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SUMMARY

APH(200)-Ia is a widely disseminated resistance factor
frequently found in clinical isolates of Staphylo-
coccus aureus and pathogenic enterococci, where
it is constitutively expressed. APH(200)-Ia confers
high-level resistance to gentamicin and related ami-
noglycosides through phosphorylation of the antibi-
otic using guanosine triphosphate (GTP) as phos-
phate donor. We have determined crystal structures
of the APH(200)-Ia in complex with GTP analogs, gua-
nosine diphosphate, and aminoglycosides. These
structures collectively demonstrate that aminoglyco-
side binding to the GTP-bound kinase drives confor-
mational changes that bring distant regions of the
protein into contact. These changes in turn drive a
switch of the triphosphate cofactor from an inactive,
stabilized conformation to a catalytically competent
active conformation. This switch has not been pre-
viously reported for antibiotic kinases or for the
structurally related eukaryotic protein kinases. This
catalytic triphosphate switch presents a means by
which the enzyme can curtail wasteful hydrolysis of
GTP in the absence of aminoglycosides, providing
an evolutionary advantage to this enzyme.

INTRODUCTION

Aminoglycosides are one of the oldest classes of antibiotics, first

discovered in 1944 (Schatz et al., 1944). Despite their long his-

tory as potent antibacterials, unfortunately they do not meet their

full potential as clinical drugs, largely due to antibiotic resistance.

Compounds such as gentamicin are effective for treating endo-

carditis and severe systemic infections (Gonzalez and Spencer,

1998), but risk obsolescence due to the rise and spread of resis-

tance. Despite a renaissance of renewed interest in aminoglyco-

sides (Houghton et al., 2010), greater structural and mechanistic

understanding is needed to counter antimicrobial resistance to

these compounds.

Resistance to aminoglycosides is primarily conferred by

enzymatic modification, which prevents binding to the bacterial

ribosome. Aminoglycoside resistance enzymes include amino-

glycoside acetyltransferases (AAC) and aminoglycoside phos-
photransferases or kinases (APH), and one particularly wide-

spread resistance factor is the broad-spectrum, bifunctional

enzyme AAC(60)-Ie/APH(200)-Ia. This factor contains separable

enzyme domains with acetyltransferase and phosphotransfer-

ase activities. It was isolated and characterized concurrently

from staphylococci (Le Goffic et al., 1977) and enterococci

(Behnke et al., 1981). AAC(60)-Ie/APH(200)-Ia was the first identi-

fied high-level resistance factor for gentamicin (Dowding,

1977), and remains a globally prevalent clinical resistance factor

(Ardic et al., 2006; Rosvoll et al., 2012; Yadegar et al., 2009). The

C-terminal APH(200)-Ia phosphotransferase domain modifies

gentamicin, and other aminoglycosides such as kanamycin

and tobramycin are substrates for both domains (Frase et al.,

2012). The full-length AAC(60)-Ie/APH(200)-Ia enzyme appears to

exist as a compact particle (Caldwell and Berghuis, 2012; Smith

et al., 2014b), but the APH(200)-Ia domain is also stable and active

when expressed independently, and homologs are active as sin-

gle-domain enzymes (Toth et al., 2013). APH(200)-Ia enzymatic

activity is thoroughly characterized (Daigle et al., 1999; Frase

et al., 2012; Toth et al., 2009), but the structure of the enzyme

has until recently remained unknown (Smith et al., 2014a).

Like other APH enzymes (Hon et al., 1997), APH(200)-Ia is in the

eukaryotic-type protein kinase (PK) superfamily. This group also

contains serine/threonine and tyrosine PKs and small-molecule

kinases like choline kinase (Scheeff and Bourne, 2005). PKs

modify the hydroxyl group of serine, threonine, or tyrosine resi-

dues, while APH(200)-Ia modifies the 200-hydroxyl group of amino-

glycosides. Despite this difference in acceptor substrates, APH

and PK enzymes share a common reaction chemistry, using

magnesium ions to transfer the g-phosphate group from ATP

or GTP to an acceptor hydroxyl group. This phosphotransfer re-

action stabilizes a trigonal phosphate intermediate, via a pre-

sumably dissociative mechanism (Wang and Cole, 2014). In

this intermediate, electron density is drawn away from the phos-

phate center by coordination of the g-phosphate oxygen atoms

to active-site magnesium ions. This electrophilic phosphate is

then subject to nucleophilic attack from a substrate hydroxyl

group, which is deprotonated by a catalytic active-site aspartate

residue. An active-site lysine residue further stabilizes the leaving

group b-phosphate.

These enzymes have a bilobal architecture that resembles a

right hand, with the N-terminal lobe as the fingers and C-terminal

lobe as the palm. The N-terminal lobe forms the upper surface of

the nucleoside-binding cleft. It contains a five-stranded b sheet

with a dynamic b1-b2 hairpin loop, known as the glycine loop

or Gly loop, with a conserved glycine residue that facilitates
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the transfer of the g-phosphate group from the nucleoside to the

target hydroxyl. The N lobe also contains the active-site lysine.

The C-terminal lobe forms the lower surface of the nucleoside-

binding cleft, with residues that coordinate the catalytic magne-

sium ions, as well as the conserved catalytic aspartate base.

Outside of the nucleoside-binding and catalytic site, APH en-

zymes deviate considerably in architecture from PKs (Zhang

et al., 2014), most notably by a large expansion of the C-terminal

lobe. This expansion divides the C lobe into the ‘‘core subdo-

main’’ shared with PKs that contains all of the catalytic elements,

and the APH-specific ‘‘helical subdomain.’’ The helical subdo-

main forms a thumb-like extension that creates a large cleft

with the core subdomain where aminoglycosides bind (Shi

et al., 2011; Young et al., 2009).

APH and PK enzymes share an ancestral fold, but split from a

primordial ancestor around the divergence of bacteria, archaea,

and eukaryotes (Scheeff and Bourne, 2005). APH(200)-Ia and

PKs such as cyclic AMP-dependent protein kinase (cAPK)

only share 45%–50% topologically equivalent residues, and

the overlapping regions share only 17% identity. This diver-

gence in structure and function leads to vastly different

characteristics, especially in mechanisms of regulation. PKs

are heavily regulated, permitting fine control of enzyme activity

in response to cellular metabolism and physiology (Endicott

et al., 2012). Mechanisms of PK regulation converge on a

conserved catalytic architecture that facilitates productive

phosphotransfer. Modifications or interactions that distort this

architecture disrupt catalysis, while removal of the distortion

activates the enzyme (Meharena et al., 2013; Thompson

et al., 2009). Unlike PKs, APH enzymes have been considered

regulation-free catalysts optimized for efficient activity in

response to an antibiotic threat (Davies and Wright, 1997).

APH enzymes do not have an activation loop and are not

known to form protein-protein interactions or bind allosteric

activators, both common means of regulating PKs. While PKs

have evolved as regulatory physiological switches, APH en-

zymes have been subjected to evolutionary pressures of selec-

tion and microbial competition. Although poorly understood,

the fitness cost of antibiotic resistance shapes the properties

of enzymes such as APH(200)-Ia.
A thorough understanding of enzyme structure, substrate inter-

actions, and catalytic mechanism are critical to identifying

enzyme inhibitors and aminoglycosides that work in the presence

of this resistance factor. In this report, we describe multiple crys-

tal structures of APH(200)-Ia. The enzyme exhibits open and

partially closed conformations, and a fully closed conformation

in complex with nucleoside and aminoglycoside substrates.

Open conformations reflect a flexibility that allows the enzyme

to bind diverse aminoglycosides via their conserved elements.

Aminoglycoside binding, in turn, influences the enzyme’s closure.

We also observe two distinct conformations of the triphosphate

group, including a stabilized conformation that has not been iden-

tified in kinases. These two conformations appear to be in equi-

librium, and respond to the enzyme’s closure via interactions of

the triphosphatewith theGly loop. A transition between stabilized

and activated conformations represents a novel aminoglycoside-

dependent catalytic activation of the enzyme. This mechanism

may represent a novel way to regulate the enzyme in a highly

competitive environment. These structures delineate multiple
2 Structure 24, 1–11, June 7, 2016
stages in the enzyme’s catalytic cycle, which improve our under-

standing of this family of antibiotic kinases.

RESULTS

APH(200)-Ia Has an Open-Closed Transition that Brings
the Helical Subdomain into Contact with the N Lobe
We determined crystal structures of wild-type APH(200)-Ia by

cocrystallization with guanosine diphosphate (GDP), guanosine

triphosphate (GTP), GTP-g-S, guanosine-(b,g-imido)-triphos-

phate (GMPPNP), and guanosine-(b,g-methylene)-triphosphate

(GMPPCP), in saturating magnesium concentrations (Table 1).

GTP and GTP-g-S crystals only produced density consistent

with a bound GDP molecule. APH-GMPPNP and APH-GTP

crystals were soaked with aminoglycosides, yielding additional

structures of APH-GMPPNP-kanamycin A, APH-GMPPNP-

gentamicin C1, APH-GMPPNP-ribostamycin, APH-GMPPNP-

neomycin B, and APH-GDP-gentamicin C1. In addition to the

wild-type enzyme, two active-site mutants were generated, pu-

rified, and crystallized to test the influence of two residues on the

ligand conformation. The S214A and Y237F mutants of APH(200)-
Ia were purified and crystallized with GMPPNP under the same

conditions.

In all structures, four copies of the enzyme (molecules A–D,

Figure 1A inset) exist in the asymmetric unit, consistent with an

independently determined structure of the enzyme (Smith

et al., 2014a). This GDP-bound structure is similar to the struc-

ture in this report, although there are minor conformational shifts

that may be a result of slightly different crystallization conditions,

such as different growth temperatures (15�C versus 22�C for our

structures). The conformations reported by Smith et al. (2014a)

are all consistent with the structural transitions and mechanism

of APH(200)-Ia in this report.

Our expression construct contained residues 175–479 of the

full-length bifunctional enzyme, and residues �180–479 could

be built in most molecules, with the exception of two loops.

Residues 231–236 connect b3 and a2 and are frequently poorly

ordered. We refer to this loop as the B loop, equivalent to the B

helix in PK enzymes. Residues 209–216 comprise the Gly loop

and usually show interpretable density but high flexibility in

many cases. The nucleoside cosubstrates bind in the cleft be-

tween the N lobe (residues 180–279) and C lobe (residues 280–

479), and two magnesium ions, Mg1 and Mg2, are consistently

resolved with coordinating water molecules. Aminoglycoside

molecules bind in the cleft between the core (residues 280–322

and 366–432) and helical (residues 322–365 and 433–479) sub-

domains of the C lobe (Figure 1A).

In ten structures with four copies of the protein each, most

APH(200)-Ia molecules exhibit open or intermediate conforma-

tions (Figure S1). Structural changes are seen in displacements

of the helical subdomain, Gly loop, and B loop. Relative to most

open or intermediate conformations, molecule D in APH-GDP

and APH-GDP-gentamicin C1 adopts a conformation that closes

both the aminoglycoside-binding cleft and the nucleoside-bind-

ing site (Figure 1B). This change is permitted by the crystal pack-

ing, where molecule D is less constrained in the crystal lattice

than molecules A–C. A similar but less pronounced transition is

also seen by adding aminoglycoside to APH-GMPPNP crystals.

In molecule D of these structures, the helical subdomain shifts



Table 1. Data Processing and Refinement Statistics for Crystal Structures of APH(200)-Ia

APH-GMPPCP APH-GMPPNP

APH-GMPPNP-

Kanamycin A

APH-GMPPNP-

Gentamicin C1

APH-GMPPNP-

Ribostamycin

APH-GMPPNP-

Neomycin B APH-GDP

APH-GDP-

Gentamicin C1

APH S214A-

GMPPNP

APH Y237F-

GMPPNP

PDB ID 5BYL 5IQA 5IQB 5IQC 5IQD 5IQE 5IQF 5IQG 5IQH 5IQI

Data Collection

Space group P21 P21 P21 P21 P21 P21 P21 P21 P21 P21

a, b, c (Å) 90.3, 99.9,

93.6

90.2, 100.3,

94.1

89.4, 99.2, 93.5 89.8, 98.9, 93.9 90.2, 99.7, 93.4 90.2, 100.4, 93.9 90.5, 99.1,

92.3

90.3, 98.5, 93.0 90.2, 99.7,

93.3

90.2, 99.7,

93.0

a, b, g (�) 90, 105.9, 90 90, 105.0, 90 90, 105.5, 90 90, 105.5, 90 90, 104.9, 90 90, 105.3, 90 90, 105.2, 90 90, 105.3, 90 90, 105.3, 90 90, 105.1, 90

Resolution (Å) 58.92–2.15

(2.19–2.15)

56.04–2.15

(2.19–2.15)

55.36–2.30

(2.35–2.30)

58.74–2.30

(2.35–2.30)

55.93–2.20

(2.24–2.20)

67.25–2.50

(2.57–2.50)

33.19–2.35

(2.41–2.35)

55.61–2.50

(2.57–2.50)

58.84–2.25

(2.30–2.25)

33.60–2.15

(2.19–2.15)

CC1/2 0.993 (0.718a) 0.994 (0.428) 0.996 (0.431) 0.993 (0.538) 0.994 (0.504) 0.991 (0.575) 0.997 (0.511) 0.997 (0.466) 0.985 (0.571) 0.996 (0.479)

Rmerge 0.091 (0.621) 0.108 (1.211) 0.100 (1.307) 0.109 (0.981) 0.103 (1.054) 0.114 (1.047) 0.139 (1.211) 0.096 (1.091) 0.074 (0.477) 0.082 (0.623)

I/sI 12.3 (2.6) 7.8 (1.4) 9.8 (1.5) 10.9 (1.6) 8.9 (1.7) 10.6 (2.0) 10.9 (1.7) 9.0 (1.6) 10.6 (2.4) 8.4 (1.6)

Completeness (%) 95.0 (65.6) 94.4 (100.0) 99.0 (98.1) 96.2 (100.0) 100.0 (100.0) 100.0 (100.0) 100.0 (100.0) 100.0 (99.9) 96.6 (98.3) 99.8 (97.2)

Multiplicity 3.9 (3.8) 4.7 (4.6) 4.3 (4.3) 4.3 (4.3) 4.2 (4.2) 4.7 (4.7) 7.2 (6.9) 4.2 (4.2) 2.0 (1.9) 3.4 (3.0)

Refinement

No. of unique

reflections

83,033 83,234 69,241 67,766 81,110 55,938 65,574 54,412 72,914 86,206

Rwork/Rfree 0.1559/0.1983 0.1666/0.2055 0.1664/0.2107 0.1741/0.2269 0.1637/0.2034 0.1671/0.213 0.1795/0.229 0.1850/0.2298 0.1572/0.1987 0.1635/0.2101

No. of atoms

Protein 9,827 9,832 9,624 9,839 9,791 9,685 9,934 9,758 9,646 9,785

Ligands 194 176 307 323 308 331 141 261 164 145

Water 1,059 721 767 996 1,130 654 925 466 1,074 1,660

B factors

Protein 48.2 51.4 59.3 56.2 44.1 66.3 50.2 62.8 49.2 47.4

Ligands 47.3 45.7 51.9 54.0 42.7 93.2 43.5 62.6 46.5 43.5

Water 54.3 52.1 59.4 57.7 53.4 65.5 52.2 57.5 55.7 58.7

Rmsd

Bond lengths (Å) 0.0159 0.0152 0.0140 0.0128 0.0157 0.0137 0.0130 0.0136 0.0152 0.0151

Bond angles (�) 1.5820 1.5710 1.5180 1.4850 1.6530 1.5420 1.5800 1.6250 1.5360 1.6460

Ramachandran (%)

Favored 97.57 97.79 97.29 96.75 97.33 96.73 97.22 96.60 97.03 97.10

Allowed 2.00 1.70 2.62 2.56 1.72 1.98 1.93 2.98 2.45 1.96

Outlier 0.43 0.51 0.09 0.68 0.95 1.29 0.84 0.43 0.52 0.94

Rmsd, root-mean-square deviations.
aThe CC1/2 value for this outer shell is limited by the partial completeness of this shell.

S
tru

c
tu
re

2
4
,
1
–
1
1
,
J
u
n
e
7
,
2
0
1
6

3

P
le
a
se

c
ite

th
is
a
rtic

le
in

p
re
ss

a
s:

C
a
ld
w
e
lle

t
a
l.,

A
n
tib

io
tic

B
in
d
in
g
D
rive

s
C
a
ta
lytic

A
c
tiva

tio
n
o
f
A
m
in
o
g
lyc

o
sid

e
K
in
a
se

A
P
H
(2 00)-Ia

,
S
tru

c
tu
re

(2
0
1
6
),

h
ttp

://d
x.d

o
i.o

rg
/1
0
.1
0
1
6
/j.str.2

0
1
6
.0
4
.0
0
2



A B C

D

Figure 1. Structure and Conformational Flexibility of APH(200)-Ia
(A) Four copies (A–D) of APH(200)-Ia are found in each crystal structure. The N-terminal lobe (yellow) is composed of two a helices and a five-stranded b sheet,

including the b1-b2 Gly loop and b3-a2 B loop. The C-terminal lobe can be divided into core (blue) and helical (green) subdomains. Guanosine nucleosides and

magnesium ions bind in the cleft between the N lobe and core subdomain (star), while aminoglycosides bind in the cleft formed between core and helical

subdomains (triangle).

(B) Superposition of open (GMPPNP-bound, molecule A, in red) and fully closed (GDP-bound, molecule D) conformations of APH(200)-Ia indicate the transition

between enzyme states. Black bars mark displacement of equivalent a-carbon atoms. An inward shift of the helical subdomain and rearrangement of the N lobe

loops close the active site around the substrates.

(C) Movements of the helical subdomain upon aminoglycoside binding partially close the active site. These shifts are restricted by the crystal packing envi-

ronment, but are still induced following the introduction of aminoglycoside by soaking. Each shown is molecule D of the respective crystal structure.

(D) Aminoglycoside-induced enzyme closure brings helical subdomain residues into contact distance with N lobe loops.

All molecular graphics were generated using PyMol (Schrödinger). See also Figure S1.
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inward when an aminoglycoside is introduced (Figure 1C),

bringing residues of the helical subdomain into contact with the

Gly loop andB loop, which are perturbed (Figure 1D). The relative

mobility of the helical subdomain, indicated by thermal factors,

also decreases upon binding aminoglycoside, indicating that

binding stabilizes the subdomain in a single conformation. These

open and closed structures are equivalent to those observed in

the related APH(200)-IVa (Shi et al., 2011). Flexibility of the open

conformations appears to allow diverse aminoglycosides to

bind, followed by enzymatic closure that facilitates catalysis.

4,6- and 4,5-Aminoglycosides Bind APH(200)-Ia via Their
Conserved Scaffold, but Only 4,6-Aminoglycosides Can
Be Productively Modified
We introduced 4,6-disubstituted (kanamycin A, gentamicin C1)

and 4,5-disubstituted (ribostamycin, neomycin B) aminoglyco-

sides to APH-GMPPNP crystals to compare their binding

modes. These aminoglycoside families share a neamine-like

core (Figure 2A) that is critical to the ribosomal binding of these

aminoglycosides (Vicens and Westhof, 2003). Both contain a

central 2-deoxystreptamine ring linked to an aminohexose

sugar at position 4, but the 4,6-disubstituted aminoglycosides

have an aminohexose at position 6, while 4,5-disubstituted

aminoglycosides link one or more sugars at position 5. These

antibiotics all bind to APH(200)-Ia, and all but neomycin, the

largest aminoglycoside added, show complete binding to all

protein molecules (Figure S2). Ionic and hydrogen-bonding in-

teractions form between the neamine core and the protein (Fig-

ure 2B), as well as carbohydrate-p interactions important for

aminoglycoside selectivity (Vacas et al., 2010). The conserved
4 Structure 24, 1–11, June 7, 2016
rings of these antibiotics lie in an identical position, while the

5- and 6-linked ring positions vary according to the aminogly-

coside’s structure (Figure 2C).

APH(200)-Ia binds 4,5- and 4,6-disubstituted aminoglycosides,

although 4,5-disubstituted compounds are modified at an

extremely low rate (Frase et al., 2012). Our structures reaffirm

that the 4,5-disubstituted aminoglycosides are bound but

cannot be modified by the enzyme. 4,6-Disubstituted com-

pounds position a nucleophilic group to react with theGTP phos-

phate, while 4,5-disubstituted compounds do not (Figure 2D).

Kanamycin places the acceptor 200-hydroxyl directly in line for re-
action with appropriately positioned g-phosphate, and genta-

micin shows greater flexibility of the modified ring, but can easily

access the same conformation for catalysis. In the fully closed

structure with gentamicin and GDP, the aminoglycoside is posi-

tioned almost identically to the protein substrates of PKs such as

cAPK (Figure 2E) (Madhusudan et al., 2002). Aminoglycosides in

turn appear to influence the triphosphate cosubstrate through

closure of the helical subdomain.

Triphosphate Analog Groups Exhibit Distinct
Conformations in Equilibrium in the APH(200)-Ia
Active Site
APH(200)-Ia-GTP and APH(200)-Ia-GTP-g-S cocrystals only pro-

duced electron density consistent with the GDP-bound form.

To approximate the interaction of APH(200)-Ia with GTP, we

cocrystallized the enzyme with the analogs GMPPNP and

GMPPCP. While the bridging nitrogen and carbon atoms of the

analogs are chemically distinct from the oxygen of GTP, the

imine group of GMPPNP contains a hydrogen bond-accepting
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Figure 2. Aminoglycoside Binding by APH(200)-Ia
(A) 4,6-Disubstituted and 4,5-disubstituted aminoglycosides. These compounds were introduced into APH-GMPPNP crystals.

(B) The common neamine-like core of 4,6- and 4,5-disubstituted aminoglycosides binds to a pre-organized platform in APH(200)-Ia that consists of hydrogen bond,
ionic, and ring-stacking interactions.

(C) The common 2-deoxystreptamine and 4-aminohexose rings of bound aminoglycosides adopt identical orientation, while the 5- and 6-linked rings are

accommodated in variable positions. Carbon atoms of the central 2-deoxystreptamine ring are numbered. Structures are superimposed using the core sub-

domain of the protein only.

(D) Kanamycin binds in an orientation consistent with productive catalysis from the activated phosphate. Gentamicin can also adopt this conformation through

rotation about one bond.

(E) The GDP + gentamicin-bound APH(200)-Ia closely matches the transition state mimic structure of cAPK (PDB: 1L3R).

See also Figure S2.
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lone electron pair and can form analogous interactions to GTP.

The methylene group of GMPPCP cannot. Structures with

GMPPNP clearly show two distinct conformations of the triphos-

phate group: an activated conformation that adopts the same

coordination seen in PKs and other APH enzymes, and a stabi-

lized conformation that rotates the g-phosphate away from the

substrate into a position that is not compatible with catalysis

(Figure 3A).

In the stabilized conformation, the enzyme does not formmost

of the interactions that are required for catalysis in kinases (Wang

and Cole, 2014). The g-phosphate does not coordinate between

the two catalytic magnesium ions (Madhusudan et al., 2002).

There is no catalytic base in position to activate the incoming

nucleophile, and no positively charged residue in place to

stabilize the leaving group. However, two hydrogen bonds are

formed between the triphosphate and residues S214 of the Gly

loop and Y237.

While most GMPPNP structures show a predominantly stabi-

lized conformation (Figure 3B), in some instances there is an in-

tracrystal equilibrium (Figures 3C and S3). This equilibrium shifts

from the predominantly stabilized conformation without amino-

glycoside toward the activated state when aminoglycoside is

bound. This even occurs with 4,5-disubstituted neomycin, which

binds too far from the nucleoside to have any direct influence

(Figure 3C).

S214 and Y237 play a role in this equilibrium. Removal of

these hydrogen bonds disrupts the stabilized conformation.

GMPPCP lacks the bridging nitrogen to form the hydrogen
bond with S214, so the GMPPCP-bound enzyme shows almost

exclusively activated triphosphate conformation (Figure 3D). The

S214A mutant also removes this interaction, and S214A-bound

GMPPNP also adopts the activated conformation (Figure 3E).

The Y237F mutant removes the other hydrogen bond between

the phosphate and the protein, and we observe greatly reduced

electron density for the g-phosphate (Figure 3F). This may indi-

cate higher mobility of the g-phosphate, or cofactor hydrolysis

within the crystal (fresh wild-type crystals from the same re-

agents and incubated at the same time showed electron density

for a complete occupancy g-phosphate). In either case, the sta-

bilized conformation of the cofactor is compromised by the loss

of the Y237 hydrogen bond. Loss of the S214 or Y237 contacts

with the g-phosphate highlight how conformation of the triphos-

phate is influenced by changes in these active-site residues,

especially the Gly loop S214.

The Gly Loop of APH(200)-Ia Connects Gross Enzyme
Closure to the Active Site
The rigid-body closure of APH(200)-Ia is accompanied by

changes in the Gly loop, which closes the active site. This loop

is highly dynamic in PKs (Taylor et al., 2004), and the electron

density in our models reflects this dynamism. In open conforma-

tions, the loop is fixed above the stabilized triphosphate (Fig-

ure 4A). Intermediate conformations have a Gly loop that refines

with high thermal factors (Figure 4B) and in some cases cannot

be modeled unambiguously. In the closed conformation, the

Gly loop is displaced by 4.4 Å over the active site and fixed in
Structure 24, 1–11, June 7, 2016 5
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Substrate
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60% activated

D374

H379

Y237
K226
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+ Gentamicin C1
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~50% activated

+ Gentamicin C1
+ Neomycin B

S214A

Y237F

A
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D E F

Figure 3. Conformations of Triphosphate

Group in Structures of APH(200)-Ia
(A) Stabilized and activated conformations of

nucleoside make dramatically different coordina-

tion and hydrogen bond interactions with mag-

nesium ions and amino acids in the APH(200)-Ia
active site. The stabilized conformation of

triphosphate cannot facilitate productive catal-

ysis, while the activated conformation facilitates

the transfer of g-phosphate from GTP to the

substrate.

(B) Stabilized triphosphate conformation of

GMPPNP in molecule A of the APH-GMPPNP

structure. Coordinating and catalytic residues are

indicated, while aspartate 393 is obscured but

coordinates the magnesium ions. Addition of

gentamicin C1 to crystals drives a conversion to-

ward the activated conformation in this chain of

the crystal structure.

(C) Equilibrium between stabilized and activated

conformation in molecule D of the APH-GMPPNP

structure indicates that these conformations are

interconvertible. Addition of both gentamicin C1

or neomycin B drives the equilibrium toward the

fully activated form.

(D) GMPPCP, which lacks the polar b-g bridging

atom, adopts exclusively activated triphosphate

conformation.

(E) Removal of the polar group of S214 by muta-

genesis also releases the triphosphate to adopt

the activated conformation.

(F) Removal of the side chain of Y237 also releases

the triphosphate, and possibly leads to break-

down of the GMPPNP cofactor in the crystal.

All difference maps are refined omit Fo-Fc differ-

ence density maps, contoured at 3.5s. See also

Figure S3.
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a well-defined position with low-temperature factors (Figure 4C).

This occurs in concert with other structural changes. A new

hydrogen bond forms between Y455 of the helical subdomain

and the peptide backbone at the tip of the Gly loop. The adjacent

B loop also adopts an ordered conformation, contacting N459 of

the helical subdomain. In this rearranged position, F229 of the B

loop packs atop the closed Gly loop, which moves to form a

hydrogen bond between S214 and the buried Y237 and closes

the hole left by movement of the g-phosphate out of the stabi-

lized conformation. Thus, this position is only accessible after

transition of the triphosphate to the activated conformation. In

this closed conformation, the Gly-loop backbone is identical to

PKs during catalysis, which fully recapitulates the active site of

eukaryotic PKs such as cAPK. We can then infer the transition

state that would be stabilized in the APH(200)-Ia active site (Fig-

ures 4C and S4).
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DISCUSSION

APH(200)-Ia Open-Closed Transition
Links Aminoglycoside Binding to
Catalysis through the Gly Loop
Crystal structures of APH(200)-Ia delineate

flexible open and partially closed confor-

mations, and a fully closed conformation
where the helical subdomain moves inward, stabilizes loops

from the N-terminal lobe, and closes the active site. We see

evidence for an open-closed transition by comparing the GDP-

bound cocrystal structure with GMPPNP-bound structures, and

by comparing aminoglycoside-free and aminoglycoside-bound

GMPPNP structures. This transition appears to be sensitive to

both nucleoside and aminoglycoside binding, suggesting cooper-

ative behavior. These movements are constrained by packing in

the crystal lattice, and we note that the most dramatic changes

occur in the protein molecule least restricted by packing, so it is

likely that the enzyme undergoes larger transitions when free in

solution.

Driven by enzyme closure and substrate binding, the Gly loop

descends over the active site to stabilize the transfer of g-phos-

phate to the substrate, as occurs in PKs (Bastidas et al., 2013;

Gerlits et al., 2013; Stamos et al., 2014). We observe that the



A

B

C

Figure 4. Interactions between the Helical Subdomain and N Lobe

Loops Connect Enzyme Closure to Triphosphate Activation

Atoms are colored based upon refined atomic displacement factors (B fac-

tors), where red indicates high mobility and blue low mobility. Side chains of

most residues are omitted from this figure for clarity.

(A) In open conformations, theGly loop has lowmobility and fixes the stabilized

triphosphate through a hydrogen bond with S214. Residues from the helical

subdomain do not contact any residues in the N lobe of the enzyme.

(B) In intermediate conformations, the Gly loop has high thermal factors,

indicating flexibility. This mobility results from a 2.9-Å inward closure of the

helical subdomain which clashes with the open Gly loop. In these structures,

the triphosphate group equilibrates between stabilized and activated confor-

mations.

(C) In the fully closed conformation, a 3.8-Å displacement of the helical sub-

domain allows a hydrogen bond to form between the Gly loop and Y455. N459

also forms a hydrogen bond to the adjacent b3-a2 B loop, which in turn sta-

bilizes the Gly loop �4.4 Å lower with much lower disorder. A new hydrogen

bond between S214 and Y237 also stabilizes this Gly-loop conformation. This

loop conformation is equivalent to that of PKs in the catalytic conformation,
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loop becomes more dynamic in intermediate states, consistent

with the conformational selection that is required to bring this

loop to a catalytic position (McNamara et al., 2011).

If kinases are a right hand, the Gly loop acts as the nimble fin-

gertips of the enzyme, exerting fine control upon substrates. In

APH(200)-Ia it connects gross closure of the enzyme to the enzyme

active site, echoing its role in PKs. In open conformations, the loop

forms a hairpin above the active site, although it maintains the

S214 hydrogen bond that fixes the triphosphate non-catalytic

conformation. Upon enzyme closure, the Gly loop moves down-

wardover the triphosphate-bindingsite, excludesaccess towater,

and adopts a conformation that facilitates productive phosphate

transfer, placing a backbone peptide in position to stabilize

the transferred phosphate group. This conformation is identical

to that of kinases such as cAPK (Madhusudan et al., 2002) (Fig-

ure S4), illustrating that Gly-loop function is conserved between

APH(200) andPKs,despite sharingnomeaningful sequence identity

beyond theG211 residue that permits this peptide group flexibility.

Interestingly, the Gly loop of APH(200)-Ia reflects eukaryotic

PKs much better than APH(30)-IIIa, the prototypical aminoglyco-

side kinase. This enzyme has an insertion in this loop and adopts

a different activating conformation (Burk et al., 2001). This differ-

ence is consistent with different solutions for aminoglycoside

specificity in these enzymes: APH(30)-IIIa maintains a rigid struc-

ture and accommodates binding though loop rearrangements

(Fong and Berghuis, 2002), while APH(200) enzymes exhibit

rigid-body closure around substrate, more closely resembling

PKs and choline kinase, which also contains a thumb-like helical

subdomain (Peisach et al., 2003).

Stabilized Triphosphate Is a Novel Conformation that
May Abrogate Non-specific Cofactor Hydrolysis
The open-closed transition in APH(200)-Ia brings distal regions of

the protein into contact, similar to activationmechanisms in PKs.

Thus, APH(200)-Ia is consistent with patterns of induced ligand

activation in the broader kinase family. By contrast, this enzyme

also exhibits a novel phenomenon: a switch between two well-

defined triphosphate conformations.

APH(200)-Ia and other kinases converge upon the same cata-

lytic mechanism, and the activated conformation of triphosphate

in APH(200)-Ia is identical to that of triphosphates in triphosphate-

bound PKs (Zheng et al., 1993) and other APH enzymes (Burk

et al., 2001). However, the novel stabilized conformation is

not easily compared with previous kinase structures. Several

similar triphosphates have been observed (Lisa et al., 2015; Ter-

eshko et al., 2001; Wu et al., 2008; Young et al., 2009), but none

exhibit the same pattern of productive hydrogen bonding and

metal coordination as the GMPPNP triphosphate in APH(200)-Ia.
Most appear loosely bound, with no ascribed function. The

well-defined electron density and productive hydrogen bonds

formed by the stabilized conformation in APH(200)-Ia suggest

that this substrate conformation could be physiologically impor-

tant, even if it is not compatible with productive catalysis.

We were fortunate to determine conditions for rapid APH(200)-
Ia crystal growth (1–2 days), which minimized the time in which
where the backbone amide next to G211 contacts the transferred g-phos-

phate, indicated in schematic.

See also Figure S4.
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the cofactors could break down. However, GTP and the analog

GTP-g-S were completely hydrolyzed by the enzyme during

the crystal growth. The more stable analog GMPPNP, which

substitutes a nitrogen for bridging oxygen, was fully accounted

for in all structures except the Y237F mutant, in which approxi-

mately half of the electron density for the g-phosphate group

was missing. Breakdown and catalysis of this cofactor has pre-

cedent (Bastidas et al., 2013), so hydrolysis of this cofactor may

be possible in these crystals.

Kinases require the coordination of the transferred phosphate

to two magnesium ions for efficient phosphotransfer (Bao et al.,

2011), and thus the g-phosphate coordinated to only the distal

magnesium (Mg1) in the stabilized conformation is not reactive

and sequestered in an inert conformation. Two other necessary

elements of kinase catalysis are missing in this conformation:

the lysine (K226) residue that stabilizes the leaving group, and

the catalytic aspartate (D374) that activates the substrate nucle-

ophile for catalysis (Figure 3A). In addition, in the stabilized

conformation, the phosphate is directed toward disordered sol-

vent in the enzyme’s cleft, which could not effectively react with

the g-phosphate. This non-reactive, stabilized triphosphate con-

formation also precludes the closed conformation of the Gly

loop. To adopt the closed conformation, residue S214 forms a

hydrogen bond with buried Y237 in the back of the active site

(Figure 4C). The stabilized triphosphate directly obstructs the

loop from reaching this position. Therefore, we believe the stabi-

lized conformation is protected from the wasteful hydrolysis that

occurs in an indiscriminately active enzyme (Rominger et al.,

2007).

Aminoglycosides Bind to APH(200)-Ia via Conserved
Rings, while Variable Rings Dictate Reactivity
APH(200)-Iapresents apre-formedplatform tobindboth4,5-disub-

stituted and 4,6-disubstituted aminoglycosides in the same way,

forming the same interactions with conserved rings of these com-

pounds, while the non-conserved rings are accommodated in the

cleft between the core andhelical subdomains. This bindingmode

mimics the binding of both types of aminoglycoside to the ribo-

somal target site and to other broad-spectrum enzymes such as

AAC(60)-Ib (Vetting et al., 2008) and APH(30)-IIIa (Fong and Ber-

ghuis, 2002), with one distinction. AAC(60)-Ib and APH(30)-IIIa
modify groups on the shared 4-aminohexose ring of both amino-

glycoside classes, while APH(200)-Ia modifies the 6-aminohexose

ring, only present in 4,6-aminoglycosides (Frase et al., 2012).

Our structuresexplain this, as the4,5-aminoglycosidesdonotpre-

sent any acceptor groups near the phosphate-transferring active

center. This leaves us with a conundrum: why bind 4,5-aminogly-

cosides at all? It is possible that binding allows the enzyme to

confer low-level resistance by sequestering the antibiotic away

from its ribosomal target. Examples of this effect have been

described for other aminoglycoside-modifying enzymes (Magnet

et al., 2003; McGann et al., 2014). Apparent KM measurements

of the enzyme indicate affinity of the compound in the low micro-

molar range (Daigle et al., 1999), and simple binding of the com-

poundmay provide sufficient resistance at low antibiotic concen-

trations. In addition,most 4,5 aminoglycosidescanbemodifiedby

the AAC domain of full-length AAC(60)-Ie/APH(200)-Ia, so binding to

the APH(200)-Ia domain could also serve as a temporary ‘‘holding

cell’’ for these compounds before acetylation by AAC.
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Aminoglycoside Binding Drives a Catalytic Activation of
APH(200)-Ia
The change between stabilized and activated triphosphate con-

formations suggests a physiological role. The stabilized catalyti-

cally inert triphosphate could protect this cofactor in the absence

of substrate. This conformation would allow the enzyme to bind

GTP and remain inert until the activated conformation is adopted.

We observe that the addition of aminoglycosides leads to a shift

toward the activated conformation (Figures 3B, 3C, and S3), and

this structural transition may be a response to substrate binding.

A stabilized-activated switch could reduce unproductive hydroly-

sis of the activated GTP. This switch could give the enzyme a se-

lective advantage in natural populations where conditions are in

flux. This agrees well with observations that the non-substrate

4,5-disubstituted aminoglycosides induce increased back-

ground enzymatic hydrolysis (Frase et al., 2012).

Substrate-induced activation challenges the understanding of

antibiotic resistance enzymes as catalytically optimized regula-

tion-free machines. However, these enzymes emerged from a

natural environment where fierce competition for resources

would have driven the enzyme to conserve energy. Non-specific

wasteful enzymes incur a fitness cost, and conservative en-

zymes gain a selective advantage. This mechanism indicates

that APH(200)-Ia has developed means of reducing the energy

cost in a mode of enzyme regulation distinct from that in PKs.

Further examination of the effect of cofactor hydrolysis by this

enzyme may increase our understanding of enzymatic efficiency

in resistance factors under strong environmental selection.

Implications for Developing Anti-infectives toward
APH(200)-Ia
Binding of 4,5-disubstituted aminoglycosides by APH(200)-Ia sug-
gests several enzyme-specific inhibitor designs. Compounds

such as ribostamycin and neomycin interact at concentrations

similar to that of substrate antibiotics (Daigle et al., 1999), and

will act as competitive inhibitors with respect to other aminogly-

cosides. They could serve as a starting point for antibiotic-

competitive inhibitors. These compounds also influence the

switch between stabilized and activated triphosphate con-

formations, and if this switch promotes greater background

hydrolysis, this reaction could drive selective pressure against

bacteria expressing this resistance enzyme. Conversely, com-

pounds that stabilize the inactive state could inhibit the

enzyme, as it would remain incapable of modifying aminoglyco-

sides. Of course, any strategy to inhibit APH(200)-Iamust consider

the full-length AAC(60)-Ie/APH(200)-Ia, which also has aminogly-

coside acetyltransferase activity. The structure of the AAC(60)-
Ie domain was also recently determined (Smith et al., 2014b),

and it may be possible to develop inhibitors that target both

domains.

Conclusions
Despite their evolutionary divergence, APH(200)-Ia and eukary-

otic PKs share structural features. The enzyme’s catalytic

machinery, including coordination geometry, Gly loop, and

important catalytic residues, are almost identical between

APH(200)-Ia and PKs. On substrate binding, the enzyme shows

a transition between open and closed conformations that con-

nects the distal helical subdomain to the Gly loop, which links to
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the enzyme’s catalytic activation. A switch between two well-

defined triphosphate conformations suggests a novel mode of

enzyme regulation that reduces spontaneous hydrolysis of

the GTP cofactor in the absence of an aminoglycoside, but

activates when aminoglycosides are bound. This mechanism

may reduce the fitness cost of the enzyme and provide a selec-

tive advantage through a lower rate of spontaneous cofactor

hydrolysis.

EXPERIMENTAL PROCEDURES

Protein Production and Purification

A pET22 vector expressing residues 175–479 of the full-length AAC(60)-Ie/
APH(200)-Ia protein was obtained from G.D. Wright. This contains the minimal

active APH fragment of the enzyme (Boehr et al., 2004). The S214A and

Y237F mutants were generated by site-directed mutagenesis, using the

PfuX7 enzyme (Nørholm, 2010). Expression plasmids were transformed

into Escherichia coli BL21 (lDE3), and expression was carried out overnight

in 500 ml of ZYP-5052 autoinduction media (Studier, 2005). The cells were

harvested by centrifugation at 5,000 3 g and flash-frozen. Cells were lysed

after thawing by resuspending in 25 mM HEPES (pH 7.5) and 25 mM

NaCl, and ultrasonification on ice. The lysate was clarified by centrifugation

at 50,000 3 g for 30 min and passed over a kanamycin-agarose column pre-

pared by covalently linking kanamycin A (Sigma-Aldrich) to the active ester

resin Affi-Gel 15 (Bio-Rad) as described by the manufacturer. The protein

was eluted using a linear gradient from 25 to 500 mM NaCl, and the fractions

containing APH(200)-Ia, as verified by SDS-PAGE, were pooled. This pooled

protein was further purified by size-exclusion chromatography to >95% pro-

tein purity using a Superdex 75 26/60 column (GE Healthcare Life Sciences),

with a buffer of 10 mM HEPES (pH 7.5) and 5% (w/v) glycerol. Overall, this

process yielded more than 25 mg of protein per liter of culture, which was

concentrated to �10–15 mg/ml and flash-frozen before setting up crystalliza-

tion screens.

Crystallization

Crystals of APH(200)-Ia were grown in the presence of GMPPNP, GMPPCP,

GDP, GTP, or GTP-g-S (Sigma-Aldrich) by the hanging-drop vapor diffusion

method at 22�C. Approximately 10 mg/ml protein was prepared with

2–3 mM nucleoside and 4–6mMMgCl2 prior to mixing with a mother liquor so-

lution consisting of 10% polyethylene glycol 3350, 8%–10% glycerol, 100 mM

HEPES buffer (pH 7.5), and 80–120 mM MgCl2. A 2:1 volume of protein solu-

tion/mother liquor was prepared and pre-incubated overnight, before recovery

and filtration in a 0.22-mm spin filter. This pre-equilibrated mixture was then

mixed 1:1 with mother liquor in a hanging-drop format and streak-seeded

with horse hair to nucleate new crystal formation (Bergfors, 2003). Plate-

shaped crystals 100–250 mm in size appeared within 12 hr. Aminoglycosides

were soaked into respective crystal solutions by preparing solutions of

ribostamycin, kanamycin A, neomycin B (Sigma-Aldrich), or gentamicin C1

(TOKU-E biosciences) at 2 mM in mother liquor and adding 1 ml of this solution

to the drop containing protein crystals. These soaks were allowed to equili-

brate for 12–36 hr prior to mounting and rapid cryocooling of the crystal for

diffraction. Crystals of APH-GDP-gentamicin C1 were the result of a cocrystal-

lization with GTP, followed by a soak with gentamicin C1, in which the GTP had

all spontaneously converted to GDP by the time of data collection. Crystals of

APH-GTP and APH-GTP-g-S all produced density consistent with that of GDP,

so the highest-resolution dataset of these three (prepared with GTP-g-S) was

used as our final GDP-bound model.

Data Collection, Reduction, and Phasing

Most datasets were collected at the Canadian Light Source synchrotron. The

APH Y237F-GMPPNP and APH-GDP datasets were collected on a Rigaku

Micromax 007 diffractometer with Saturn 944+ detector. Data were indexed

and integrated in space group P21 using iMosflm (Battye et al., 2011). Inte-

grated data were scaled and merged using AIMLESS (Winn et al., 2011).

With the exception of the APH-GMPPCP dataset, which was truncated

when the completeness dropped to 65%, datasets were truncated when
the CC1/2 value for the data reached 0.5, rounded to the nearest 0.05 Å.

Weaker reflections were used throughout the model building and refinement

process to help improve model quality as described by Karplus and Dieder-

ichs (2012).

The initial structure of the enzyme was determined using the dataset for the

APH(200)-Ia-GMPPNP complex. The crystal structure of the apo form of

APH(200)-IIa (PDB: 3UZR) was used for molecular replacement using Phaser

(McCoy et al., 2007). Removal of residues 1–9, 123–186, and 287–296 of

this model and truncation of non-conserved side chains facilitated the location

of four copies of the protein within the asymmetric unit.

Iterative model building using Coot (Emsley and Cowtan, 2004) and

refinement using REFMAC5 (Murshudov et al., 1997) were used to build

and refine the structure, using non-crystallographic symmetry (NCS) map

averaging to aid model building until the protein main chain was complete,

and torsion-based NCS restraints to aid refinement. The TLSMD server

(Painter and Merritt, 2006) was used to select TLS boundaries for the mole-

cule, although groups were manually set in final rounds of refinement and

kept consistent between all models. The APH-GMPPNP structure was

refined to a crystallographic R factor of 0.166 and Rfree of 0.207. Additional

datasets were solved by Fourier synthesis and rigid-body refinement of

the completed APH(200 )-Ia-GMPPNP model, followed by rebuilding in

Coot and refinement in REFMAC5. Statistics for these models are provided

in Table 1.

ACCESSION NUMBERS

Structures were deposited in the PDB with accession codes PDB: 5IQA

(APH(200)-Ia + GMPPNP), 5BYL (APH(200)-Ia + GMPPCP), 5IQB (APH(200)-Ia +

GMPPNP + kanamycin A), 5IQC (APH(200)-Ia + GMPPNP + gentamicin C1),

5IQD (APH(200)-Ia + GMPPNP + ribostamycin), 5IQE (APH(200)-Ia + GMPPNP +

neomycin B), 5IQF (APH(200)-Ia + GDP), 5IQG (APH(200)-Ia + GDP + gentamicin

C1), 5IQH (S214A APH(200)-Ia + GMPPNP), and 5IQI (Y237F APH(200)-Ia +

GMPPNP).
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