J AMERICAN mB' &
8 sociETy For
MICROBIOLOGY

RESEARCH ARTICLE
Molecular Biology and Physiology

L)

Check for
updates

Cryo-EM Structures of a Gonococcal Multidrug Efflux Pump
Illuminate a Mechanism of Drug Recognition and Resistance

Meinan Lyu, Mitchell A. Moseng,? Jennifer L. Reimche,P<* Concerta L. Holley,*< Vijaya Dhulipala,*< Chih-Chia Su,?

William M. Shafer,b-<d (2 Edward W. Yu?

2Department of Pharmacology, Case Western Reserve University School of Medicine, Cleveland, Ohio, USA
bDepartment of Microbiology and Immunology, Emory University School of Medicine, Atlanta, Georgia, USA
“Emory Antibiotic Resistance Center, Emory University School of Medicine, Atlanta, Georgia, USA
dLaboratories of Microbial Pathogenesis, VA Medical Center, Decatur, Georgia, USA

Meinan Lyu and Mitchell A. Moseng contributed equally to this work. Author order was determined both alphabetically and in order of increasing seniority.

ABSTRACT Neisseria gonorrhoeae is an obligate human pathogen and causative
agent of the sexually transmitted infection (STI) gonorrhea. The most predominant
and clinically important multidrug efflux system in N. gonorrhoeae is the multiple
transferrable resistance (Mtr) pump, which mediates resistance to a number of differ-
ent classes of structurally diverse antimicrobial agents, including clinically used anti-
biotics (e.g., B-lactams and macrolides), dyes, detergents and host-derived antimicro-
bials (e.g., cationic antimicrobial peptides and bile salts). Recently, it has been found
that gonococci bearing mosaic-like sequences within the mtrD gene can result in
amino acid changes that increase the MtrD multidrug efflux pump activity, probably
by influencing antimicrobial recognition and/or extrusion to elevate the level of anti-
biotic resistance. Here, we report drug-bound solution structures of the MtrD multi-
drug efflux pump carrying a mosaic-like sequence using single-particle cryo-electron
microscopy, with the antibiotics bound deeply inside the periplasmic domain of the
pump. Through this structural approach coupled with genetic studies, we identify
critical amino acids that are important for drug resistance and propose a mechanism
for proton translocation.

IMPORTANCE Neisseria gonorrhoeae has become a highly antimicrobial-resistant Gram-
negative pathogen. Multidrug efflux is a major mechanism that N. gonorrhoeae uses
to counteract the action of multiple classes of antibiotics. It appears that gonococci
bearing mosaic-like sequences within the gene mtrD, encoding the most predomi-
nant and clinically important transporter of any gonococcal multidrug efflux pump,
significantly elevate drug resistance and enhance transport function. Here, we report
cryo-electron microscopy (EM) structures of N. gonorrhoeae MtrD carrying a mosaic-
like sequence that allow us to understand the mechanism of drug recognition. Our
work will ultimately inform structure-guided drug design for inhibiting these critical
multidrug efflux pumps.

KEYWORDS cryo-EM, Neisseria gonorrhoeae, efflux pumps, multidrug resistance,
structural biology

eisseria gonorrhoeae is a Gram-negative diplococcus, which infects humans and
causes the sexually transmitted infection (STI) gonorrhea. Gonorrhea is one of the
oldest described diseases and remains a significant global problem, with ca. 87 million
cases reported annually worldwide (1). Antimicrobial resistance (AMR) is a major
concern for the effective treatment of gonorrhea and threatens future clinical treat-
ment regimens, especially if new antibiotics are not brought into clinical practice (2, 3).
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In 2018, the emergence of a “super drug-resistant” strain of N. gonorrhoeae was
identified in the United Kingdom (4). Infection caused by this strain was refractory to
treatment by azithromycin (Azi) and ceftriaxone (Cro), the two antibiotics recom-
mended as the first-choices for dual treatment of gonorrhea.

Since N. gonorrhoeae is strictly a human pathogen and can colonize both male and
female genital mucosal surfaces and other sites, it has developed various mechanisms
to overcome the antimicrobial systems of the host innate immunity (5). The gonococ-
cus employs a number of strategies to evade host attack. It possesses an intricate
mechanism of antigenic variability through the differential expression of the genome
(6). It is able to acquire new genetic material, cause asymptomatic infections, and
readily develop resistance to antimicrobials (2, 3, 7). Invasive gonorrhea infections,
which are often found in women, can provoke severe reproductive or general health
complications. Furthermore, many gonorrheal infections, especially in women, are
asymptomatic and can be silently spread to sexual partners and create serious future
medical problems for these patients.

Multidrug efflux is considered one of the major causes of the failure of drug-based
treatments of infectious diseases, which appears to be increasing in prevalence (8). In
N. gonorrhoeae, the best characterized and most clinically important multidrug efflux
system that mediates multidrug resistance (MDR) is the multiple transferrable resis-
tance (Mtr)CDE tripartite efflux pump (9-16). This system recognizes and confers
resistance to a variety of antimicrobial agents, including macrolides, B-lactams, cationic
antimicrobial peptides, bile salts, dyes, and detergents (17). The mtrCDE locus consists
of three tandemly linked genes encoding MtrC, MtrD, and MtrE, where all three
components are absolutely required for substrate extrusion. This tripartite system
comprises the MtrD inner membrane multidrug efflux pump and belongs to the
resistance-nodulation-cell division (RND) superfamily of transport proteins (18), which
constitutes substrate-binding sites and a proton-relay network to generate the proton-
motive-force (PMF). MtrD works in conjunction with the MtrC periplasmic membrane
fusion protein and MtrE outer membrane channel to actively export antimicrobials out
of bacterial cells (9-16). Importantly, it has been shown that overexpression of the
MtrCDE multidrug efflux pump contributes significantly to clinically relevant levels of
resistance to B-lactams and macrolides (17).

An increasing amount of evidence suggests that a transfer of DNA from commensal
Neisseria spp. into the mtr locus is capable of resulting in multiple nucleotide changes,
which elevate gonococcal resistance to clinically important antibiotics, such as Azi and
Cro (17, 19). Recently, Wadsworth et al. found that gonococci bearing mosaic-like
sequences within mtrD, encoding the MtrD multidrug efflux pump, show strong linkage
disequilibrium and epistatic effects that likely enhance the activity of the pump (20). To
elucidate how MtrD carrying these mosaic-like sequences elevates drug resistance and
enhances transport function, we decided to determine a cryo-electron microscopy (EM)
structure of these efflux pumps. We chose to focus on full-length MtrD from the
gonococcal strain CR.103, designated MtrDcgq0s, as this multidrug efflux pump has
been shown to decrease the level of susceptibility for several antimicrobials, including
erythromycin (Ery) and Azi (17). Although MtrD is similar to other members of RND
transporters, such as AcrB (21, 22), AdeB (23), CmeB (24), and MexB (25), that also
recognize and export multiple antimicrobials, differences in amino acid sequences exist
and could influence structure-function relationships. Thus, while published structures
for similar AcrB types of efflux transporters guided our work on MtrD (reviewed in
reference 26), it was necessary to perform detailed structural and functional studies on
MtrD to define regions of MtrD that contribute to antimicrobial resistance. Here, we
present two solution cryo-EM structures of the N. gonorrhoeae MtrDcg,o5; Mmultidrug
efflux pump bound with hydrolyzed, decarboxylated ampicillin (Amp) and Ery at
resolutions of 3.02 A and 2.72 A, respectively. Based on this structural information, we
identified important drug-binding residues and modes of MtrDg,05-drug interactions.
Both the Amp and Ery molecules bind at the distal drug-binding site in the periplasmic
domain of MtrDcg, 5. The two substrate binding sites partially overlap each other, and
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TABLE 1 Antimicrobial susceptibility of MtrD site-directed mutants®

MIC® (ng/ml) by treatment with:

Strain by category Amp Pen Azi Ery EtBr cv Pmb TX-100
KH14 background
KH14 0.06 0.0075 0.06 0.06 0.5 0.03 50 25
WT 0.06 0.0075 0.25 0.5 2 1.25 200 100
KH14 R174Q 0.06 0.0075 0.25 0.5 4 1.25 200 100
KH14 E669G 0.06 0.0075 0.125 0.25 1 1.25 100 100
KH14 R714G 0.06 0.0075 0.5 1 2 1.25 200 100
KH14 S821A 0.06 0.0075 0.25 0.5 2 1.25 200 100
KH14 K823E 0.06 0.0075 0.5 1 2 1.25 200 100
KH14 S825A 0.06 0.0075 0.25 0.5 2 1.25 200 100

KH15 background

KH15 0.25 1 2 8 5 400
KH15 R714G 0.25 8 8 16 5 1,600
KH15 K823E 0.25 4 4 8 5 1,600

aAmp, ampicillin; Pen, penicillin; Azi; azithromycin; Ery, erythromycin; EtBr, ethidium bromide; CV, crystal
violet; Pmb, polymyxin B; TX-100, Triton X-100.

bAntimicrobial susceptibility was determined by agar dilution. All assays are representative values from 3-9
assays. Bolded MIC values represent those at least 2-fold greater or less than that of the strain with a WT
mtrD gene.

the MtrDcgqo5 efflux pump utilizes slightly different subsets of amino acids to bind
these two drugs. Our structural and functional studies indicate that the conserved
charged residues R714 and E823 of MtrDcg,o; are crucial for the recognition of
macrolides and could provide clinical nonsusceptibility to Azi.

Structure of MtrD g,05. We recently described the construction of genetic deriv-
atives of antibiotic-sensitive N. gonorrhoeae strain FA19, which displays low level
expression of a wild-type (WT) MtrCDE efflux pump, that contained amino acid replace-
ments at the C-terminal end of MtrD (17). These amino acid changes were derived by
the transformation of strain FA19 using donor DNA from an mtrD-mosaic clinical strain
(CDC2), resulting in the replacement of the chromosomal copy of the WT gene. The
MtrD protein of one of these transformants (CR.103) differed from that of FA19 by 23
amino acids and resulted in increased N. gonorrhoeae resistance to antimicrobials
exported by MtrCDE; the amino acid differences between the WT MtrD possessed by
strain FA19 and the MtrD variant expressed by CR.103 has been presented previously
(17). Using a PCR-derived product from the 3’ end of the CR.103 mtrD sequence, we
were able to obtain a transformant (CR.104) that had only two amino acid changes
(S821A and K823E) compared with the wild-type FA19 sequence (19). To extend this
work, we sought to determine if residues 821 or 823 or both were responsible for the
antimicrobial resistance phenotype of transformant strain CR.104. Of these two amino
acid changes, only the K823E change could increase the Azi resistance property
(compared with that endowed by a WT mtrD) when present in a genetic derivative of
strain FA19 lacking a functional MtrD transporter (Table 1). As an additional control, we
constructed an S825A mutation, introduced it into strain KH14, and found that it, like
the S821A change, did not increase antimicrobial resistance above WT levels (Table 1).
Interestingly, $825 of MtrD corresponds in position to L828 in AcrB that is known to be
important in forming the entrance binding site of AcrB. Thus, along with position 823,
amino acid sequence differences between AcrB and MtrD may exert different influences
on antimicrobial recognition and efflux.

In order to determine the influence of overexpression of the mtrCDE efflux pump
along with a single MtrD mutation that endowed increased antimicrobial resistance
expressed by gonococci, the K823E mutation was introduced into a genetic derivative
of FA19 that overexpresses the mtrCDE operon. For this purpose, we used a derivative
of strain FA19 that has a single-base pair deletion in the mtrR promoter known to
elevate mtrCDE expression and antimicrobial resistance (strain KH15 [9]). Importantly,
the presence of the K823E mutation increased Azi resistance of KH15 by 4-fold (Table 1).
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TABLE 2 Cryo-EM data collection, processing, and refinement statistics®

Value

Parameter Ampicillin Erythromycin
Data collection and processing

Magnification (X) 105,000 81,000

Voltage (kV) 300 300

Electron microscope type Krios-GIF-K2 Krios-GIF-K3

Defocus range (um) —1.0to —25 —1.0to —25

Total exposure time (s) 9 3.3

Energy filter width (eV) 20 20

Pixel size (A) 1.1 1.08

Total dose (e=/A?) 40 50

No. of frames 40 40

Does rate (e*/fk?/physical pixel) 54 17.7

No. of initial micrographs 2,033 8,528

No. of initial particle images 688,544 7,769,806

No. of final particle images 81,108 1,507,208

Symmetry 1 C1

Resolution (A) 3.02 2.72

FSC threshold 0.143 0.143

Map resolution range (/:\) 2.85 to 9.98 2.38 to 7.06
Refinement

Model resolution cutoff (A) 3.02 2.72
Model composition

No. of protein residues 3,131 3,122

No. of ligands 18 24
RMSD?

Bond lengths (A) 0.005 0.005

Bond angles (°) 0.790 0.644
Validation

MolProbity score 1.65 1.91

Clash score 8.34 19.74

Poor rotamers (%) 0 0
Ramachandran plot (%)

Favored 96.77 97.40

Allowed 3.23 2.60

Disallowed 0 0

CC< mask 0.80 0.83

CC box 0.74 0.73

CC vol 0.78 0.83

aThe dataset is MtrD reconstituted in nanodiscs (1E3D1).
bRoot mean square deviation.
<Correlation coefficient.

Thus, N. gonorrhoeae carrying the K823E mutation would be classified as clinically
nonsusceptible to Azi, as an official breakpoint for Azi is still under debate (27). Hence,
the amino acid replacement at position 823 of MtrD is critical for the increased
Azi-resistance property of mosaic strain CDC2.

In order to elucidate the structure of MtrD bearing mosaic-like sequences and to
understand how these pumps elevate the level of resistance to antibiotics, we used the
CR.103 mtrD gene sequence to produce recombinant MtrDcg,o5 in Escherichia coli.
We expressed recombinant MtrDcg, 5 by cloning the mtrD,,; Sequence into the
E. coli expression vector pET15b, with a 6XHis tag at the C terminus to generate
PET15bQmtrD g, 05 This MtrDg, 05 pProtein was overproduced in E. coli BL21(DE3)AacrB
cells and purified using an Ni2™-affinity column. We reconstituted the purified
MtrDcgri0s PUMp into lipidic nanodiscs and determined its structure using single-
particle cryo-electron microscopy (cryo-EM) (see Fig. S1 in the supplemental material).
The reconstituted sample led to a cryo-EM map at a nominal resolution of 3.02 A
(Fig. S1, Table 2 and Fig. 1), allowing us to obtain a structural model of this pump.
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FIG 1 Cryo-EM structure of the MtrDg,,; multidrug efflux pump bound with hydrolyzed, decarboxylated ampicillin (Amp). (A) Side view of the sharpened
cryo-EM map of the MtrDcg,,; efflux pump in a lipid nanodisc. The three MtrDcg,,; protomers are colored slate (“access” protomer), dark pink (“binding”
protomer), and light green (“extrusion” protomer). Density contributed by the nanodisc is in pale gray. (B) Ribbon diagram of the MtrDg, 5 trimer viewed from
the membrane plane with the distal drug binding site displaying the density of bound Amp (blue). The access, binding, and extrusion protomers are colored
slate, dark pink, and light green, respectively. (C) Ribbon diagram of the MtrDg,,5 trimer viewed from the top of the periplasmic domain with the density of
bound Amp (blue). The access, binding, and extrusion protomers are colored slate, dark pink, and light green, respectively. (D) Enlarged view of the Amp binding
site. Residues that participate in Amp binding are in yellow sticks.

Additional densities, corresponding to the belt formed by nanodiscs, were found to
encircle the transmembrane region of trimeric MtrDcg,o5. The full-length MtrDcg;o3
protein consists of 1,067 amino acids. Residues 1 to 1042 are included in our final
model.

The cryo-EM structure of MtrDcg, 5 revealed that this multidrug efflux pump adopts
the overall fold of hydrophobe-amphiphile efflux (HAE)-RND-type proteins and forms a
homotrimer (15, 21, 23-25, 28). Each protomer contains 12 transmembrane helices
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FIG 2 The periplasmic multidrug binding sites of MtrD¢g,05- (A) The periplasmic cleft entrance. Residues that may be important for selectivity are shown as
dark yellow sticks. (B) The proximal drug binding site. The MtrDg,,5 residues that are conserved with those for AcrB are in orange sticks. (C) The distal drug
binding site. The MtrDg, 5 residues that are conserved with those for AcrB are in light yellow sticks. The F loop and G loop are colored green and red,
respectively, in A, B, and C.

(TM1 to TM12) and a large periplasmic domain, which can be divided into six sub-
domains (PN1, PN2, PC1, PC2, DN, and DQ) (Fig. 1). As expected, subdomains PC1 and
PC2 create a periplasmic cleft, which would allow substrates to enter the pump via the
periplasm. Deep inside the cleft, it contains proximal and distal multidrug recognition
sites separated by the gate G-loop. Substrates that enter the periplasmic cleft would
likely be sequentially bound at the proximal and then distal sites before extrusion.

The entrance of the MtrD¢g, o5 periplasmic cleft is surrounded with residues F658,
1660, V662, P664, S711, R714, E823, and S825 (Fig. 2A). Although several of these
residues are not conserved among the HAE-RND efflux pumps, they may play a role in
substrate specificity and selectivity. Indeed, within the periplasmic cleft entrance of P.
aeruginosa MexB and E. coli AcrB, R716 of MexB (29) and R717 of AcrB (30) have been
shown to be important for substrate specificity, suggesting that the corresponding
arginine R714 of MtrDg,0; Mmay also be a critical residue.

Like AdeB and AcrB, a flexible F-loop (°6>PPILELGNS72) is found to connect the
periplasmic cleft entrance and proximal multidrug binding site of MtrDcg,0s. In AcrB, it
has been shown that a conserved isoleucine (1671) of the F-loop is important for drug
selectivity (31). Thus, it is expected that the corresponding conserved 1667 residue of
MtrDcgqo3 is Necessary for the pump’s function.

It has been reported that there are at least 22 amino acids making up the proximal
binding site of the AcrB multidrug efflux pump (32). Eleven of these residues are
conserved between AcrB and MtrDcg, 5. These MtrDcg, o5 residues are S79, S134, M570,
Q574, F612, E669, L670, G671, R714, G717, and E823 (Fig. 2B), which may play an
important role for drug recognition.

The composition of the MtrDg, o5 gate G-loop is 6°°GFSFSGS®'%, where the glycines
are understood to be critical and provide flexibility for the G-loop to swing the bound
drug from proximal to distal binding sites (22, 32). Molecular dynamics simulations in
AcrB also suggested that the phenylalanine residues of the G-loop may be important
for the process of transfer and stabilizing substrate binding (32).

The distal multidrug binding site is quite extensive. It has been shown that at least
23 amino acids are involved in forming the distal site of AcrB (21, 32). Of these 23
residues, 11 are conserved between MtrDcg,o; and AcrB. These 11 MtrD¢g, o5 residues
are S134, F136, L175, F176, E271, Y325, M570, V607, F610, F612, and F623 (Fig. 2Q).
Interestingly, mutations on these five phenylalanine residues, including F136, F176,
F610, F612, and F623, have been shown to reduce resistance to different antimicrobials
(33). In addition, a hydrophobic patch with a strong impact on drug binding is found
in the AcrB distal site (32). In MtrD¢g, 03 the composition of the distal hydrophobic
patch is F176, V607, and F610. These residues are potentially critical for contacting the
bound drugs.

Interestingly, the cryo-EM structure of MtrD¢g, o5 indicates that this multidrug efflux
pump forms an asymmetric trimer of which the three protomers are distinct and display

May/June 2020 Volume 11 Issue 3 e00996-20 mbio.asm.org 6


https://mbio.asm.org

Cryo-EM Structures of MtrD

different conformational states (Fig. 1A, B, and C). This structure is very different from
the cryo-EM structure of the Acinetobacter baumannii AdeB multidrug efflux pump (23),
where the three apo-protomers have an identical conformation and form a symmetrical
trimer. Each protomer of AdeB prefers a transient state in which the periplasmic cleft
created by subdomains PC1 and PC2 is closed in conformation. Previously, we deter-
mined a crystal structure of MtrD from N. gonorrhoeae strain PID332, designated
MtrDp p335, @and found that the three MtrDp 35, protomers are identical in structure in
the homotrimer (15). Each MtrDp 555, protein within the symmetrical trimer displays a
transient conformational state where the periplasmic cleft remains open.

Like the structure of asymmetric AcrB (21, 34), the conformations of the three
MtrDcg103 Protomers can be classified as the “access,” “binding,” and “extrusion” forms.
Unexpectedly, an extra density was found within the distal drug-binding site of the
binding protomer of MtrDcg, 05, indicating that our structure of MtrD¢g, 05 is bound by
a fortuitous ligand. However, there were no noticeable extra densities within the
drug-binding sites of the access and extrusion protomers. The shape of this extra
density is compatible with a hydrolyzed, decarboxylated ampicillin (Amp) antibiotic
with its four-member B-lactam ring open (Fig. 1B and C). This is not surprising, as we
supplemented with 100 wg/ml ampicillin in Luria-Bertani (LB) broth to grow E. coli
BL21(DE3)AacrB/pET15b0mtrD ;5 cells for overproducing the MtrDcg, o5 protein. The
nature of the protein-substrate interaction is mostly hydrophobic. Within 4.5 A of this
bound deactivated Amp, there are five hydrophobic residues, including F136, 1139,
F176, V607, and F610, which provide hydrophobic interaction at this distal site to
stabilize substrate binding. In addition, N135, S275, and T277 are involved and
perform an electrostatic interaction to anchor this inactive drug (Fig. 1D). Interest-
ingly, a positively charged residue R174 is found within the vicinity of this Amp
binding site. It is expected that the guanidino group of this R174 residue may
participate in making additional contact with other antibiotics, including the active
form of B-lactams.

Structure of the MtrD g, ,3-erythromycin complex. The crystal structure of AcrB
bound with the Ery indicated that this macrolide was anchored within the proximal
drug binding site of this multidrug efflux pump, where one phenylalanine, one leucine,
three serines, one threonine, one lysine, and one aspartate at the proximal site are
responsible for the binding (22). A subsequent study was performed by removing the
G-loop, which divides the proximal and distal multidrug binding sites of the pump (35).
Again, X-ray diffraction data indicated that Ery was bound within the proximal pocket,
and no evidence of Ery bound to the distal site was found for wild-type AcrB or the
G-loop variant (35). It appears that Ery may prefer to occupy the proximal pocket
instead of the deeper drug binding site at the distal pocket, possibly because of the
large size of this drug.

To elucidate how MtrDg,o3 recognizes macrolide antibiotics in solution, we incu-
bated a 2-uM MtrDcg,05-nanodisc sample with 10 uM Ery for 2 hours to form the
MtrDcgi03-Ery complex. We determined a cryo-EM structure of this complex to a
resolution of 2.72 A (Fig. 3; see Fig. S2 in the supplemental material; Table 2). The overall
structure of MtrDcg,05-Ery is almost identical to that of Amp bound (labeled as
MtrDcgq05-AmMp), with the three protomers displaying the access, binding, and extru-
sion forms (Fig. 3A, B, and C). Superimposition of the MtrDcg,05-Ery and MtrDg;o3-Amp
trimers results in an overall root mean square deviation (RMSD) of 0.472 A. In the
binding protomer of MtrDcg;03, the cryo-EM images depict that an additional large
density corresponding to the bound Ery drug was found at the distal multidrug binding
site. It is somewhat surprisingly that the observed large Ery molecule is anchored within
this deep pocket. It is possible that the protein molecules are more flexible to accom-
modate the bound drug in solution instead of within the crystal lattice. The binding of
Ery is extensive; within 4.5A of this bound drug, there are seven aromatic, two
hydrophobic, two polar, and one positively charged residues that provide aromatic
stacking and hydrophobic and electrostatic interactions to facilitate Ery binding. These
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FIG 3 Cryo-EM structure of the MtrDg,,; multidrug efflux pump bound with erythromycin (Ery). (A) Side view of the sharpened cryo-EM map of the MtrDg 05
efflux pump in a lipid nanodisc. The three MtrDcg,o; protomers are colored slate (“access” protomer), dark pink (“binding” protomer), and light green
(“extrusion” protomer). Density contributed by the nanodisc is in pale gray. (B) Ribbon diagram of the MtrD g, o5 trimer viewed from the membrane plane with
the distal drug binding site displaying the density of bound Amp (blue). The access, binding, and extrusion protomers are colored slate, dark pink, and light
green, respectively. (C) Ribbon diagram of the MtrDg, o5 trimer viewed from the top of the periplasmic domain with the density of bound Ery (blue). The access,
binding, and extrusion protomers are colored slate, dark pink, and light green, respectively. (D) Enlarged view of the Ery binding site. Residues that participate
in Ery binding are in yellow sticks.

important binding residues are F136, 1139, R174, F176, S275, T277, Y325, F568, V607,
F610, F612, and F623 (Fig. 3D). Many of these interactions are shared between
MtrDcg,03-Amp and MtrDcg,05-Ery; however, the larger Ery molecule interacts with four
additional residues. The MtrD¢g, o5 periplasmic binding cleft is able to accommodate
Ery and forms additional electrostatic and hydrophobic contacts with R174, Y325, F568,
and F623. The ability of the periplasmic binding cleft to accommodate both Amp and
Ery suggests that the MtrDcg,o; efflux pump is effective at binding and extruding a
broad spectrum of antimicrobial compounds.
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FIG 4 The proton-relay network of the MtrDg,,; multidrug efflux pump. (A) The “access” state of MtrD g, 5. In this conformational state, the “proton sweeper”
K948 forms a hydrogen bond with D406. The densities of residue side chains (D405, D406, K948, N949, and T985), which form the proton-relay network, are
in blue meshes. (B) The “binding” state of MtrD g, o5. In this conformation, K948 forms hydrogen bonds with both D405 and D406. (C) The “extrusion” state of
MtrDcgios- In this conformation, K948 forms hydrogen bonds with N949 and T985. Superimposition of the structures of the access and binding states results
in an RMSD of 2.4 A, whereas the superimposition between the binding and extrusion states gives rise to an RMSD of 3.7 A.

The proton relay network. The high-quality density of our cryo-EM map unam-
biguously depicts the side chain positions of these conserved amino acids, allowing us
to elucidate the transfer of protons within this proton-relay network. It is known that
the proton motive force (PMF) powers RND efflux pumps to extrude drugs from the
periplasmic domain. In the transmembrane domain of MtrDcg,03, residues D405, D406,
K948, N949, and T985 are conserved and form the proton relay network (Fig. 4). These
residues are likely responsible for proton translocation from the periplasm to the
cytoplasm and generate the PMF necessary to extrude drugs from the cell. The influx
of protons to the cytosol and efflux of drugs out of the cell should be synchronized and
coupled with each other. In the “access state,” the conserved residues K948 and D406
closely interact with each other. The side chain nitrogen of K948 forms a single
hydrogen bond of 2.7 A to the carboxylate oxygen of the side chain of D406 (Fig. 4A).
Upon binding a drug in the periplasmic domain, a major allosteric trigger is switched,
causing a shift in the protomer to the binding form. Interestingly, the conformation of
the proton relay network is also quite distinct at this state. We observed that the side
chain of the conserved residue D405 moves closer to K948, allowing this conserved
lysine to form an additional hydrogen bond with D405. In this binding state, the
hydrogen-bonded distances between the side chain nitrogen atom of K948 and
carboxylate oxygens of D405 and D406 are both 3.0 A (Fig. 4B). It is likely that the side
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FIG 5 Densities of bound lipids at the transmembrane domain of the MtrDc,o; multidrug efflux pump. (A) Viewed from the periplasmic side of the
MtrDcg,05-Ery trimer. There are 23 PE lipid molecules attached to the transmembrane region of this membrane protein. Densities of the bound PE lipids are
in blue meshes. (B-D) The three distinct lipid binding sites at the interface between MtrDg,o; protomers. The bound PE lipids are in green sticks. Residues
involved in lipid binding are in yellow sticks. (E) The lipid binding site at the interior wall of the central cavity of a MtrDg,o5 protomer. The bound PE lipid is
in green sticks. Residues involved in lipid binding are in yellow sticks.

chain carboxylate oxygen of D405 donates its proton to form the hydrogen bond with
the side chain nitrogen of K948 at this state. To advance the transport cycle, the
MtrDcgr103 Membrane protein probably needs to switch its conformation to the extru-
sion form, where the periplasmic cleft is closed. At this transient state, the side chain of
K948 points toward the conserved polar residues N949 and T985, enabling this posi-
tively charged residue to form 2.6-A-long and 2.7-A-long hydrogen bonds with N949
and T985, respectively (Fig. 4C). In this conformation, we believe that K948 offers the
proton released from D405 to form one of these two hydrogen bonds. The dynamic
change of this hydrogen bonding network may promote the transfer of protons from
the periplasm to cytoplasm that creates the PMF to energize the drug efflux process. It
is likely that K948 is responsible for transferring protons from D405 to N949 or T985 to
advance this transfer process. It appears that K948 plays a major role in sweeping
protons from the periplasm to the cytoplasm. Because of the importance of K948 in
proton transfer, we designate this residue as a “proton sweeper.” During the process
of proton translocation, D406 may participate in stabilizing different transient states by
interacting with the critical K948 residue.

The lipid binding sites. The cryo-EM structure of the MtrDcg,o5-Amp complex
indicates that at least 17 phosphatidylethanolamine (PE) lipids are anchored within the
transmembrane domain. Likewise, the cryo-EM structure of the MtrDcg,05-Ery complex
depicts that there are 23 PE lipids that are similarly oriented as the lipids in the
Amp-bound structure. The modes of binding and orientations of the bound PE lipids
are very similar for both structures, although the MtrDcg,o5-Ery complex is observed to
have six more bound lipid molecules.

The PE lipids are found to anchor within the large central cavity of the MtrDcg;03
trimer in the transmembrane region. In addition, some lipid molecules are also iden-
tified at protomer-protomer interfaces between subunits of the protein (Fig. 5A). It is
observed that several lipids specifically interact with the MtrDcg,o5 protomers. For
example, at least three lipid molecules are bound at distinct binding sites formed at the
interface between MtrDg,,5 protomers, where the lipids are found to directly contact
the protein molecules (Fig. 5B and C and D). Additionally, each MtrDg, o3 molecule by
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itself forms a PE binding site, which specifically anchors a lipid molecule (Fig. 5E), and
this PE-binding site is conserved with that of the AdeB multidrug efflux pump (23).

Drug susceptibility of mutant MtrD-bearing isogenic strains. Within the periplas-
mic entrance and proximal and distal sites of MtrDcg,03, We noticed that there are
several charged amino acids, including R174, E669, R714, and E823, which may be
critical for the specificity of the pump. We used site-directed mutagenesis to cause
single-amino acid changes at residues 174, 669, and 714. These mutated mtrD genes,
as well as S821A, K823E, and S825A mutant or WT genes, were then transformed into
strain KH14 so as to replace the mtrD::kan sequence; as described above, KH14 is
hypersusceptible to antimicrobials exported by the MtrCDE efflux pump (14). As is
shown in Table 1, compared with KH14 bearing the introduced WT mtrD, site-directed
mutations at positions 174, 669, 714, and 823 influenced levels of antimicrobial
resistance. Compared to the WT MtrD, a mutation in the distal binding domain (R174Q)
was found to selectively increase the MIC of ethidium bromide (EtBr), which was in
contrast to the impact of the K823E entrance site mutation that seemed selective for
macrolides. In contrast to these mutations, the proximal binding site-located E669G
mutation decreased (2-fold) gonococcal resistance to both macrolides and polymyxin
B compared with the WT protein. While we cannot presently distinguish whether the
E669G mutation directly influences efflux activity or pump stability, the WT levels of
resistance to CV and TX-100 (Table 1) favors the former possibility. With respect to the
R174G and S825A mutations, only the R714G change influenced antimicrobial resis-
tance, and this was also selective for macrolides. As with strain KH15 K823E, introduc-
tion of the R714G mutation could also further increase macrolide resistance compared
with the parental strain KH15. Interestingly, this mutation, as well as K823E, enhanced
gonococcal resistance to polymyxin B, a model cationic antimicrobial peptide, when
present in mtrCDE overexpressed strain KH15. For verification of the results obtained
using the agar dilution method, we also assessed changes in gonococcal susceptibility
to two antimicrobials (Azi and EtBr) due to site-directed MtrD mutations using a
population antimicrobial assay; this assay employed spotting 5-ul samples of 1:5
dilutions of isogenic strains onto Gonococcal Medium Base (GCB) agar containing
indicated concentrations of the test antimicrobial. In agreement, the E669G mutation
resulted in increased susceptibility to both Azi and EtBr (see Fig. S3 in the supplemental
material). In contrast, when present in strain KH15, the R714G and K823E mutations
increased gonococcal resistance to both Azi and EtBr (see Fig. S4 in the supplemental
material). Importantly, we predict that gonococcal strains bearing both the mtrR
promoter and amino acid changes at MtrD positions 714 or 823 could lead to clinically
significant levels of Azi nonsusceptibility resistance (27).

DISCUSSION

The emergence and spread of drug-resistant N. gonorrhoeae have significantly
challenged our efforts to reliably and effectively treat gonorrhea. There is an increasing
trend of resistance to Azi and Cro, which constitute the last favored course of dual
empirical therapy, making the problem even more alarming. One major mechanism
that N. gonorrhoeae utilizes to mediate antimicrobial resistance is the involvement of
multidrug efflux pumps, which effectively lower intracellular drug concentrations well
below toxic levels. We and others recently discovered that certain clinical isolates of N.
gonorrhoeae are able to acquire mosaic-like mtrD efflux pump genes to enhance the
MtrD pump activity, resulting in elevating the level of resistance to the Azi and Ery
macrolides (17, 20).

Our cryo-EM data reveal the Amp and Ery binding sites of MtrDg, 5. These two drug
binding sites overlap each other. It appears that MtrDcg, o5 tends to use the conserved
phenylalanines F136, F176, F610, F612, and F623 to bind these drugs. These phenyla-
lanines have been found to be important for drug resistance and involved in substrate
transport (33). Hence, aromatic and hydrophobic interactions may be general mecha-
nisms for MtrDg, 05 to recognize multiple antimicrobials.

One major target for macrolides is the large 50S ribosomal subunit of bacterial 70S
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ribosomes. These antibiotics inhibit the translocation of the ribosome along the mRNA
chain and halt bacterial protein synthesis. The HAE-type multidrug efflux pumps
extrude these antibiotics, disallowing them to damage bacterial cells. It was not initially
clear if efflux pumps and ribosomes bind macrolides in a similar fashion. However, our
cryo-EM structural data indicate that MtrDcg, o5 Uses six phenylalanine and one tyrosine
amino acids, which provide aromatic and hydrophobic interactions to anchor Ery at the
distal binding site. Indeed, there is considerable similarity between this drug binding
mode and the one found in the Staphylococcus aureus 70S ribosome (36), where the
large 50S subunit utilizes the aromatic rings of eight nucleotides to contact the Ery
macrolide.

MtrDcgios is @ PMF-dependent pump that functions via an antiport mechanism.
Coupled with the export of drug molecules toward the periplasm, protons have to flow
into the cytoplasm to energize this efflux process. Our cryo-EM maps unambiguously
depict the dynamic changes of residue side chains, including D405, D406, K948, N949,
and T985, which are involved in the proton-relay network within the transmembrane
helices. The proton sweeper K948 should be deemed necessary to transfer protons
across the cytoplasmic membrane for energy coupling.

Based on the structural information, there are several charged residues, such as
R174, E669, R714, and E823, participating in forming substrate binding sites within the
periplasmic domain. Among these residues, E823 was found in an N. gonorrhoeae
clinical isolate (CDC2) possessing mosaic-like mtr sequences (17). This residue is a lysine
in the WT protein expressed by the antibiotic-sensitive strain FA19. This mutation likely
results in enhancing the recognition of antimicrobials, leading to increased efflux
activity and reduced susceptibility to antimicrobials. Our cryo-EM structures depict that
both R714 and E823 are engaged in the entrance and proximal sites, which are
probably responsible for drug recognition and discrimination. These two charged
residues appear to provide resistance to macrolides to a clinically significant level.
Acquiring further structural data with a broad spectrum of antimicrobial compounds
may prove useful for elucidating the binding system of this multidrug efflux pump.
Combined, our studies will ultimately inform structure-guided drug design for inhibit-
ing the critical MtrD multidrug efflux pump and other pumps to help combat the
increasing threat of antibiotic resistance.

MATERIALS AND METHODS

Expression and purification of MtrD g, 3. The mtrD,,; gene, encoding the MtrDcg,,; multidrug
efflux pump, from N. gonorrhoeae CR.103 was cloned into the pET15b expression vector in frame with a
6XHis tag at the C terminus. The resulting pET15bQmtrDg,,; plasmid was confirmed by the Sanger
method of DNA sequencing. The MtrDcg,05 Protein was overproduced in Escherichia coli BL21(DE3)AacrB
cells, which harbor a deletion in the chromosomal acrB gene. Cells were grown in 6 liters of LB medium
with 100 pg/ml ampicillin at 37°C. When the optical density at 600 nm (OD,) reached 0.5, the culture
was treated with 0.2 mM isopropyl-B-p-thiogalactopyranoside (IPTG) to induce mtrDcg,;,; expression.
Cells were then harvested within 3 h of induction. The collected bacteria were resuspended in low salt
buffer (100 mM sodium phosphate [pH 7.4], 10% glycerol, 5 mM ethylenediaminetetraacetic acid [EDTA],
and 1 mM phenylmethanesulfonyl fluoride [PMSF]) and then disrupted with a French pressure cell. The
membrane fraction was collected and washed twice with high salt buffer (20 mM sodium phosphate [pH
7.4], 2 M KCl, 10% glycerol, 5 mM EDTA, and T mM PMSF) and once with 20 mM HEPES-NaOH buffer (pH
7.5) containing 1 mM PMSF. The membrane protein was then solubilized in 2% (wt/vol) n-dodecyl-B-p-
maltoside (DDM). Insoluble material was removed by ultracentrifugation at 100,000 X g. The extracted
protein was then purified with an Ni2*-affinity column. The purity of the MtrD g, o5 protein (>95%) was
judged using SDS-PAGE stained with Coomassie brilliant blue. The purified protein was dialyzed against
20 mM Na-HEPES (pH 7.5) and concentrated to 8.2mg/ml (72 uM) in a buffer containing 20 mM
Na-HEPES (pH 7.5) and 0.05% DDM.

Nanodisc preparation. To assemble MtrDcz,o; into nanodiscs, a mixture containing 20 uM
MtrDcgyo0s 45 wM MSP (1E3D1), and 930 uM E. coli total extract lipid was incubated for 15 minutes at
room temperature. Afterward, 0.8-mg/ml prewashed Bio-Beads (Bio-Rad) was added. The resultant
mixture was incubated for 1 h on ice, followed by overnight incubation at 4°C. The protein-nanodisc
solution was filtered through 0.22-um nitrocellulose-filter tubes to remove the Bio-Beads. To separate
free nanodiscs from MtrDcg,05-l0aded nanodiscs, the filtered protein-nanodisc solution was purified
using a Superose 6 column (GE Healthcare) equilibrated with 20 mM Tris-HCI (pH 7.5) and 100 mM NacCl.
Fractions corresponding to the size of the trimeric MtrDcg,q5-nanodisc complex were collected for
cryo-EM.
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Electron microscopy sample preparation. The trimeric MtrDcg,,; nanodisc sample was concen-
trated to 0.7 mg/ml (2 uM) and applied to glow-discharged holey carbon grids (Quantifoil Cu R1.2/1.3,
300 mesh), blotted for 15 s, and then plunge-frozen in liquid ethane using a Vitrobot (Thermo Fisher). The
grids were transferred into cartridges. The images were recorded at 1- to 2.5-um defocus on a K2 summit
direct electron detector (Gatan) with superresolution mode at nominal 105 K magnification, correspond-
ing to a sampling interval of 1.10 A/pixel (superresolution, 0.55 A/pixel). Each micrograph was exposed
for 9 s with 5.40 e~/s/physical pixel dose rate (total specimen dose, 40 e=/A?), and 40 frames were
captured per specimen area using Latitude.

For the MtrDcg,o5-Ery sample, a 2-uM MtrDg,,5-nanodisc sample was incubated with 10 uM Ery for
2 hours to form the MtrD g, 05-Ery complex. The procedures for making cryo-EM grids were the same as
above. The images were recorded at —1- to —2.5-um defocus on a K3 summit direct electron detector
(Gatan) with counting mode at nominal X81,000 magnification, corresponding to a sampling interval of
1.08 A/pixel (superresolution, 0.54 A/pixel). Each micrograph was exposed for 3.3s with 17.7 e~/s/
physical pixel dose rate (total specimen dose, 50 e /A2), and 40 frames were captured per specimen area
using Latitude.

Data collection and processing. The image stacks in the superresolution model were aligned using
cryoSPARC (37). The contrast transfer function (CTF) parameters of the micrographs were determined
using Gctf (38). After manual inspection and sorting to discard poor images, ~2,000 particles were
manually picked to generate templates for automatic picking. Initially, 688,544 particles were selected
after autopicking in cryoSPARC (37). Several iterative rounds of 2D classifications were carried out to
remove false picks and classes with unclear features, ice contamination, or carbon. The resulting 203,346
particles were used to generate a reference-free ab-initio 3D reconstruction. Two rounds of heteroge-
neous refinement were used, where 81,108 particles were chosen for further processing with local
motion correction using cryoSPARC (37) and local CTF reestimation by Gctf (38). The nonuniform
refinement followed by local focused refinement using cryoSPARC resulted in a 3.02-A global resolution
map based on the gold standard Fourier shell correlation (FSC) (Table 2; Fig. S1).

For MtrDcg,05-Ery, 7,769,806 particles were selected after autopicking in cryoSPARC (37). After several
rounds of 2D classifications, 2,102,459 particles were selected to generate three ab-initio models and
then subjected to two rounds of 3D heterogeneous refinements. The resulting 1,507,208 particles were
finally chosen for further processing with nonuniform and local CTF refinement (38), resulting in a 2.72-A
resolution cryo-EM structure (Table 2; Fig. S2).

Model building and refinement. Model building of MtrDcg,o;-Amp was based on the 3.02-A
cryo-EM map. The homology modeling structure of MtrDg,,; generated by the FFAS server based on the
atomic coordinates of AdeB (PDB ID: 60WS) (23) was fit into the density map using Chimera (39) The
subsequent model rebuilding was performed using Coot (40). Structure refinements were performed
using the phenix.real_space_refine program (41) from the PHENIX suite (42). The final atomic model was
evaluated using MolProbity (43). The statistics associated with data collection, 3D reconstruction, and
model refinement are included in Table 2.

The 2.72-A resolution of the MtrD g, 05-Ery structural model was built based on the MtrDcg,os-Amp
structure. Structural refinements were done using the same approach as above (Table 2).

Site-directed mutagenesis of mtrD and antimicrobial susceptibility testing. In order to construct
single-amino acid changes in MtrD, the mtrD gene plus 269-bp up- and 262-bp downstream flanking
regions was PCR amplified from FAT19 genomic DNA using primers KH9#16 and mtrE12 with Phusion
high-fidelity DNA polymerase. The PCR product was cloned into the pCR4Blunt-TOPO vector using the
Blunt Topo sequencing kit (Invitrogen). The resulting vector was named pCR4Blunt-TOPO:mtrD. The
Quickchange Lightning site-directed mutagenesis kit (Agilent) was used to replace specific residues
(R174, E669, R714, S821, K823, and S825). Primers for site-directed mutagenesis were designed utilizing
the Agilent tool (https://www.agilent.com/store/primerDesignProgram.jsp). Mutagenic constructs were
transformed into E. coli XL-10 Gold cells. For allelic replacement of the chromosomal mtrD region, the
mutagenic constructs containing the desired point mutations were transformed into strain KH14 (FA19
mtrD:kan). Transformants were selected on GC agar containing 0.625 ug/ml of erythromycin. DNA
sequencing was used to confirm that for each strain the entire mtrRCDE locus contained only the desired
point mutation. Antimicrobial susceptibility of strains was performed using the agar dilution method
with various concentrations of selected antimicrobials (Table 1). All antimicrobial assays were performed
at least in triplicate.

To further examine the effect of the single-amino acid changes on efflux, we constructed mutants in
an overexpression background. KH15 is a transformant of strain FA19 which has a single-bp deletion in
a 13-bp inverted repeat sequence within the mtrR promoter. This deletion results in overexpression of
the mtrCDE efflux pump-encoding operon (9). The mutagenic constructs containing the desired point
mutations described previously were transformed into strain FA19Str and selected on 0.25 ug/ml
azithromycin. A PCR product containing the single-bp deletion was amplified from KH15 using primers
CEL1 and KH9#12B. This PCR product was then transformed into the FA19Str R714G and K823E mutants.
KH15 transformants were selected on 1,600 wg/ml of Triton X-100. DNA sequencing was used to confirm
that for each strain the entire mtrRCDE locus contained only the desired point mutation and the single-bp
deletion in the promoter region. Antimicrobial susceptibility of strains was performed using the agar
dilution method with various concentrations of selected antimicrobials (Table 1). All antimicrobial assays
were performed at least in triplicate. In other assays, a population-based assessment assay was employed
that spotted 5 ul of undiluted or 1:5 dilutions of overnight GCB agar-grown cultures resuspended in GCB
broth to give approximately 1 X 108 CFU/ml onto GCB agar with or without Azi or EtBr. All plates were
incubated at 37°C under 5% (vol/vol) CO, conditions for 48 h.
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Data availability. Atomic coordinates and structure factors of MtrDcg,o5-Amp and MtrD¢g,05-Ery
have been deposited at the RCSB Protein Data Bank with accession codes 6VKS and 6VKT, respectively.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, PDF file, 1.6 MB.

FIG S2, PDF file, 2 MB.

FIG S3, PDF file, 0.1 MB.

FIG S4, PDF file, 0.1 MB.

ACKNOWLEDGMENTS

This work was supported by NIH grants ROTAI145069 (E.W.Y.) and R37AI21150

(W.M.S.) and funds from an Intergovernmental Personnel Act from the Centers for
Disease Control and Prevention to J.L.R. and W.M.S. W.M.S. is the recipient of a Senior
Research Career Scientist Award from the Biomedical Laboratory Research and Devel-
opment Service of the U.S. Department of Veterans Affairs.

We gratefully acknowledge the support of Michael Rau and James Fitzpatrick who

acquired the single-particle cryo-EM data at the Washington University Center for
Cellular Imaging, which is funded, in part, by Washington University School of Medicine,
the Children’s Discovery Institute of Washington University and St. Louis Children’s
Hospital (CDI-CORE-2015-505 and CDI-CORE-2019-813), and the Foundation for Barnes-
Jewish Hospital (3770). This research was, in part, supported by the National Cancer
Institute’s National Cryo-EM Facility at the Frederick National Laboratory for Cancer
Research under contract HSSN261200800001E.

The contents of this article are solely the responsibility of the authors and do not

necessarily reflect the official views of the National Institutes of Health, the U.S.

Department of Veterans Affairs, or the United States government.
We have no competing interest to declare.

REFERENCES

1

10.

May/June 2020 Volume 11

. Quillin SJ, Seifert HS. 2018. Neisseria gonorrhoeae host adaptation and

pathogenesis. Nat Rev Microbiol 16:226-240. https://doi.org/10.1038/
nrmicro.2017.169.

. Unemo M, Shafer WM. 2014. Antimicrobial resistance in Neisseria gon-

orrhoeae in the 21st century: past, evolution, and future. Clin Microbiol
Rev 27:587-613. https://doi.org/10.1128/CMR.00010-14.

. Newman L, Rowley J, Vander Hoorn S, Wijesooriya NS, Unemo M, Low N,

Stevens G, Gottlieb S, Kiarie J, Temmerman M. 2015. Global estimates of
the prevalence and incidence of four curable sexually transmitted infec-
tions in 2012 based on systematic review and global reporting. PLoS
One 10:e0143304. https://doi.org/10.1371/journal.pone.0143304.

. Smolarchuk C, Wensley A, Padfield S, Fifer H, Lee A, Hughes G. 2018.

Persistence of an outbreak of gonorrhoea with high-level resistance to
azithromycin in England, November 2014-May 2018. Euro Surveill 23:
1800287. https://doi.org/10.2807/1560-7917.ES.2018.23.23.1800287.

. Bauer ME, Shafer WM. 2015. On the in vivo significance of bacterial

resistance to antimicrobial peptides. Biochim Biophys Acta 1848:
3101-3111. https://doi.org/10.1016/j.bbamem.2015.02.012.

. Stern A, Brown M, Nickel P, Meyer TF. 1986. Opacity genes in Neisseria

gonorrhoeae: control of phase and antigenic variation. Cell 47:61-71.
https://doi.org/10.1016/0092-8674(86)90366-1.

. Tapsall JW, Limnios EA, Murphy D; on behalf of the Australian Gonococcal

Surveillance Programme. 2007. Analysis of trends in antimicrobial resistance
in Neisseria gonorrhoeae isolated in Australia, 1997-2006. J Antimicrob
Chemother 61:150-155. https://doi.org/10.1093/jac/dkm434.

. Piddock LJ. 2006. Multidrug-resistance efflux pumps—not just for

resistance. Nat Rev Microbiol 4:629-636. https://doi.org/10.1038/
nrmicro1464.

. Hagman KE, Shafer WM. 1995. Transcriptional control of the mtr efflux

system of Neisseria gonorrhoeae. J Bacteriol 177:4162-4165. https://doi
.0rg/10.1128/jb.177.14.4162-4165.1995.

Warner DM, Shafer WM, Jerse AE. 2008. Clinically relevant mutations that
cause derepression of the Neisseria gonorrhoeae MtrC-MtrD-MtrE Efflux
pump system confer different levels of antimicrobial resistance and in

Issue 3 e00996-20

vivo fitness. Mol Microbiol 70:462-478. https://doi.org/10.1111/j.1365
-2958.2008.06424.x.

. Veal WL, Shafer WM. 2003. Identification of a cell envelope protein (MtrF)

involved in hydrophobic antimicrobial resistance in Neisseria gonor-
rhoeae. J Antimicrob Chemother 51:27-37. https://doi.org/10.1093/jac/
dkg031.

. Delahay RM, Robertson BD, Balthazar JT, Shafer WM, Ison CA. 1997.

Involvement of the gonococcal MtrE protein in the resistance of Neis-
seria gonorrhoeae to toxic hydrophobic agents. Microbiology 143:
2127-2133. https://doi.org/10.1099/00221287-143-7-2127.

. Lucas CE, Hagman KE, Levin JC, Stein DC, Shafer WM. 1995. Importance

of lipooligosaccharide structure in determining gonococcal resistance to
hydrophobic antimicrobial agents resulting from the mtr efflux system.
Mol Microbiol 16:1001-1009. https://doi.org/10.1111/j.1365-2958.1995
tb02325.x.

. Hagman KE, Lucas CE, Balthazar JT, Snyder L, Nilles M, Judd RC, Shafer

WM. 1997. The MtrD protein of Neisseria gonorrhoeae is a member of
the resistance/nodulation/division protein family constituting part of an
efflux system. Microbiology 143:2117-2125. https://doi.org/10.1099/
00221287-143-7-2117.

. Bolla JR, Su CC, Do SV, Radhakrishnan A, Kumar N, Long F, Chou TH,

Delmar JA, Lei HT, Rajashankar KR, Shafer WM, Yu EW. 2014. Crystal
structure of the Neisseria gonorrhoeae MtrD inner membrane multidrug
efflux pump. PLoS One 9:97903. https://doi.org/10.1371/journal.pone
.0097903.

. Lei HT, Chou TH, Su CC, Bolla JR, Kumar N, Radhakrishnan A, Long F,

Delmar JA, Do SV, Rajashankar KR, Shafer WM, Yu EW. 2014. Crystal
structure of the open state of the Neisseria gonorrhoeae MtrE outer
membrane channel. PLoS One 9:e97475. https://doi.org/10.1371/journal
.pone.0097475.

. Rouquette-Loughlin CE, Reimche JL, Balthazar JT, Dhulipala V, Gernert

KM, Kersh EN, Pham CD, Pettus K, Abrams AJ, Trees DL, St Cyr S, Shafer
WM. 2018. Mechanistic basis for decreased antimicrobial susceptibility in
a clinical isolate of Neisseria gonorrhoeae possessing a mosaic-like mtr

mbio.asm.org 14


https://www.rcsb.org/structure/6VKS
https://www.rcsb.org/structure/6VKT
https://doi.org/10.1038/nrmicro.2017.169
https://doi.org/10.1038/nrmicro.2017.169
https://doi.org/10.1128/CMR.00010-14
https://doi.org/10.1371/journal.pone.0143304
https://doi.org/10.2807/1560-7917.ES.2018.23.23.1800287
https://doi.org/10.1016/j.bbamem.2015.02.012
https://doi.org/10.1016/0092-8674(86)90366-1
https://doi.org/10.1093/jac/dkm434
https://doi.org/10.1038/nrmicro1464
https://doi.org/10.1038/nrmicro1464
https://doi.org/10.1128/jb.177.14.4162-4165.1995
https://doi.org/10.1128/jb.177.14.4162-4165.1995
https://doi.org/10.1111/j.1365-2958.2008.06424.x
https://doi.org/10.1111/j.1365-2958.2008.06424.x
https://doi.org/10.1093/jac/dkg031
https://doi.org/10.1093/jac/dkg031
https://doi.org/10.1099/00221287-143-7-2127
https://doi.org/10.1111/j.1365-2958.1995.tb02325.x
https://doi.org/10.1111/j.1365-2958.1995.tb02325.x
https://doi.org/10.1099/00221287-143-7-2117
https://doi.org/10.1099/00221287-143-7-2117
https://doi.org/10.1371/journal.pone.0097903
https://doi.org/10.1371/journal.pone.0097903
https://doi.org/10.1371/journal.pone.0097475
https://doi.org/10.1371/journal.pone.0097475
https://mbio.asm.org

Cryo-EM Structures of MtrD

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

May/June 2020 Volume 11

efflux pump locus. mBio 9:02281-18. https://doi.org/10.1128/mBio
.02281-18.

Tseng TT, Gratwick KS, Kollman J, Park D, Nies DH, Goffeau A, Saier MH,
Jr. 1999. The RND permease superfamily: an ancient, ubiquitous and
diverse family that includes human disease and development proteins.
J Mol Microbiol Biotechnol 1:107-125.

Shafer WM. 2018. Mosaic drug efflux gene sequences from commensal
neisseria can lead to low-level azithromycin resistance expressed by
Neisseria gonorrhoeae clinical isolates. mBio 9:e01747-18. https://doi
.org/10.1128/mBio.01747-18.

Wadsworth CB, Arnold BJ, Sater MRA, Grad YH. 2018. Azithromycin
resistance through interspecific acquisition of an epistasis-dependent
efflux pump component and transcriptional regulator in Neisseria gon-
orrhoeae. mBio 9:e01419-18. https://doi.org/10.1128/mBio.01419-18.
Murakami S, Nakashima R, Yamashita E, Matsumoto T, Yamaguchi A.
2006. Crystal structures of a multidrug transporter reveal a functionally
rotating mechanism. Nature 443:173-179. https://doi.org/10.1038/
nature05076.

Nakashima R, Sakurai K, Yamasaki S, Nishino K, Yamaguchi A. 2011.
Structures of the multidrug exporter AcrB reveal a proximal multisite
drug-binding pocket. Nature 480:565-569. https://doi.org/10.1038/
nature10641.

Su CC, Morgan CE, Kambakam S, Rajavel M, Scott H, Huang W, Emerson
CC, Taylor DJ, Stewart PL, Bonomo RA, Yu EW. 2019. Cryo-electron
microscopy structure of an Acinetobacter baumannii multidrug efflux
pump. mBio 10:e01295-19. https://doi.org/10.1128/mBi0.01295-19.

Su CC, Yin L, Kumar N, Dai L, Radhakrishnan A, Bolla JR, Lei HT, Chou TH,
Delmar JA, Rajashankar KR, Zhang Q, Shin YK, Yu EW. 2017. Structures
and transport dynamics of a Campylobacter jejuni multidrug efflux
pump. Nat Commun 8:171. https://doi.org/10.1038/541467-017-00217-z.
Sennhauser G, Bukowska MA, Briand C, Griitter MG. 2009. Crystal struc-
ture of the multidrug exporter MexB from Pseudomonas aeruginosa. J
Mol Biol 389:134-145. https://doi.org/10.1016/j.jmb.2009.04.001.
Nikaido H. 2011. Structure and mechanism of RND-type multidrug efflux
pumps. Adv Enzymol Relat Areas Mol Biol 77:1-60. https://doi.org/10
.1002/9780470920541.ch1.

Kersh EN, Allen V, Ransom E, Schmerer M, St Cyr S, Workowski K,
Weinstock H, Patel J, Ferraro MJ. 2019. Rationale for a Neisseria gonor-
rhoeae susceptible only interpretive breakpoint for azithromycin. Clin
Infect Dis 14:798-804. https://doi.org/10.1093/cid/ciz292.

Murakami S, Nakashima R, Yamashita E, Yamaguchi A. 2002. Crystal
structure of bacterial multidrug efflux transporter AcrB. Nature 419:
587-593. https://doi.org/10.1038/nature01050.

Middlemiss JK, Poole K. 2004. Differential impact of MexB mutations on
substrate selectivity of the MexAB-OprM multidrug efflux pump of
Pseudomonas aeruginosa. J Bacteriol 186:1258-1269. https://doi.org/10
.1128/jb.186.5.1258-1269.2004.

Yu EW, Aires JR, McDermott G, Nikaido H. 2005. A periplasmic drug-
binding site of the AcrB multidrug efflux pump: a crystallographic and

Issue 3 e00996-20

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

mBio’

site-directed mutagenesis study. J Bacteriol 187:6804-6815. https://doi
.org/10.1128/JB.187.19.6804-6815.2005.

Schuster S, Vavra M, Kern WV. 2016. Evidence of a substrate-
discriminating entrance channel in the lower porter domain of the
multidrug resistance efflux pump AcrB. Antimicrob Agents Chemother
60:4315-4323. https://doi.org/10.1128/AAC.00314-16.

Vargiu AV, Nikaido H. 2012. Multidrug binding properties of the AcrB
efflux pump characterized by molecular dynamics simulations. Proc
Natl Acad Sci U S A 109:20637-20642. https://doi.org/10.1073/pnas
.1218348109.

Chitsaz M, Booth L, Blyth MT, O’'Mara ML, Brown MH. 2019. Multidrug
resistance in Neisseria gonorrhoeae: identification of functionally impor-
tant residues in the. MtrD efflux protein. mBio 10:e02277-19. https://doi
.org/10.1128/mBi0.02277-19.

Seeger MA, Schiefner A, Eicher T, Verrey F, Diederichs K, Pos KM. 2006.
Structural asymmetry of AcrB trimer suggests a peristaltic pump mech-
anism. Science 313:1295-1298. https://doi.org/10.1126/science.1131542.
Ababou A, Koronakis V. 2016. Structures of gate loop variants of the AcrB
drug efflux pump bound by erythromycin substrate. PLoS One 11:
€0159154. https://doi.org/10.1371/journal.pone.0159154.

Halfon Y, Matzov D, Eyal Z, Bashan A, Zimmerman E, Kjeldgaard J,
Ingmer H, Yonath A. 2019. Exit tunnel modulation as resistance mech-
anism of S. aureus erythromycin resistant mutant. Sci Rep 9:11460.
https://doi.org/10.1038/s41598-019-48019-1.

Punjani A, Rubinstein JL, Fleet DJ, Brubaker MA. 2017. cryoSPARC:
algorithms for rapid unsupervised cryo-EM structure determination. Nat
Methods 14:290-296. https://doi.org/10.1038/nmeth.4169.

Zhang K. 2016. Gctf: real-time CTF determination and correction. J Struct
Biol 193:1-12. https://doi.org/10.1016/j.jsb.2015.11.003.

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng
EC, Ferrin TE. 2004. UCSF Chimera—a visualization system for explor-
atory research and analysis. J Comput Chem 25:1605-1612. https://doi
.org/10.1002/jcc.20084.

Emsley P, Cowtan K. 2004. Coot: model-building tools for molecular
graphics. Acta Crystallogr D Biol Crystallogr 60:2126-2132. https://doi
.org/10.1107/50907444904019158.

Afonine PV, Poon BK, Read RJ, Sobolev OV, Terwilliger TC, Urzhumtsev A,
Adams PD. 2018. Real-space refinement in PHENIX for cryo-EM and
crystallography. Acta Crystallogr D Struct Biol 74:531-544. https://doi
.org/10.1107/52059798318006551.

Adams PD, Grosse-Kunstleve RW, Hung LW, loerger TR, McCoy AJ,
Moriarty NW, Read RJ, Sacchettini JC, Sauter NK, Terwilliger TC. 2002.
PHENIX: building new software for automated crystallographic structure
determination. Acta Crystallogr D Biol Crystallogr 58:1948 -1954. https://
doi.org/10.1107/s0907444902016657.

Chen VB, Arendall WB, Ill, Headd JJ, Keedy DA, Immormino RM, Kapral
GJ, Murray LW, Richardson JS, Richardson DC. 2010. MolProbity:
all-atom structure validation for macromolecular crystallography.
Acta Crystallogr D Biol Crystallogr 66:12-21. https://doi.org/10.1107/
$0907444909042073.

mbio.asm.org 15


https://doi.org/10.1128/mBio.02281-18
https://doi.org/10.1128/mBio.02281-18
https://doi.org/10.1128/mBio.01747-18
https://doi.org/10.1128/mBio.01747-18
https://doi.org/10.1128/mBio.01419-18
https://doi.org/10.1038/nature05076
https://doi.org/10.1038/nature05076
https://doi.org/10.1038/nature10641
https://doi.org/10.1038/nature10641
https://doi.org/10.1128/mBio.01295-19
https://doi.org/10.1038/s41467-017-00217-z
https://doi.org/10.1016/j.jmb.2009.04.001
https://doi.org/10.1002/9780470920541.ch1
https://doi.org/10.1002/9780470920541.ch1
https://doi.org/10.1093/cid/ciz292
https://doi.org/10.1038/nature01050
https://doi.org/10.1128/jb.186.5.1258-1269.2004
https://doi.org/10.1128/jb.186.5.1258-1269.2004
https://doi.org/10.1128/JB.187.19.6804-6815.2005
https://doi.org/10.1128/JB.187.19.6804-6815.2005
https://doi.org/10.1128/AAC.00314-16
https://doi.org/10.1073/pnas.1218348109
https://doi.org/10.1073/pnas.1218348109
https://doi.org/10.1128/mBio.02277-19
https://doi.org/10.1128/mBio.02277-19
https://doi.org/10.1126/science.1131542
https://doi.org/10.1371/journal.pone.0159154
https://doi.org/10.1038/s41598-019-48019-1
https://doi.org/10.1038/nmeth.4169
https://doi.org/10.1016/j.jsb.2015.11.003
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S2059798318006551
https://doi.org/10.1107/S2059798318006551
https://doi.org/10.1107/s0907444902016657
https://doi.org/10.1107/s0907444902016657
https://doi.org/10.1107/S0907444909042073
https://doi.org/10.1107/S0907444909042073
https://mbio.asm.org

	Structure of MtrDCR103. 
	Structure of the MtrDCR103-erythromycin complex. 
	The proton relay network. 
	The lipid binding sites. 
	Drug susceptibility of mutant MtrD-bearing isogenic strains. 
	DISCUSSION
	MATERIALS AND METHODS
	Expression and purification of MtrDCR103. 
	Nanodisc preparation. 
	Electron microscopy sample preparation. 
	Data collection and processing. 
	Model building and refinement. 
	Site-directed mutagenesis of mtrD and antimicrobial susceptibility testing. 
	Data availability. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

