table S4). By comparing the re-
tention factor (Ry) values of the mono-, di-, and triacetylated
NEA species formed over time by Eis to those of 2'-, 3-, and
6’-acetyl-NEA obtained by using monoacetylating enzymes, as
well as to 6/,2'-, 6',3-, and 3,2’-diacetyl-NEA obtained by the se-
quential use of pairs of these enzymes, we demonstrated that Eis
triacetylates NEA, first at the 2'-, then at the 6'-, and, finally, at
the 1 position. At a qualitative level, Fig. 2 demonstrates that
these acetylations occur at comparable rates.

Because a purified AAC(1) enzyme was not available, and
because no triacetylation of NEA was observed by action of
AAC(2')-Ic, AAC(3)-1V, and AAC(6’) in any order, we could
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Fig. 1.
lent of AcCoA (A-J), and to their di- (A, E, G, and J), tri- (B, C, D, F, and H),
of AcCoA.

not obtain standards of triacetylated NEA. Thus, we scaled-up
the enzymatic triacetylation reaction of NEA to unambiguously
establish the specific positions on the NEA scaffold acetylated by
Eis. The structure was determined from 1-D and 2-D 'H and 3C
NMR spectra of the triacetylated NEA purified by flash chroma-
tography. Corresponding spectra of the nonacetylated NEA were
used for comparison. This analysis confirmed acetylation of NEA
at the 1-, 2'-, and 6’ positions by Eis (SI Appendix, Figs. S8-S12
and Tables S5 and S6).

Crystal Structure of Eis. Seeking an understanding of the catalytic
mechanism of Eis, we determined a crystal structure of Eis in
complex with the reaction products CoA and acetylated HYG,
at a resolution of 1.95 A (Figs. 3 A-C and SI Appendix, Figs. S13,
S14, and Table S7). Eis forms a tightly packed hexamer, in agree-

6 —NH»
2' 2'
AN rin HaN
S 9

CoA CoA m/,\,

26 !_NH,
OH
NEA
1.
2,
3.
| | :
, ! 4
1 § ' | 7
g1 s
‘ ‘ . 10.
: 4 1.
" ‘ ! 8 BP
A

12 3 4 56 78910111213 13.

Multiacetylation of AGs by Eis. Spectrophotometric assay plots monitoring the conversion of various AGs by Eis (black circles) when using one equiva-

and tetraacetylated (/) counterparts (white circles) when using 10 equivalents

ment with its hexameric state in solution (S Appendix, Fig. S4).
The hexamer resembles a sandwich of two threefold symmetrical
trimers (Fig. 34). Overall, 3,800 A” of solvent-accessible surface
area of each monomer is buried in the hexameric interface (17),
indicating extensive intimate contacts between the monomers.
The Eis monomer consists of three regions that are assembled
into a heart-shaped molecule (Fig. 3B). This shape is formed
by an unusual fusion of two general control non-derepressible
5 (GCNS)-related N-acetyltransferase (GNAT) regions and a
C-terminal region (SI Appendix, Fig. S13). The GNAT fold is
common among N-acetyltransferases in all kingdoms of life. A
clearly distinguishable CoA and an acetamide moiety of acety-
lated HYG in the electron density in the N-terminal GNAT
region of Eis are positioned analogously to those found in other
AACs (8, 18). This observation indicates that this region is

HO
OH

1,2',6'-triacetyl-NEA

NEA (R;0.11)

NEA + AcCoA + Eis (5 min) (R;0.11, 0.14, 0.27)
NEA + AcCoA + Eis (10 min) (R;0.11, 0.14, 0.27)
NEA + AcCoA + Eis (30 min) (R;0.14, 0.27)
NEA + AcCoA + Eis (2 h) (R;0.14, 0.27, 0.39)
NEA + AcCoA + Eis (O/N) (R;0.39)

NEA (R;0.11)

6',2'-diacetyl-NEA (R;0.27)

6',3-diacetyl-NEA (R;0.37)

3,2'-diacetyl-NEA (R;0.35)

2'-acetyl-NEA (R;0.14)

3-acetyl-NEA (R;0.18)

6'-acetyl-NEA (R;0.22)

Fig. 2. Conversion of NEA to 1,2’,6'-triacetyl-NEA. TLC time course showing the mono-, di-, and triacetylated NEA products generated by Eis using five equiva-
lents of AcCoA. Control reactions for mono- and diacetylation were performed using AAC(2')-Ic, AAC(3)-1V, and AAC(6’) individually or sequentially.

Chen et al.

PNAS | June 14,2011 | vol. 108 | no.24 | 9805

BIOCHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105379108/-/DCSupplemental/Appendix.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105379108/-/DCSupplemental/Appendix.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105379108/-/DCSupplemental/Appendix.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105379108/-/DCSupplemental/Appendix.pdf

SIS

A Hexamer B

Monomer

N-terminal GNAT
region

402

Central GNAT C-terminal
region region

Phe84

Glu122

S—np Yaiss S—np Yaiss
o

o}
0 HN 0 HN
! ' Phes4

Phes4
HN 1 HN
[N
[

! o I':' -
I . Jk 1 r_
)g /o Phe402 A)
: “ITH ol : N
M AG : H M AG
o v o
Tyr126 o/ Tyr126
N
Ry
His119

C-terminus
: y
S N 28, .o 3
B \" Phe402
:: o~ ot
(in trans) " N H,’2°
33"~ ~NHy N :‘/\ N
+ e OH%
NH Tyr126 Ser83 NH
YH2 O"™F  Histte]
I NH
129 +
i
S—NH a5
o
O HN
! Phes4
o ' ';‘N}\r o
/
C 'OJ\Phe402 e HOkPheAOZ
e —> o)
H H CoA-S )J\
~ I
A HHC N, H
H "0 IH 0o
./ H AG: s H
i e ' Pid
/- /-
[ o< [
(S LT ~H PR
- Tyrize F -
g s g
K Cys101 \1_,)&( Ny
His119 His119

Fig. 3. A crystal structure and a proposed mechanism of Eis. (A) A structure of Eis hexamer composed of two trimeric layers as shown in the bottom of this
panel. (B) The tripartite fold of an Eis monomer bound to CoA (orange sticks) and acetamide (blue sticks). Residues explored in mutagenesis studies are shown

as red sticks. (C) A zoom-in of the Eis active site (as indicated by the rectangle

in B). The electrostatic surface of Eis shows the positive charge (blue), negative

charge (red), and hydrophobic patches (white). (D) Interactions between Eis, CoA, acetamide, and a proposed catalytic water molecule (magenta). Hydrogen
bonds, ionic interactions, and hydrophobic contacts are shown by blue, gray, and green dashed lines, respectively. The carboxylate of Asp260 (magenta) from
an adjacent monomer in the hexamer makes a hydrogen bond to the Ppant arm of the CoA and forms salt bridges with Arg93 and Arg94 (in trans) thereby
positioning these Arg residues for binding CoA. (E) A proposed mechanism of Eis acetylation.

involved in catalysis. Despite our efforts of crystallization of
Eis with many different AGs under a variety of conditions, we
did not observe defined electron density for the rest of the
AG molecule, reflecting its multiple orientations or flexibility
when bound in the active site. The central region of Eis, also
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resembling a GNAT fold, lacks conserved Arg residues that bind
CoA phosphates in this superfamily and, therefore, it is unlikely
to be catalytically active. The juxtaposition of the N-terminal
and the central GNAT regions creates a large and intricate
AG binding pocket (Figs. 3 B and C). The C-terminal region,
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which consists of a 5-stranded p-sheet flanked by four helices on
one side, resembles the fold of the animal sterol carrier protein
(SCP) (19, 20). However, it lacks the hydrophobic cavity used
by SCP to bind lipids. This organization enables the C-terminal
peptide of Eis (residues 392-402) to wedge between the two
GNAT regions and reach into the active site.

Mechanism of Acetylation by Eis. The bound CoA and the aceta-
mide reveal a network of ionic, hydrophobic, and hydrogen bond-
ing interactions that stabilize the cosubstrate in the Eis active
site pocket, and indicate a likely acetylation mechanism (Fig. 3D).
This mechanism is very similar to that proposed for 2'-N-acetyla-
tion by AAC(2')-Ic (8). The AG amino group to be acetylated is
ideally positioned by the His119 backbone for a direct nucleophi-
lic attack on the CoA thioester. The tetrahedral transition state
is stabilized by polarization of the thioester carbonyl through
hydrogen bonding to Phe84 and Val85. As proposed for the
N-myristoylation mechanism by Nmtlp (21), the C-terminal
carboxylate of Phe402 interacts with the amino group through
a bridging water molecule and likely serves as a remote base.
We propose that the universally conserved Tyr126 at a distance
of 3.4 A from the sulfhydryl group of CoA (3.6 A in the case of the
2’-N-acetylation) likely serves as a general acid to protonate the
CoA thiolate.

To probe this mechanism in solution, we first investigated the
importance of the proposed catalytic residues Phe402 and Tyr126
(Fig. 4 and SI Appendix, Figs. S2, S5, and Table S2). Either the
addition of a CHisq tag or the removal of the three C-terminal
amino acid residues (Eis1-399) nearly abolished the acetylation
activity of Eis on all AGs tested. These observations confirmed
the important role of the C-terminal tail and the Phe402 residue
in catalysis. A deletion mutant lacking the C-terminal region
(Eis1-311) and the C-terminal region alone (Eis292-402) were
also inactive, as expected. The presence of the central GNAT
region of FEis indicated a formal possibility that Eis contained
a second active site in this region, even though AcCoA coordinat-
ing residues were not present. The mutant of the proposed cat-
alytic acid Tyr126Ala completely abolished the acetylation
activity on all substrates tested, which agreed with its proposed
role in the mechanism and ruled out the possibility of the exis-
tence of another active site. We next probed the importance
of His119 involved in coordination of the proposed catalytic
water molecule (Fig. 3E). Mutation of this residue to an Ala
resulted in a decrease in activity and a change in the number
of acetylated sites (mono- vs. di- vs. tri-) of all AGs tested, thereby
confirming its key role in Eis action. Complete inactivity of the
Tyr310Ala mutant of the hydrophobic core of Eis indicated that
structural stability is crucial for catalytic activity of the enzyme.
Similarly, mutating either Trp197 in the hydrophobic core or
Asp292 partially buried in the interface of the two GNAT folds
to an Ala, almost completely eradicated Eis activity. As another
control, we generated an Ala mutant of the surface-exposed
Argl148 located far away from any important surface or interface.
As expected, we found that this mutation had no significant effect
on the Eis activity.

A close examination of the AG binding pocket reveals that it is
formed by the adjoining surfaces of the two GNAT folds (Fig. 3C).
This deep and bifurcated AG binding pocket must allow for AGs
of different sizes and structures to be accommodated. The surface
of the binding pocket and its entrances are highly negatively
charged with occasional hydrophobic patches, which must ensure
electrostatic attraction to amine-rich substrates. The residues
that line the binding pocket are marked in SI Appendix, Fig. S2.

We next inspected the effects of residues lining the AG and
AcCoA binding surfaces on the Eis activity by point mutagenesis
(Fig. 4 and SI Appendix, Fig. S5 and Table S2). Interestingly,
although the Phe24Ala mutant drastically decreased acetylation
activity, mutations of the neighboring Phe27, I1e28, and Trp36 to
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Fig. 4. Relative activity of Eis and its mutants toward the ten tested AGs. All
activities are normalized against the acetylation of NET by wild-type Eis.

Ala did not affect the efficiency of the acetylation reactions, but
instead resulted in a change in the number of acetylated sites of
many of the AGs tested. These observations are in agreement
with the proposed role of these residues in AG binding. In addi-
tion, we confirmed that Val87, Arg93, Ser121, and Arg128 all play
an important role in AcCoA binding as their mutations to Ala led
to a general decrease in catalytic activity of Eis. Finally, the Ala
mutation of Phe84 whose backbone amide is proposed to stabilize
the oxyanion of the acetyl group of AcCoA and whose side chain
is buried in the hydrophobic core, resulted in both a large cata-
Iytic deficiency and a change in the number of acetylated sites
of most AGs studied.

The biological function of Eis in Mtb has been the subject
of recent interest (6, 7, 22-29). The biochemical and structural
studies described in this report provide clear evidence for an
unprecedented multiacetylation capability of Eis that inactivates
AG antibiotics. Eis homologues are found in a variety of patho-
gens that have developed resistance to AGs. Upregulation of eis
genes in these bacteria may confer resistance to AGs, as observed
in M. tuberculosis, although such studies have not yet been re-
ported. The unique and efficient strategy of deactivation of
AGs by multiacetylation presented herein may be a general,
widespread resistance mechanism, and yet another evolutionary
hurdle to overcome.

Materials and Methods

Expression and Purification of Eis and Eis Mutants. The eis gene (gene locus
Rv2416c) was PCR amplified from genomic DNA of M. tuberculosis H37Rv
and cloned into pET28a. Wild type, Eis mutants, and L-selenomethionine
(SeMet)-Eis were overexpressed in BL21(DE3) cells and purified by Ni*
and size-exclusion chromatography. A detailed description of the cloning,
mutants generation, Eis expression, and purification can be found in the
SI Appendix, Figs. S3-S4 and Table S1.

Spectrophotometric Measurements of Acetyltransferase Activity. The acetyl-
transferase activity of Eis proteins was monitored by a UV-Vis assay in which
the free thiol group of CoA, generated by enzyme catalyzed reaction, is
coupled to 4,4'-dithiodipyridine to produce thiopyridone monitored by
increase in absorbance at 324 nm (e34 = 19, 800 M~' cm~"), as described in
detail in S/ Appendix, Fig. S5. The measurements of k.,; and K, values for
net acetylation of AGs by Eis were performed by this method, as described
in detail in SI Appendix, Table S3.

Determination of Number of Sites Acetylated on each AG by Eis Proteins.
The number of acetylations was estimated by the above UV-Vis assay
and then determined accurately by liquid chromatography mass spectro-
metry (S/ Appendix, Table S2). Representative mass spectra are shown in
SI Appendix, Fig. S6.
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Structure Determination of Triacetylated NEA by TLC and NMR. The specific
sites for triacetylation of NEA by Eis were directly visualized by comparison
with single- and double-acetylated NEA standards (S/ Appendix, Table S4)
produced by regiospecific AACs: AAC(2')-Ic from Mtb (8, 9) (SI Appendix,
Fig. S7), AAC(3)-IV from Escherichia coli (4, 5), AAC(3)-Ib and AAC(6')-1b’
from the bifunctional AAC(3)-Ib/AAC(6')-Ib’ from Pseudomonas aeruginosa
(12, 13), AAC(6’) from the bifunctional AAC(6')/AG phosphotransferase
(APH)(2")-la from Staphylococcus aureus (10, 14), and AAC(6')-Ild from the
bifunctional AG nucleotidyltransferase (ANT)(3"')-li/AAC(6')-1ld from Serratia
marcescens (15, 16). A detailed description of the TLC conditions can be
found in the S/ Appendix.

The exact acetyl positions on triacetyl-NEA were confirmed by 'H, '3C,
2-D-total correlation spectroscopy (TOCSY), 2-D-COSY, distortionless en-
hancement by polarization transfer (DEPT), and heteronuclear correlation
(HETCOR) NMR. Proton connectivities were assigned using 2-D-TOCSY and
2-D-COSY spectra. Signals of all carbons were derived from HETCOR and DEPT
spectra. The details are given in S/ Appendix, Figs. 5$8-5S12 and Tables S5-S6.

Crystallization and Structure Determination of the Eis-CoA-Acetamide Complex.
Crystals of SeMet-Eis-CoA (grown in the presence of KAN) and Eis-CoA-
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