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HEALTH AND MEDICINE

A low-barrier hydrogen bond mediates antibiotic
resistance in a noncanonical catalytic triad

Prashasti Kumar,' Engin H. Serpersu,’>3* Matthew J. Cuneo*

One group of enzymes that confer resistance to aminoglycoside antibiotics through covalent modification belongs to
the GCN5-related N-acetyltransferase (GNAT) superfamily. We show how a unique GNAT subfamily member uses a
previously unidentified noncanonical catalytic triad, consisting of a glutamic acid, a histidine, and the antibiotic sub-
strate itself, which acts as a nucleophile and attacks the acetyl donor molecule. Neutron diffraction studies allow for
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unambiguous identification of a low-barrier hydrogen bond, predicted in canonical catalytic triads to increase basicity
of the histidine. This work highlights the role of this unique catalytic triad in mediating antibiotic resistance while
providing new insights into the design of the next generation of aminoglycosides.

INTRODUCTION

Aminoglycoside antibiotics such as kanamycin, neomycin, and tobra-
mycin are common bactericidal agents used to treat clinically important
diseases caused by Gram-positive and Gram-negative bacteria. These
diseases include tuberculosis, meningitis, and listeriosis, as well as many
nosocomial infections (I). However, the efficacy of aminoglycoside
antibiotics has been drastically reduced because of the emergence of
bacterial resistance (2).

Chemical modification is the most prevalent mechanism responsible
for bacterial resistance to aminoglycoside antibiotics, which is achieved
by aminoglycoside-modifying enzymes (AGMEs) (3). AGMEs repre-
sent a mechanistically diverse family of enzymes that render aminogly-
cosides ineffective through the transfer of various functional groups (2).
Modification disrupts the requisite molecular interactions between the
drug and its target, the bacterial ribosome. Aminoglycoside acetyltrans-
ferases (AACs) were the first identified members of the GCN5-related
N-acetyltransferase (GNAT) superfamily of enzymes (4). Enzymes
belonging to the GNAT superfamily are universally distributed in nature
and catalyze the transfer of an acetyl group from acetyl-CoAs to a primary
amine group on diverse acetyl-accepting substrates (5). This superfamily
includes histone acetyltransferases, serotonin N-acetyltransferases,
and glucosamine-6-phosphate N-acetyltransferases. Acetylation occurs
through a general mechanism involving the direct nucleophilic attack of
the amine group to be acetylated on the carbonyl carbon of the acetyl-
CoA. Among the AACs, crystal structures of several enzymes have
been reported, yet details about the kinetic and catalytic mechanisms
are not available for all of them (4, 6, 7). Recently, a unique structural
fold was observed in a putative GNAT acetyltransferase from Bacillus
anthracis, BA2930 [Protein Data Bank (PDB) code 3E4F (8)]. The
crystal structures of three additional members of this subfamily have
also been reported, with all having a similar fold and conservation of
proposed catalytically important residues. Yet significant knowledge
about the catalytic mechanism is lacking for this pathologically impor-
tant GNAT subfamily (9).

Here, we report on the aminoglycoside N3-acetyltransferase-VIa
(AAC-VIa), a fifth member of this GNAT subfamily, which was isolated
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from a resistant clinical strain of Enterobacter cloacae (10). AAC-VIa
transfers an acetyl group donated by acetyl-CoA to the N3 position
on the unprimed ring of the aminoglycoside (Fig. 1). The x-ray and neu-
tron crystal structures of AAC-VIa and its complexes with reactants
allowed for the identification of a previously unidentified noncanonical
catalytic triad functioning to inactivate aminoglycoside antibiotics in
this GNAT subfamily, in a mechanism similar to the archetypal catalytic
triad in proteases. Moreover, the neutron diffraction studies allowed for
the unambiguous identification of a low-barrier hydrogen bond (LBHB),
controversially predicted to function in some proteases that use a
conventional catalytic triad. Direct visualization of the proton equidistant
between the acceptor atoms, O of glutamic acid and the N°! of histidine,
is observed. Subsequent catalysis in the crystal was used to capture the
product of a catalytically relevant ternary complex, resulting in a unique,
postcatalysis conformational state of the acetylated sisomicin, suggesting
a potential mechanism of product release. These studies allow for un-
precedented chemical insights into this pathologically relevant enzyme
and protein superfamily while suggesting the design requirements of
the next generation of aminoglycoside antibiotics.

RESULTS

Crystal structure of AAC-Vla

To gain an understanding of the structure/function relationship of
AAC-VIa-mediated antibiotic inactivation, we determined crystal
structures of the enzyme with and without bound substrates and reac-
tion product (fig. S1). Crystallographic data are summarized in Table 1.
The fold of AAC-VIa places it in a distinct, noncanonical GNAT sub-
family, with the overall structure being essentially identical to the other
four members whose structures are known to date: YokD (PDB code
2NYG), FrbF [PDB code 3SMA (9)], HMB0038 (PDB code 5HTO),
and BA2930 [PDB code 3E4F (8)] (fig. S2). A large L-shaped indenta-
tion is present on the surface of AAC-VIa (fig. S1). One arm of the in-
dentation superimposes on the acetyl-CoA binding site found in the
FrbF molecular replacement search model, YokD, and the BA2930
homolog, where the donated acetyl group would be placed into the oth-
er intersecting cavity (fig. S2).

Previous studies on AAC-VIa have shown that acetyl-CoA is used to
modify several aminoglycoside antibiotics, such as sisomicin, tobramycin,
and gentamicin (11). The binary crystal structures of acetyl-CoA-,
CoASH-, and sisomicin-bound AAC-VIa were determined (Table 1).
In AAC-VIa, acetyl-CoA resides in a long groove on the protein surface
composed of both polar and nonpolar residues (Fig. 1A). The acetyl-CoA
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binding site overlaps with the binding site identified in the AAC-VIa
structural homologs. The side chain of Arg*® is the only amino acid to
undergo large conformational changes upon binding of the ligand.
The pantetheine moiety of acetyl-CoA is bound through specific hydro-
gen bonds at the base of the surface cavity, ultimately terminating with a
hydrogen bond between the donor acetyl carbonyl and the side chain of
Thr'®. A water molecule also hydrogen-bonds to the acetyl carbonyl
and forms a hydrogen-bonding network with two residues, His'*
and Glu'*?, which have been proposed in other studies to be important
in the catalytic mechanism (Fig. 1) (8, 9). This water molecule is in the
same location as the N3 amine of the sisomicin (Fig. 1C). The side chain
of Glu'** is found in two conformations, one of which forms a short
hydrogen bond with His'®, interacting in a manner similar to LBHBs
in catalytic triads (Fig. 1). The interactions with CoASH are essentially
identical to those found in the acetyl-CoA complex. The only exception
is the shifting of the terminal thiol into a conformation so that a hydro-
gen bonding network, similar to that formed with the terminal acetyl
carbonyl, is formed with Thr'®® and a water molecule (fig. S3).
Sisomicin is located in the binding site that is directly adjacent to the
acetyl-CoA binding pocket and is bound by a network of polar and non-
polar interactions (Fig. 1). One specifically bound water molecule in
particular (W4) is hydrogen-bonded to the site of acetylation, the N3
position of sisomicin on the deoxystreptamine ring, in addition to
forming two hydrogen bonds with the adjacent sisosamine ring and
three with the protein. The N3 position of the central deoxystreptamine

ring is directly hydrogen-bonded to N°* of His'®, which is flanked on
an o helix by Glu'*> and Thr'®, the latter of which also hydrogen-bonds
to the acetyl group of the acetyl-CoA.

The local environment and hydrogen-bonding interactions with the
catalytically relevant functional groups in the binary reactant structures
are suggestive of a catalytic mechanism involving a catalytic triad. All of
the features common to catalytic triads are appropriately positioned for
catalysis in the AAC-VTa active site. Glu'** hydrogen-bonds to the N°’
of His'", thereby making the N°* of His'® more basic. The N** of
His'® is in direct hydrogen-bonding geometry to be able to abstract
a proton from the N3 position of the sisomicin, thus enabling formation
of the nucleophile that would attack the acetyl-CoA. Moreover, the tet-
rahedral intermediate formed during the AAC-VIa—mediated acetyla-
tion reaction and the emerging oxyanion can be stabilized through
hydrogen bonding to Thr'®*’, in a manner that mimics the oxyanion
hole found in the archetypal catalytic triad of trypsin and other serine
proteases.

Neutron diffraction reveals the presence of an LBHB

Room temperature neutron and x-ray diffraction data were collected on
deuterium-exchanged crystals of the apo-enzyme and enzyme-sisomicin
complex to directly visualize the protonation state of the catalytic resi-
dues of this enzyme (Table 2). Figure 2 shows the neutron density of
the sisomicin in the active site of AAC-VIa, where density for exchange-
able deuterium atoms is clearly visible, as well as the interaction network

Fig. 1. Binary complexes of AAC-Vla. (A) Surface representation of AAC-Vla-sisomicin (green carbon atoms) binary complex superimposed on the enzyme-acetyl-CoA (yellow
carbon atoms) binary complex. The AAC-Vla surface cavities that bind sisomicin and coenzyme A (CoASH) are colored black and gray, respectively, whereas the catalytic triad is
shown in magenta. (B) Close-up view of sisomicin (green carbon atoms) interaction with AAC-Vla. The site of antibiotic acetylation is circled in red. (C) Close-up view of acetyl-CoA
(yellow carbon atoms) interaction with AAC-Vla. The acetyl donor is circled in red. Hydrogen bonds are represented as black dashed lines, and water molecules are shown as red
spheres. The active-site residues have carbon atoms colored magenta. (D) Sisomicin with the site of acetylation (the N3 position of the unprimed ring) circled.

Kumar, Serpersu, Cuneo, Sci. Adv. 2018;4:eaas8667 4 April 2018

20of9

6T0Z ‘02 Areniga- uo /610 Bewasuslds saouepe//:dny woly papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

of the catalytic triad. A hydrogen bond is found between Glu'*? and the ~ in LBHBs, where the pKa values of the donor and acceptor moieties are
N®! of His'®, whereas the unprotonated N of His'®* hydrogen-bonds ~ equal, and the proton resides between the two atoms (12). The Fo-Fc
to the proton to be abstracted from the neutral N3 of the sisomicin  neutron density map, where the deuterium atom was omitted, was used
(Fig. 2). The distance between the Glu'*? O°Z oxygen and the His'® N®"  to assign the position of this hydrogen atom (Fig. 2). This atom is found
is 2.57 A, which is an uncharacteristically short hydrogen bond. The 1.4 A away from the N** of His'® and 1.2 A from the 0% of Glu'®,
length of this hydrogen bond is on the order of bond distances found  consistent with this being an LBHB. In the absence of ligand, the distance

Table 1. Data collection and refinement statistics. RMS, root mean square.

Apo Sisomicin CoA Ternary Acetyl-CoA Acetylated sisomicin
Resolution range 50.0 to 2.2 50.0 to 1.8 50.0 to 2.2 50.0 to 2.05 50.0 to 2.05 50.0 to 2.2
(2.27 to 2.20) (1.86 to 1.80) (2.28 to 2.20) (2.12 to 2.05) (2.12 to 2.05) (2.27 to 2.20)
Spacegroup ........................................ C2P61 ............................ P 61 ........................... P61 ............................ P 61 .............................. Cz ...............
Umtce” .............................................................................................................................................................................................................................................
Cabandc(d)  890,860,and 511 786,786 and 836 781,781 and 833 775,775, and 839 785,785, and 839 844,869, and 503

Reflections used in 15,388 26,851 14,073 17,984 18,233 14,750
refinement

atoms
Macrom()Iecu'es ............................. 2028 ........................... 2 089 .......................... 2042 .......................... 2048 .......................... 2043 ............................. 2 028 ..............
ngands AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 135 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 48 AAAAAAAAAAAAAAAAAAAAAAAAAAAAA 79 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 5135 AAAAAAAAAAAAAAAA
Sowent ............................................. 51 .............................. 3 98 ............................ 129185 ............................ 27457 ................

PDB code 6BC6 6BC7 6BC5 6BC3 6BC4 6BC2

*Number in parentheses represents values in the highest-resolution shell.
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between the Glu'*> O°? oxygen and the His'® N is 2.83 A (Fig, 2). The
formation of the binary, sisomicin-bound complex is likely the driving
force for the difference in the His'® conformation between the apo-
enzyme and enzyme-sisomicin complex. Superposition of the apo- and
sisomicin-bound structures shows that the distance between the N of
His'® and the sisomicin amino proton is essentially identical (2.2 A).
The repositioning of the His'® side chain into an LBHB with Glu'*” is
likely not a steric effect, yet is due to the hydrogen bond formed between

the His'® N*? and the sisomicin, lowering the N®' pKa or making the
N®! more basic to facilitate the LBHB with Glu'®,

Kinetics and conservation of catalytic triad in homologs

In addition to conservation of many of the residues forming the acetyl-
CoA binding site, in all members of this GNAT subfamily with known
structures, the suggested catalytically important residues are conserved,
including the oxyanion hole (fig. S2). Moreover, one highly promiscuous

Table 2. Room temperature data collection and refinement statistics.

Apo

Sisomicin

Neutron Neutron

PDB code

*Number in parentheses represents values in the highest-resolution shell.
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acetyl transferase, the aminoglycoside N3-acetyltransferase-IIIb
(AAC-IIIb) (13-15), also shows sequence conservation of the proposed
catalytic residues and binding site identified in AAC-VIa (fig. S2). To
see the effect these residues have on AAC-VIa catalytic activity, we
carried out activity assays of wild type and mutants of Thr'®®, His'®,
and Glu'”” (fig. $2). Mutating each of the individual residues proposed
to be important in the AAC-VIa catalytic mechanism decreases activity
to 3 to 5% of the wild-type enzyme, suggesting the importance of these
residues in this noncanonical catalytic triad. Furthermore, the E192Q
mutant demonstrates the importance of the strength of the LBHB in
increasing the basicity of the N** of His'®” in this catalytic mechanism.

Proposed catalytic mechanism

The structure of the noncatalytic, ternary enzyme-CoASH-sisomicin
complex was solved to gain further insights into the catalytic mecha-
nism (Table 1). The conformations of the bound sisomicin and CoASH
in the ternary complex overlap precisely with the conformations
observed in the respective binary enzyme-ligand complexes; the ex-
ception is that the pantetheine tail of the CoASH adopts a different
conformation in the binary enzyme-CoASH complex while adopting
the same conformation as the acetyl-CoA in the binary enzyme-acetyl-
CoA complex (fig. S4). The colocalization of the CoASH in the ternary
and the acetyl-CoA binary complexes suggests that this is the catalytically
relevant conformation of the donor group. Therefore, a structural su-
perposition of the ternary enzyme-CoASH-sisomicin and the binary
enzyme-acetyl-CoA complexes is used to contextualize the catalytic
mechanism (Fig. 3). In this modeled catalytically competent ternary
complex, Glu'®* forms an LBHB to the N®' of His'®, thereby making
the N2 more nucleophilic to abstract a proton from the N3 position of
the sisomicin (Fig. 3). This hydrogen-bonding network completes the cat-
alytic triad and generates the nucleophilic nitrogen on the antibiotic. The
N3 on sisomicin is positioned in such a manner (2.1 A distance between
atoms) that a direct in-line attack to the carbonyl carbon of acetyl-CoA is
possible (Fig. 3). A nucleophilic attack on the acetyl-CoA generates a tet-

rahedral intermediate containing a negative charge on the oxygen atom,
with the stabilization of the negative charge being achieved through the
hydrogen bond to Thr'® (Fig. 3). Collapse of the tetrahedral intermediate,
and abstraction of the proton from the doubly protonated His'®, gen-
erates the acetylated antibiotic and CoASH while restoring the protona-
tion state of the active site in our model based on these structural studies

(Fig. 3).

Product release

Catalysis in the crystal was used to capture the product of a catalytically
relevant ternary complex, resulting in a unique conformational state of
the acetylated sisomicin after catalysis while suggesting a potential
mechanism of product release (Table 1). Soaking of the crystals of the
binary enzyme-sisomicin complex in acetyl-CoA resulted in the forma-
tion of the acetylated sisomicin product, whereas no bound acetyl-CoA
or CoASH was observed. The localization of atoms in the modeled
catalytically competent ternary complex would place the methyl group
of the acetyl-CoA in a trans conformation (Fig. 3). However, when the
tetrahedral intermediate collapses to the planar amide bond in the prod-
uct crystal structure, the acetyl group, which is now on the antibiotic,
rotates to a cis conformation, placing the methyl group on the apolar
side of sisomicin and the carbonyl on the polar side (Fig. 3). The planar-
ization of the tetrahedral intermediate breaks the hydrogen bond
formed with the acetyl carbonyl and Thr'®® while likely contributing
to a higher-energy product complex and aiding in acetylated sisomicin
release. Concomitant with the rotation of the acetyl group, the confor-
mation of the sisosamine ring flips from a chair conformation in the
ternary complex to a half-chair in the acetylated sisomicin product
complex, potentially as a result of the formation of the amide bond ge-
ometry and subsequent planarization (Fig. 4). The flipping of the ring
has several effects that also likely lead to a product state with significant-
ly fewer bonding interactions than the starting reactant state. In the
ternary complex, where sisomicin is in a chair conformation, the N21
atom is placed into the binding site, forming a hydrogen bond with

L ;/’\

Fig. 2. Room temperature neutron structure of AAC-Vla. Close-up view of the neutron diffraction model and nuclear density for sisomicin-bound AAC-Vla. Sisomicin-bound
active-site residues are colored with magenta carbon atoms, and sisomicin with green carbon atoms. His'®® from the neutron diffraction data acquired with the apo-enzyme is
shown and colored with tan carbon atoms. The 2Fo-Fc nuclear density map is shown in light gray. The Fo-Fc deuterium nuclear omit map for the proton involved in the LBHB is

shown in green. Hydrogen bonds are represented as red dashed lines.
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Asp'®, a residue conserved in the known structural homologs (fig. S2). In
the ternary complex, this positions Asp'® so that it also hydrogen-bonds to
two water molecules, W1 and W2, which also hydrogen-bond to the
acetyl-CoA. The N21 of sisomicin forms hydrogen bonds with two water
molecules in the ternary complex, W3 and W4, of which W3 also links
to the acetyl-CoA. W4 has the potential to form five hydrogen bonds in
the ternary complex. Three hydrogen bonds can potentially be formed
with the N21, N6, and O51 atoms on sisomicin, whereas one can also be
formed with the main chain of Asp'® and another with the side chain
of Asp>®” (Fig. 4). Upon acetylation, N21 no longer hydrogen-bonds to
W3, W4, or Asp'®. The side-chain rotamer of Asp'®* changes as well, so
that no hydrogen bonds are formed between W1 and W2. The rotameric
state of Asp> also changes upon loss of a hydrogen bond with W4 (Fig.
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4). The acetylation-mediated flipping of the sisosamine antibiotic ring
leads to the loss of all of these hydrogen bonds and likely contributes
to product release (Fig. 4). The binary enzyme-CoASH complex lacks
water molecules W1 to W4 (fig. S5A). Yet, water molecules W2 to W4
and W1 to W2 are found in the binary enzyme-sisomicin (fig. S5B) and
enzyme-acetyl-CoA complexes, respectively (fig. S5C).

DISCUSSION

Overuse of antibiotics has led to a drastic increase in bacterial antibiotic
resistance, which has evolved resulted in a major global health crisis.
Evolution has provided bacteria with multiple routes, enabling the covalent
modification of antibiotics and rendering many modern antibiotics
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Fig. 3. Proposed AAC-Vla mechanism. (A) Proposed catalytic mechanism of AAC-Vla-mediated acetylation of sisomicin. (B) Close-up view of the active site of the ternary
enzyme-CoASH-sisomicin complex superimposed on the binary enzyme-acetyl-CoA complex. Active-site residues are colored with magenta carbon atoms, CoASH is colored with
orange carbon atoms, acetyl-CoA is colored with yellow carbon atoms, and sisomicin is colored with green carbon atoms. (C) Close-up view of the active site of the enzyme-acetyl
sisomicin complex superimposed on the binary enzyme-acetyl-CoA complex. Active-site residues are colored with magenta carbon atoms, acetyl-CoA is colored with gray carbon
atoms, and acetylated sisomicin is colored with green carbon atoms. Hydrogen bonds are represented as red dashed lines.
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Fig. 4. Product-mediated cofactor release. Superposition of the acetylated sisomicin (gray carbon atoms) structure in the binary enzyme-acetyl sisomicin complex on the
ternary enzyme-CoASH-sisomicin (cyan protein carbon atoms, with sisomicin carbon atoms colored green and CoASH carbon atoms colored orange) structure. The acetylation of
sisomicin leads to flipping of the adjacent sugar ring concomitant with active-site rearrangement that would lead to loss of CoASH product hydrogen bonds.

inadequate to properly control bacterial infections. Central to the design
and bactericidal nature of antimicrobial agents is a complete understand-
ing of the enzymatic mechanisms that bacteria use to inactivate their
target antibiotics.

AACs are just one type of AGMEs, but are the most frequently
found variant in clinical isolates (16). The complete structure and mech-
anistic details of catalysis are known for only a handful of AACs, and all
characterized thus far confer resistance against a broad spectrum of
aminoglycosides. Our studies presented here on AAC-VIa, one of the
least promiscuous AGMEs, offer direct evidence of the catalytic mech-
anism of this enzyme at an unprecedented, proton-level of detail. The
sequence and structure similarity of AAC-VIa to two other aminogly-
coside N3-acetyltransferases with high (AAC-IIIb) and moderate sub-
strate promiscuity (AAC-IIa) suggest that this mechanism is shared in
all aminoglycoside N3-acetyltransferases (14, 17).

The catalytic triad is a ubiquitous catalytic archetype, but there has
been no report of a catalytic triad or conservation of the active-site re-
sidues among the GNAT family of acetyltransferases studied so far (5).
Arylamine N-acetyltransferases, which are not a part of the GNAT
family, catalyze the acetylation of arylamines and arylhydrazines using
a catalytic triad of Cys-His-Asp, which is also used by cysteine proteases
(18). Structural homologs of AAC-VIa have been characterized, and al-
though not explicitly stated or identified, all contain the residues found
in the active site of AAC-VIa. We demonstrate that the catalytic triad of
AAC-VIa is a new and unique variation, where the substrate itself com-
pletes the noncanonical catalytic triad. Substrates have been reported to
assist in catalysis by several different mechanisms, including general
base catalysis, transition state stabilization, and orientation of water mole-
cules (19). Substrate-assisted catalysis has been observed in many naturally
occurring enzymes like Ras p21 (20), type II restriction endonucleases (21),
and lysozyme (22), as well as several enzymes from the serine protease
family like subtilisin (23) and trypsin (24). Many proteases that use a
catalytic triad are inactivated by irreversible covalent modification of
the active-site nucleophile, leading to permanent inactivation of the
protein (25). However, in AAC-VIa, the nucleophile does not reside
on the enzyme itself, which allows for further evasion of the facile in-
activation of a nucleophile that would occur when it is located on the
protein.

Kumar, Serpersu, Cuneo, Sci. Adv. 2018;4:eaas8667 4 April 2018

Among the enzymes that use a catalytic triad, the trypsin catalytic
triad has been studied extensively, with neutron diffraction studies un-
equivocally establishing the role of the catalytic histidine and the proton-
ated forms of active-site residues during catalysis (26). Another feature
observed in the serine protease catalytic mechanism is the presence of
an LBHB (27). Since first being proposed in 1993 (28), the role of LBHBs
in enzyme-mediated catalysis has been a highly debated topic (29-31).
Yet, the role of the LBHB in serine proteases like chymotrypsin, in as-
partate proteases like HIV-1 protease, along with other enzymes like
citrate synthase and triose phosphate isomerase, has been well studied
and characterized (12). The strength of the LBHB functions to lower the
transition state energy required for intermediate formation in these
catalytic mechanisms (32).

To our knowledge, the presence of LBHBs has not been reported or
postulated to play a role thus far in any of the studies on antibiotic-
modifying enzymes. In the case of AAC-VIa, LBHB formation is observed
when sisomicin binds and forms a hydrogen bond with the N*? atom of
His'®. This serves to increase the basic nature of the N®" atom of His'®,
thereby facilitating abstraction of the proton from the antibiotic and
subsequent formation of a tetrahedral intermediate with acetyl-CoA.
This novel mechanism of antibiotic inactivation further demonstrates
the role of LBHB in catalytic triad-mediated enzymatic catalysis while
outlining the requirements for the next generation of aminoglycoside
antibiotics that these enzymes attempt to inactivate. Antibiotics that
can form the requisite polar interactions with their targets, while having
sufficiently perturbed pKa values for the nucleophile, will enhance the
evasion of enzymatically encoded resistance. Overall, the level of
understanding of the AAC-VTIa reaction mechanism afforded by neu-
tron diffraction experiments demonstrates the functional importance of
a proton level of detail in elucidation of catalytic mechanisms.

MATERIALS AND METHODS

Protein expression, purification, and kinetic assays
Wild-type AAC-VTIa used for crystallography was expressed and puri-
fied as previously described (11, 13, 14). The mutants were expressed in
a similar way as the wild-type enzyme and were purified in their His-
tagged forms by using a Ni-Sepharose resin, followed by a Macro-Prep
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Q column to remove coeluting proteins. Circular dichroism was used to
confirm that proteins were folded before kinetic analysis. Kinetic assays
were carried out as previously described (11, 13, 14).

Crystallization and diffraction data collection

Crystals for x-ray diffraction were grown by hanging drop vapor diffu-
sion in drops containing 2 ul of the protein solution mixed with 2 ul of
the precipitant well solution. Sisomicin, CoASH, ternary sisomicin/CoASH,
and acetyl-CoA crystals were grown in 17 to 25% polyethylene glycol
(PEG) 4000, 0.2 M ammonium acetate, 10% glycerol, and 0.1 sodium
citrate (pH 5.6) in the presence of 1 mM ligands. Crystals belonged to
the P 6, space group (Table 1). The crystals of the apo-enzyme were
grown from a precipitant solution containing 20 to 30% PEG 8000,
0.2 M MgCl,, and 0.1 M Tris (pH 8.5). Crystals belonged to the C 2
space group (Table 1). These crystals were subsequently soaked in
1 mM acetyl-CoA and 1 mM sisomicin for 15 min to generate the acety-
lated sisomicin product complex. This resulted in product crystals with
a very high mosaicity (2.5°). Crystals were transferred to 35% (w/v) PEG
8000 for cryoprotection, mounted in a nylon loop, and flash-frozen in
liquid nitrogen. All x-ray diffraction data were collected at 100 K on a
Rigaku 007HF micromax X-ray generator with a Raxis IV++ detector.
The x-ray diffraction data were scaled and indexed using HKL3000. The
data collection statistics are listed in Table 1.

Crystals for neutron diffraction were grown by sitting drop vapor
diffusion in drops containing 15 pl of the protein solution mixed with
15 pl of the precipitant well solution. The apo- and sisomicin-bound
enzyme crystals were grown from a precipitant solution containing
20 to 30% PEG 8000, 0.2 M MgCl,, and 0.1 M Tris (pH 8.5), and siso-
micin, when present, was added at a concentration of 1 mM. Crystals
belonged to the C 2 space group. Once the crystals reached a volume of 0.4
mm® (1 month), the well solution was replaced with a D,O-containing
well solution to facilitate exchange of labile hydrogen atoms with deu-
terium over a 3-week period. Crystals were then mounted in a quartz
capillary for data collection at room temperature by neutron diffraction
(Table 2). Room temperature x-ray diffraction data were collected on
crystals grown and mounted in an identical manner (Table 2).

Initial neutron diffraction tests were performed on the IMAGINE
Instrument at the High Flux Isotope Reactor at Oak Ridge National
Laboratory (ORNL). Time-of-flight neutron diffraction data were re-
corded using the MaNDi (33) Instrument at the Spallation Neutron
Source (SNS) on-site at ORNL using all neutrons between 2.0 and
4.0 A wavelengths. The crystal was static during data collection, whereas
it was rotated on ® and ¢ between images to increase coverage of
reciprocal space. Diffraction images were processed and integrated
using the Mantid Package (34) and LAUENORM from the LAUEGEN
Package (35). LAUENORM performs a wavelength normalization of
the Laue data and scaling between Laue diffraction images.

Structure determination, model building, and refinement

The initial structure was solved by molecular replacement using the
Phaser program (36), with the FrbF from Streptomyces rubellomurinus
(3SMA) as a search model. Manual model building was carried out in
Coot (37) and refined using PHENIX (38). The models exhibit good
stereochemistry as determined by MolProbity (39); final refinement sta-
tistics are listed in Table 1. Atomic coordinates and structure factors for
the apo-enzyme, the binary complexes with CoASH, acetyl-CoA, and
sisomicin, the ternary AAC-VIa-CoASH-sisomicin complex, and the
binary complex with the acetylated sisomicin have been deposited in the
PDB under the accession codes of 6BC6, 6BC5, 6BC4, 6BC7, 6BC3, and
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6BC2, respectively. Atomic coordinates and structure factors for the
room temperature neutron and x-ray diffraction structures of apo-
and sisomicin-bound AAC-VIa have been deposited in the PDB (40)
under the accession codes of 6BBR and 6BB2, respectively. All molec-
ular graphic figures were prepared by PyMOL (The PyMOL Molecular
Graphics System, Version 2.0, Schrodinger LLC).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/4/eaas8667/DC1

fig. S1. Overall structure of apo acetyltransferase AAC-Vla.

fig. S2. Kinetics and homologs of AAC-Vla.

fig. S3. The binary AAC-Vla-CoASH complex.

fig. S4. Overlay of ternary enzyme-CoASH-sisomicin complex with binary complexes of the
enzyme with CoASH, acetyl-CoA, and sisomicin.

fig. S5. Sisomicin-mediated ordering of acetyl-CoA binding site.
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