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Abstract: Coenzyme F420 is a deazaflavin hydride carrier with a lower reduction potential than most

flavins. In Mycobacterium tuberculosis (Mtb), F420 plays an important role in activating PA-824, an
antituberculosis drug currently used in clinical trials. Although F420 is important to Mtb redox

metabolism, little is known about the enzymes that bind F420 and the reactions that they catalyze.

We have identified a novel F420-binding protein, Rv1155, which is annotated in the Mtb genome
sequence as a putative flavin mononucleotide (FMN)-binding protein. Using biophysical techniques,

we have demonstrated that instead of binding FMN or other flavins, Rv1155 binds coenzyme F420.

The crystal structure of the complex of Rv1155 and F420 reveals one F420 molecule bound to each
monomer of the Rv1155 dimer. Structural, biophysical, and bioinformatic analyses of the Rv1155–

F420 complex provide clues about its role in the bacterium.
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Introduction

The causative bacterium of tuberculosis (TB),

Mycobacterium tuberculosis (Mtb), is among the most

widely distributed human pathogens, with an esti-

mated one-third of the world population having evi-

dence of infection by the bacterium.1 Drug-resistant

strains of Mtb have emerged and pose a significant

threat to the control of TB worldwide.2 New antibiot-

ics are urgently needed to stem the spread of drug-

resistant Mtb.3 TB drug design strategies can benefit

from taking advantage of biochemical processes pres-

ent in Mtb, but absent in human cells. One rich area

is the biochemistry of coenzyme F420 or 7,8-dides-

methyl-8-hydroxy 5-deazaflavin (Fig. 1), which is

found in mycobacteria but not in humans. Coenzyme

F420 is involved in the activation of PA-824,6 a pro-

drug that is currently used in human clinical trials

for the treatment of tuberculosis.7
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Coenzyme F420 was first observed as a bright

yellow and highly fluorescent pigment in mycobacte-

ria in the early 1960s8,9 and was chemically identi-

fied after its purification from methanogenic

Archaea.4 It is now known that F420 is present in

organisms from all three domains of life, archaea,

bacteria, and eukaryotes, but it is relatively rare in

nature overall. F420 shares some structural similar-

ities with more common flavins, such as riboflavin,

flavin mononucleotide (FMN), and flavin adenine

dinucleotide (FAD). However, the tricyclic ring sys-

tem in F420 differs from that of FMN and FAD in

having a central carbon atom, C5, at position 5

instead of a nitrogen atom as found in the other fla-

vins (Fig. 1). For this reason, the F420 ring system is

referred to as a deazaisoalloxazine ring, and its

ground-state reactivity typically involves hydride

transfer to or from this site rather than the usual

single electron chemistry of flavins.10 Other differen-

ces from more familiar flavins occur beyond the

phosphate moiety, where F420 has a lactyl group and

polyglutamate tail using g-glutamyl linkages (Fig.

1). Coenzyme F420 has a lower reduction potential

(E� � 2360 mV)11 than most flavins and it has been

suggested that this redox chemistry may help the

bacterium survive in anaerobic conditions existing

in human lesions.12

Little is known about the enzymes in Mtb that

require coenzyme F420 for catalysis. A comparative

genomics study of Mtb suggests that there are at

least 28 unique F420-binding enzymes in Mtb that

can be classified into three families: the deazaflavin-

dependent nitroreductases (DDN), the luciferase-like

monooxygenases (LLM), and the pyridoxine 50-

phosphate oxidases (PNPOx).13 All three classes

have homologs in other organisms that are known to

bind either FMN or FAD. Examples from two of the

classes have been studied. In the DDN family,

Rv3547, also known as Ddn, is an F420-dependent

enzyme that catalyzes hydride transfer from the

reduced coenzyme, F420H2, to the antituberculosis

drug PA-824.14 In the LLM family, the F420-depend-

ent glucose 6-phosphate dehydrogenase 1 (FGD1,

Rv0407) catalyzes the oxidation of glucose 6-

phosphate and produces F420H2.
15,16 At present, it

appears that the only studies on F420-dependent

enzymes in Mtb are those on Ddn and FGD1, as no

other F420-dependent enzymes have been identified

and characterized experimentally.

The PNPOx family in Mtb includes the gene

products Rv1155, Rv2991, Rv2607, Rv0121c,

Rv2061c, Rv1875, Rv2074, and Rv3369. All members

of this class are annotated in the Mtb genome as

conserved hypothetical FMN-binding enzymes. We

previously demonstrated that Rv2607 functions as a

canonical PNPOx, which catalyzes the oxidation of

pyridoxine 50-phosphate into the bioactive pyridoxal

50-phosphate (PLP).17 The cofactor requirements of

other Mtb proteins in the PNPOx-like class have not

been experimentally confirmed; although crystal

structures have been determined of Rv1155 without

bound FMN18 and with bound FMN,19 it has

remained unclear if Rv1155 binds FMN outside of a

crystal environment.

Using biophysical techniques, we report here

that Rv1155 binds coenzyme F420 in solution, but

does not bind FMN. In order to characterize the

Rv1155–F420 interaction, we determined the crystal

structure of Rv1155 bound to F420, which revealed

how F420 is bound and the importance of its polyglu-

tamate tail in coenzyme recognition.

Results

Rv1155 does not co-purify with bound flavins
Two of the Mtb PNPOx family members, Rv1155

and Rv2607, were individually expressed in

Escherichia coli. Both Rv1155 and Rv2607 were

identified as homodimers by size exclusion chroma-

tography (SEC). We have previously shown by mass

spectrometry that Rv2607 as isolated from E. coli

already contains bound FMN.17 The Rv2607–FMN

complex has a UV–visible absorbance profile that is

typical of an FMN-binding protein, which is charac-

terized by two peaks in the �350–500 nm region

(Fig. 2). By contrast, Rv1155 lacks absorbance in

this region, indicating that it does not co-purify with

a flavin cofactor. As genes coding for enzymes

involved in F420 synthesis are absent in the E. coli

Figure 1. Coenzyme F420 compared to the structures of

three other flavins, riboflavin, FMN (flavin mononucleotide),

and FAD (flavin adenine dinucleotide). Oxidized F420 (upper)

is shown. The predominant F420 isoforms observed in myco-

bacteria have polyglutamate tails consisting of glutamates

(n 5 5 or 6) that are linked by g-glutamyl bonds.4,5 In the

lower panel are shown the oxidized structures of riboflavin,

FMN, and FAD.
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genome, neither Rv2607 nor Rv1155 would be

expected to co-purify with F420.

Rv1155 binds coenzyme F420

Several redox cofactors were tested for binding to

Rv1155 using differential scanning fluorimetry

(DSF), including F420, FMN, FAD, and nicotinamide

adenine dinucleotide phosphate (NADPH) (Fig. 3).

The intensity of the dye fluorescence versus temper-

ature curve for Rv1155 has a stable baseline and

sharp transition [Fig. 3(A)], making Rv1155 well

suited for analysis using the DSF technique.20 In

the absence of cofactor, the melting temperature

(Tm) of Rv1155 is 51.9�C [Fig. 3(A), blue trace]. In

the presence of F420 (50 mM), the Tm of Rv1155

increased by 5.3� [Fig. 3(A), red trace]. This higher

melting temperature indicates that F420 binding to

Rv1155 increases the free energy of protein unfold-

ing and thus renders Rv1155 resistant to denatura-

tion at higher temperatures. The Tm of Rv1155 did

not increase significantly in the presence of FMN,

FAD, or NADPH [Fig. 3(B)], indicating that these

cofactors do not similarly stabilize this protein.

The Rv1155–F420 binding interaction was fur-

ther characterized by isothermal titration calorime-

try (ITC) by titrating F420 into a 50 lM solution of

Rv1155 (Fig. 4). Concentrations of Rv1155 >50 lM

resulted in significant aggregation of the protein as

determined by dynamic light scattering. Fitting the

ITC data to a one binding site model yielded a KD of

170 lM for F420 binding to Rv1155. The measured

binding affinity of F420 for Rv1155 is lower than that

reported for the binding of F420 to other F420-

dependent proteins in Mtb (Ddn: 1 lM,15 FGD1: 4.5

lM21).

Trial enzymatic reactions with Rv1155 and F420

Enzymatic test reactions were performed with

Rv1155 in the presence of either reduced or oxidized

coenzyme F420. To detect a redox reaction mediated

by Rv1155 and F420, the oxidation state of F420 was

monitored by absorbance at 420 nm. Oxidized F420

has a strong absorbance at 420 nm, but reduced F420

(F420H2) exhibits weak absorbance in this region. No

change in the absorbance of oxidized or reduced F420

was observed in the presence of Rv1155 and pyridox-

ine 50-phosphate, pyridoxamine 50-phosphate, or

PLP, indicating that Rv1155–F420 does not bind pyri-

doxine 50-phosphate or its analogs as substrates.

This is unlike other members in the PNPOx class

that catalyze the oxidation of pyridoxine 50-

phosphate, including Rv2607 from Mtb.17 In the

presence of reduced F420, Rv1155 also does not

metabolize the anti-TB drug PA-824, unlike the

F420-dependent nitroreductase Ddn, which does

Figure 2. UV–visible absorbance spectra of Rv1155 and

Rv2607, members of the Mtb PNPOx family, show that

Rv1155 lacks the absorbance profile characteristic of an

FMN-binding protein. The UV–visible spectrum of free, oxi-

dized FMN (blue trace) has two peaks in �350–500 nm

region. The UV–visible spectrum of recombinant Rv2607

(green trace) has two peaks in the same part of the spec-

trum, which is consistent with Rv2607 being a known FMN-

binding protein. Rv1155 (red trace) lacks absorbance in this

region of the spectrum, indicating that it does not co-purify

with a flavin when expressed recombinantly in E. coli. Free

oxidized FMN, Rv2607-FMN, and Rv1155 are present at 30

lM.

Figure 3. Rv1155 binds coenzyme F420 as assessed by differential scanning fluorimetry (DSF). (A) DSF melt curves in the pres-

ence of F420 (red trace) and in the absence of F420 (blue trace). Melt curves for FMN, FAD, and NADPH (not shown) were almost

identical to the Rv1155 curve in the absence of F420. (B) Tm values for Rv1155 in the presence of 50 lM F420, FMN, FAD, and

NADPH. The change in Tm (DTm) was calculated relative to the Rv1155 only sample. Each measurement was made in triplicate.

RFU, relative fluorescence units.
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activate PA-824.14 MSMEG_5170, an ortholog of

Rv1155 in Mycobacterium smegmatis with 79%

sequence identity to Rv1155, carries out the reduc-

tion of a,b-unsaturated esters in aflatoxins in the

presence of F420H2.22 However, we did not detect a

change in the absorbance of reduced F420 with

Rv1155 in the presence of the aflatoxin analogs, cou-

marin, 7-hydroxycoumarin, 7-hydroxy-4-methylcou-

marin, or imperatorin.

Structure of Rv1155 with bound F420

X-ray datasets were obtained from yellow crystals of

the Rv1155–F420 complex, which diffracted X-rays to

resolutions of 1.9–2.8 Å. An initial electron density

map was obtained by molecular replacement. The

Rv1155–F420 structure was refined at 2.3 Å resolu-

tion resulting in R-factors of 0.25 (Rfree) and 0.19

(Rwork) (Table I). One Rv1155 homodimer was pres-

ent in the asymmetric unit of the Rv1155–F420

crystals. There was continuous electron density in

monomer A from Gln4A to Pro144A and in monomer

B from Gln4B to Arg147B. At the interface between

the monomers and near the surface of the dimer,

there was difference electron density at two sites

that enabled the unambiguous placement of two

molecules of F420 [Fig. 5(A)]. For the molecule of

F420 in binding site 1, we observed electron density

for the deazaisoalloxazine ring system, the ribityl

moiety, the phosphate, the lactyl moiety, and one

residue of the polyglutamate tail [Fig. 5(B)]. For the

F420 molecule in binding site 2, we did not see elec-

tron density for the deazaisoalloxazine ring system,

but as in binding site 1, we observed difference elec-

tron density for the ribityl moiety, the phosphate,

the lactyl moiety, and two glutamate residues out of

the five or six residues in the polyglutamate tail of

F420 [Fig. 5(C)]. Electron density was not observed

in either site for the third glutamate and additional

glutamates of the polyglutamate tail as they were

likely disordered in the crystal.

Each F420 binding site is formed by residues

from both Rv1155 monomers. The negative charge of

the phosphate group and the first two residues of

the polyglutamate tail of F420 are accommodated by

a tunnel of positively charged and polar residues at

the dimer interface. The portion of the polygluta-

mate tail visible in the structure makes hydrogen-

bonding interactions with His27, Asn60, and His138

(Fig. 5). Several additional basic residues that could

interact with additional glutamates in the polygluta-

mate tail are Arg30, Arg59, Arg63, and Arg66. The

lactyl moiety of F420 forms a hydrogen bond with

Table I. Rv1155 X-Ray Data and Refinement Statistics

X-ray data
X-ray source APS 22-BM
Resolution limit (Å) 49–2.30 (2.36–2.30)
Space group P212121

Unit cell dimensions (Å) 53.6, 65.2, 77.1
Completeness (%) 99.8 (100)
Multiplicity 7.0
Wilson B-factor (Å2) 45
Rmerge (%) 3.7 (25.0)
<I/r(I)> 33.6 (8.5)

Refinement
Resolution limits (Å) 33–2.30 (2.38–2.30)
No. of reflections in working set 12,470
No. of reflections in test set 634
Rwork (%) 18.6 (22.1)
Rfree (%) 25.2 (34.6)

Number of atoms
Protein; H2O; F420 and other 2206; 59; 138

Geometry r.m.s. deviations
Bond lengths (Å) 0.008
Bond angles (�) 1.13

B-factors (Å2)
Monomer A 37.3
Monomer B 35.6
H2O 37.8
F420 and other atoms 49.7

Figure 4. Isothermal titration calorimetry reveals the binding

of F420 to Rv1155. The ligand, F420 (880 lM), was titrated into

a solution of the protein, Rv1155 (50 lM as monomer). The

top panel shows the ITC thermogram of the raw titration data

that were measured for each injection of F420. The data

points in the bottom panel form the binding isotherm, in

which each integrated peak area in units of kcal/mol is plot-

ted against the ratio of the number of moles F420 that were

injected to the number of moles of Rv115 present in the

experiment. The solid line represents the best fit of the iso-

therm data to a one-binding-site model, which yielded a KD

value of 170 lM for the binding of F420 to Rv1155.
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Gln32 and the phosphate is held in place via hydro-

gen bonds to Arg55 and Lys57. The ribityl moiety

interacts with Tyr79, hydrogen bonds with Lys57,

and is stabilized by intra-F420 hydrogen bonds. The

deazaisoalloxazine ring system forms hydrogen

bonds with main chain atoms of Gln37 and Trp77. A

stacking interaction occurs between the side chain of

Trp77 and the benzene ring portion of the

deazaflavin.

Even though the two coenzyme binding sites in

Rv1155 are identical, there was little electron den-

sity for the deazaisoalloxazine ring of F420 in binding

site 2. The positions of the Trp77 and Arg55 side

chains in binding site 2 suggest that the F420 ring

system in binding site 2 may be missing or disor-

dered [compare Fig. 5(B) and 5(C)]. Rv1155–F420

crystals that were transferred to a cryoprotectant

solution that was not supplemented with F420

yielded structures with a bound F420 in binding site

2, but without a F420 in binding site 1. This observa-

tion indicates that the incomplete F420 in binding

site 2 may have co-crystallized with the protein,

while the F420 in binding site 1 may have soaked

into its binding site.

The electron density for F420 in binding site 1

clearly demonstrates that the ring system assumes a

conformation in which the two outer rings are bent

relative to the central ring containing C5 [Fig. 6(B)].

This “butterfly” conformation is commonly seen in

protein-bound flavins.24 The butterfly angle of the

coenzyme F420 in the structure was determined to be

16.5� by measuring the angle between the mean

planes of the central and benzene rings.25

A substrate molecule that can be oxidized or

reduced by F420 would likely bind near the deazai-

soalloxazine ring system where hydride transfer is

Figure 5. Crystal structure of Rv1155 bound to F420 at 2.3 Å resolution. (A) Structure of the Rv1155 homodimer with two F420

molecules (green, purple) bound at the interface between chain A (cyan) and chain B (tan). (B) Detailed view of binding site 1.

(C) Detailed view of binding site 2. Electron density for the ring system of F420 is not visible in binding site 2 (see text). The 2Fo–

Fc electron density for F420 is contoured at 1.0r. Hydrogen bonds are represented as yellow lines.
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known to occur in other proteins. Adjacent to the

ring system in the structure there is a pocket lined

with polar and hydrophobic residues where a sub-

strate may bind (Fig. 7). The volume of the pocket is

130 Å3 as calculated using Computed Atlas of

Surface Topography of proteins server (CASTp).26

This pocket is formed by the small domain of the

PNPOx-like fold, which is the known binding site of

substrates PNP and PMP in the E. coli27 and

human28 PNPOx enzymes.

Comparison of Rv1155–F420 complex with other
structures

Rv1155–F420 was compared with all other structures

deposited in the PDB using the distance alignment

matrix method (Dali).29 The PDB entries with the

greatest global-fold similarity to Rv1155 are predom-

inantly other PNPOx-like proteins of unknown func-

tion. The highest scoring hits were the two PNPOx-

like proteins, Rv2991 and Rv2074 from Mtb, and one

protein, MSMEG_3380, which is the M. smegmatis

ortholog of Rv2074. The root-mean-square (r.m.s.)

deviations on a-carbons of Rv2991 (PDBID: 1RFE),

Rv2074 (PDBID: 2ASF30), and MSMEG_3380

(PDBID: 3F7E22) relative to Rv1155–F420 are 2.7,

2.5, and 2.6 Å, respectively. The available X-ray

crystal structures of Rv2991, Rv2074, and

MSMEG_3380 have no bound cofactors or sub-

strates. We superimposed the crystal structure of

Rv1155–F420 with those of Rv2991, Rv2074, and

MSMEG_3380 to compare the F420 binding site in

Rv1155 to the analogous sites in the three other

mycobacterial PNPOx-like proteins. This analysis

revealed that most of the residues in Rv1155 that

interact with F420 [shown in Fig. 5(A,B)] are con-

served in Rv2991, Rv2074, and MSMEG_3380. For

example, Rv1155 residues Q32A, K57A, N60A,

Y79B, R129A, and H138B are mostly conserved in

Rv2991, Rv2074, and MSMEG_3380 (Table II).

Based on the structural similarities that Rv2991

and Rv2074 share with Rv1155, we propose that

Figure 6. The 2Fo–Fc omit electron density of the F420 in the crystal structure of Rv1155 contoured at 1.0r. (A) F420 modeled

into the density found in the binding site 1 viewed from the interface of chains A and B. (B) F420 as viewed after 90� rotation

around the horizontal axis relative to panel A. The density indicates that the ring assumes a butterfly conformation, meaning the

ring system is not fully planar, but that the pyrimidine and benzene rings of the deazaisoalloxazine ring system are bent below

the central ring, which contains C5 and N10. The butterfly angle is 16.5�, defined as the angle between the plane of the pyrimi-

dine ring and the plane of the benzene ring. The angle was measured using Chimera.23

Figure 7. Putative active site in Rv1155–F420. Surface repre-

sentation of the Rv1155 colored by electrostatic potential

(red, negative; blue, positive; white, neutral, which corre-

sponds to areas occupied by polar or hydrophobic residues).

The dashed line encircles a putative substrate-binding pocket

near the F420 deazaisoalloxazine ring system, which has a

volume of 130 Å3.
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Rv2991 and Rv2074 also bind coenzyme F420.

MSMEG_3380 is known to bind F420H2 and to use it

to reduce alfatoxins.22 From its comparison with the

Rv1155 structure, MSMEG_3380 likely binds F420 at

an analogous site. Crystal structures are not avail-

able for Rv1875 and Rv0121c, but sequence align-

ments indicate that they also bind F420 (Table II).

Metabolic pathway analysis for Rv1155
Proteomic investigation has shown that Rv1155 is

found in the membrane fraction of Mtb cell lysates.31

There is no signal sequence in Rv1155 to target it to

the membrane, nor does it have any predicted trans-

membrane regions, amphipathic membrane anchors,

or lipidation sites. In order to identify possible inter-

action partners that can localize Rv1155 to the mem-

brane, a metabolic pathway analysis was performed

on 1133 genomes using the Search Tool for Retrieval

of Interacting Genes/Proteins (STRING) database32

(http://string-db.org/). One way to predict functional

pathways is to compare gene co-occurrence across

many genomes, that is, to identify genes that tend

to be either present or absent together because they

form a functional unit in the cell.33 Of the 10 genes

identified that co-occur with Rv1155, seven are also

found in the membrane fraction of Mtb cells,31

including Ddn, a Ddn homolog Rv1558, and PNPOx-

like proteins Rv2074 and Rv2061c (Supporting

Information Table I). Like Rv1155, none of the co-

occurring gene products contain predicted signal

peptides or transmembrane regions.

Discussion
Rv1155 is a member of a class of proteins that are

related to one another by a common domain type

classified as “PNPOx-like” in the Pfam database34

(Pfam ID: Pyridox_oxidase, PF01243). Selengut and

Haft used computational techniques to identify

potential F420-dependent protein families in Mtb and

to distinguish proteins that bind F420 from those

that recognize FMN.13 This approach pointed to

Rv1155 as an F420-binding protein along with other

PNPOx-like proteins in Mtb (Rv2991, Rv0121c,

Rv2061c, Rv1875, Rv2074, and Rv3369). Our data

provide experimental evidence for the use of F420 by

Rv1155. The remaining PNPOx-like proteins in Mtb

may constitute a novel class of F420-binding proteins.

The differential scanning fluorimetry assay

demonstrated that the Tm of Rv1155 remains

unchanged in the presence and absence of FMN,

showing that FMN does not bind Rv1155. This

result is consistent with the absorbance profile of

pure recombinant Rv1155, which indicates that it

does not co-purify with FMN when expressed in E.

coli. These findings corroborate previous observa-

tions that Rv1155 does not behave as a canonical

FMN-dependent enzyme,18 but they are conflicting

with the reported structures of Rv1155–FMN

(PDBID: 1Y3019) and Rv1155–PLP (PDBID:

2AQ619). We suggest that the crystal structure of

Rv1155 bound to FMN may be the result of weak

FMN binding that is stabilized by the crystal lattice.

Comparison of the Rv1155–FMN and Rv1155–F420

structures shows that the phosphate moieties in

FMN and F420 bind at nearly the same site where

they form hydrogen bonds with Arg55 and Lys57

(Supporting Information Fig. 1A). The ribityl moi-

eties, which are identical in FMN and F420, make

the same hydrogen bond with Tyr79 in Rv1155. A

structural superimposition of Rv1155–FMN and

Rv1155–PLP showed that simultaneous binding of

FMN and PLP is improbable because the molecules

would occupy the same space in the binding site

(Supporting Information Fig. 1B). In addition, FMN

and PLP are found in only one of the two binding

sites per Rv1155 homodimer.19

The present crystallographic data reveal that

F420 binds to Rv1155 at the homodimer interface on

the surface of the protein. F420 is accommodated by

a cleft in the protein lined with basic residues that

can form hydrogen bonds with the polyglutamate

tail and the phosphate of F420. The binding mode of

F420 in Rv1155 is similar to that of F420 bound to

Ddn (Supporting Information Fig. 2). Rv1155 and

Ddn also share some global-fold similarities, includ-

ing a beta-barrel core and a small, alpha helical

domain, although the two proteins have only 12%

sequence identity.

Table II. Other PNPOx-Like Proteins in Mycobacteria Have Analogous Amino Acid Residues Positioned Similarly
to Those of Rv1155 That Interact with the Coenzyme and May Also Bind F420

F420 moieties

Protein Lactyl Ribityl, P PolyGlu Ribityl, P Ring system Lactyl, polyGlu

Rv1155 Q32A K57A N60A Y79B R129A H138B
Rv2991a H38A K61A N64A G86B R132A R141B
Rv2074a H36A K61A N60A W81B R117A R126B
MSMEG_3380a Q30A K53A N56A Y76B A125B R80B
Rv1875b Q30 K58 N61 W78 R133 R142
Rv0121cb H28 R66 N69 W92 G129 R138

a Analogous residues identified by structural superposition with Rv1155.
b Analogous residues identified by sequence alignment with Rv1155.

Mashalidis et al. PROTEIN SCIENCE VOL 24:729—740 735

info:x-wiley/pdb/1Y30
info:x-wiley/pdb/2AQ6


The butterfly bend angle of the flavin tricyclic

ring system is related to its redox properties. The

protein environment mediates the extent of ring

puckering, which allows for fine-tuning of the reduc-

tion potential required to carry out its biological

function.25 The butterfly bend angle of F420 in the

structure is 16.5�. This value falls within the range

of bend angles measured in other F420-bound struc-

tures deposited in the Protein Databank: 13.9�

(PDBID: 1JAY35), 15.0� (PDBID: 3IQE36), 20.4�

(PDBID: 3B4Y15), 31.7� (PDBID: 1RHC37), and 52.7�

(PDBID: 1Z6938). Flavins with larger bend angles

tend to have lower reduction potentials.25 Larger fla-

vin butterfly bend angles are also associated with a

less stable semiquinone (one electron) intermedi-

ate.25 The semiquinone state is not observed in dea-

zaflavins like F420 because the radical anion at C5 is

too unstable.11 F420 is able to carry out low reduction

potential reactions inaccessible by other flavins such

as FMN and FAD.11

The butterfly bend angle of the deazaisoalloxa-

zine ring in the current structure provides some

insight into the enzymatic properties of this

enzyme–coenzyme system. Oxidized flavins tend to

be more planar than the one- and two-electron

reduced forms. The butterfly bend angle observed

for F420 bound to Rv1155 is similar to that (20.4�) of

F420-dependent glucose 60-phosphate dehydrogenase

from Mtb (PDBID: 3B4Y15), which catalyzes the

reduction of F420, and to that (15.0�) of F420-depend-

ent methylene-tetrahydromethanopterin dehydro-

genase (PDBID: 3IQE36) from Methanopyrus

kandleri, which is capable of reversibly transferring

a hydride using F420 as the carrier. Rv1155 may

exhibit similar redox properties to these F420-

dependent systems in which F420 can be used as an

oxidizing agent.

The precise enzymatic reaction catalyzed by

Rv1155 remains unknown. Trial enzymatic reactions

conducted with Rv1155 and reduced or oxidized F420

have ruled out the possibility that Rv1155 can func-

tion as a PNPOx, a Ddn, or an enzyme capable of

aflatoxin degradation. Adjacent to the F420-binding

pocket in Rv1155 is a hydrophobic cavity measuring

130 Å3 (Fig. 7). The pocket may be the site of sub-

strate binding as it is located near the F420 deazai-

soalloxazine ring system responsible for redox

chemistry. This putative substrate-binding space is

similar in size to that of the F420-dependent second-

ary alcohol dehydrogenase (128 Å3), which binds iso-

propanol (PDBID: 1RHC37). Alternatively, this

location may be where a partner protein may bind

that would use the redox properties of the bound

F420.

Rv1155 is found in the membrane fraction of

Mtb cell lysates,31 but analysis of its primary

sequence reveals that it lacks features that target it

to the membrane. In order to explore potential

functional roles for Rv1155, we used the STRING

database to predict other gene products in Mtb that

may participate in the same pathway as Rv1155.

Some of the predicted pathway members may physi-

cally interact with Rv1155, particularly if they are

located in the same subcellular region. The gene co-

occurrence analysis on Rv1155 identified seven gene

products that are experimentally confirmed

membrane-associated proteins (Supporting

Information Table I). It is possible that Rv1155

forms a complex with one or more membrane-

associated proteins, which would tether it to the

membrane and allow it to carry out its function in

the bacterium.

The gene product Rv1155 was annotated in the

Mtb genome as an FMN-binding protein belonging

to the PNPOx family based on sequence comparison

and previous structural analysis. We have provided

experimental evidence showing that Rv1155 does

not bind FMN nor does it exhibit canonical PNPOx

activity, that is, oxidation of pyridoxine 50-phosphate

or pyridoxamine 50-phosphate to produce PLP. Using

biophysical and crystallographic methods, we have

shown that Rv1155 instead binds to a redox deaza-

flavin coenzyme found in mycobacteria called F420,

and thus Rv1155 takes its place beside Ddn and

FGD1 as one of a small number of experimentally

validated F420-binding proteins in Mtb.

Materials and Methods

Production and purification of F420

The protocol for F420 purification was developed by

modifying existing procedures.39,40 M. smegmatis

cells were transformed with genes fbiA, fbiB, and

fbiC, which were obtained in a pYUBDuet vector

from Prof. Edward N. Baker (University of

Auckland, New Zealand). The genes fbiA, fbiB, and

fbiC encode enzymes involved in the biosynthesis of

F420.41 The vector was electroporated into M. smeg-

matis strain mc2155 as previously described.42 M.

smegmatis cells overexpressing the F420 biosynthetic

genes were grown in kilogram quantities in ferment-

ers in Luria broth (LB) broth. When the culture

reached an OD600nm of 0.6, IPTG was added to a

final concentration of 0.25 mM and further incu-

bated for 2 days. For one round of purification, typi-

cally around 800 g of M. smegmatis transformed

with fbiABC was thawed at 4�C and resuspended in

a minimal volume of 25 mM potassium phosphate

buffer pH 7.5, avoiding large clumps of cells

(�1.6 L). The suspension was autoclaved (121�C) for

20 min, cooled at 4�C, and centrifuged at 40,000g for

50 min. The bright yellow supernatant was filtered

with a 0.45-lm pore membrane filter (Millipore).

The cell pellet was again resuspended in a minimal

volume of 25 mM potassium phosphate buffer, pH
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7.5 (�1 L) and the mixture was again autoclaved,

centrifuged, and filtered as before.

The supernatants from both autoclave cycles

were pooled and loaded onto a quaternary amino-

ethyl anion exchange column equilibrated with

25 mM potassium phosphate buffer pH 7.5 at a flow

rate of 0.5 mL/min at 4�C. The column was then

washed at a constant flow rate of 1 mL/min with

25 mM potassium phosphate buffer pH 7.5 contain-

ing increasing concentrations of NaCl. The column

was first washed with 100 mM NaCl in potassium

phosphate buffer (2 L). A precursor to F420, F0, was

eluted with 250 mM NaCl in potassium phosphate

buffer (2 L). The column was further washed with

400 mM NaCl (2 L) in potassium phosphate buffer.

F420 eluted from the column with 600 mM NaCl

(2 L) potassium phosphate buffer. The eluate was

monitored spectrophotometrically at k 5 420 nm and

300 or 500 mL fractions were collected. Each frac-

tion was analyzed by LC-MS, which detected F420

species with five glutamates, F42025 (m/z: 1161),

and with six glutamates, F42026 (m/z: 1290). Under

these conditions, M. smegmatis cells transformed

with the vector containing fbiABC have about five

times higher F420 production levels than do wild-

type M. smegmatis cells.

The fractions containing F420 were removed

from the high salt buffer using solid-phase extrac-

tion (SPE) C18 cartridges according to the manufac-

turer’s protocol (Waters SEP-Pak Long).

Conductivity measurements indicated that the SPE

cartridges removed 97% of salts in the sample. The

desalted F420 fractions were lyophilized and then

dissolved in a minimal volume of water. The F420

was further purified by reverse-phase HPLC on a

Varian Prep Star instrument using a Phenomenex

Luna C18 (250 3 21.20 mm2, 10 mm) column.

Solution A was 0.1% formic acid in water and solu-

tion B was acetonitrile. The column was equilibrated

with 95% solution A and 5% solution B for 2 min.

The following linear elution gradients were used:

95–80% solution A and 5–20% solution B from 2 to

32 min, then 80–5% solution A and 20–95% solution

B from 32 to 35 min, and 5% solution A and 95%

solution B for 5 min. The fractions containing F420

were pooled, lyophilized, and dissolved in a minimal

volume of water. The concentration of F420 was

determined with the extinction coefficient43 at

420 nm, which is 25.9 mM21 cm21. The purity of

F420 was assessed by LC-MS. Yield was determined

to be 104 mg of F420 per 800 g M. smegmatis cells

overexpressing the F420 biosynthetic genes.

Expression and purification of Rv1155

The Rv1155 bacterial expression plasmid was

obtained as an amino terminal 6x-histidine (His6x)-

maltose-binding protein (MBP) fusion construct with

TEV protease cleavage site from Dr. Yves Bourne

(Architecture et Fonction des Macromol�ecules

Biologiques, CNRS, Marseille, France).18 The

Rv1155 construct included an ampicillin resistance

gene and was transformed into E. coli BL21(DE3)

cells. An overnight culture of a single colony was

diluted 1:100 into 2 L LB that was supplemented

with 100 mg/mL ampicillin. The culture was incu-

bated with shaking at 37�C and when an OD600nm of

0.4 – 0.6 was reached, protein expression was

induced with the addition of IPTG to a final concen-

tration of 1 mM. The culture was further incubated

at 25�C for 16 h with agitation. The cells were then

harvested by centrifugation (15 min, 14,000g), resus-

pended in equilibration buffer (50 mM Tris-HCl, pH

7.5, 150 mM NaCl, 10 mM imidazole), and subjected

to sonication on ice. The lysate was cleared by cen-

trifugation (50 min, 10,000g) and the supernatant

was loaded onto HiTrap HP nickel affinity column

5 mL (GE Healthcare) pre-equilibrated with equili-

bration buffer. The column was then washed with

equilibration buffer (203 column volume). The

His6x-MBP-Rv1155 fusion protein was released from

the column with elution buffer (50 mM Tris-HCl, pH

7.5, 150 mM NaCl, 300 mM imidazole). The eluted

protein was exchanged into a buffer optimized for

the TEV protease cleavage reaction (50 mM Tris-

HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1 mM

DTT) using 10 kDa cutoff centrifugation filters

(Millipore). The tag was efficiently cleaved by incu-

bation with TEV protease (1:100 molar ratio) at

25�C for 2 h. The His6x-TEV and any uncleaved

His6x-MBP-Rv1155 were removed from the reaction

mixture by loading it onto a second HiTrap HP

nickel affinity column with a 50 mL superloop (GE

Healthcare). The cleaved Rv1155 without a His6x tag

also bound the nickel column, but was eluted with

high salt buffer (50 mM Tris-HCl, pH 7.5, 600 mM

NaCl, 10 mM imidazole), leaving the His6x-tagged

proteins on the nickel affinity resin. The Rv1155

that was eluted from the second HiTrap column was

pooled and exchanged into equilibration buffer.

For protein to be used for crystallization experi-

ments, F420 was added to Rv1155 (4:1 molar ratio of

coenzyme to enzyme) and incubated at 4�C over-

night. The complex was then purified by SEC using

a Superdex-75 10/300 GL column (GE Healthcare)

pre-equilibrated with 10 mM Tris-HCl, pH 7.5,

50 mM NaCl, and 50 lM F420. The eluate was moni-

tored at two wavelengths: k1 5 280 nm (protein) and

k2 5 420 nm (F420). The column fractions that

absorbed at both 280 nm and 420 nm were analyzed

by SDS–PAGE. Fractions containing pure Rv1155–

F420 were pooled and concentrated to 10 mg/mL

with 10 kDa cutoff centrifugation filters (Millipore).

For protein to be used for ITC experiments, the

pooled cleaved Rv1155 eluted from the second

HiTrap column was purified by SEC with a 16/60

Superdex-75 column (GE Healthcare) pre-
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equilibrated with 50 mM potassium phosphate

buffer, pH 7.5, 50 mM NaCl. Fractions containing

pure Rv1155 were pooled and concentrated to

10 mg/mL with 10 kDa cutoff centrifugation filters

(Millipore). The yield was 10 mg of Rv1155 per 1 L

of cells. Rv1155 purified by SEC was a >95% pure

homodimer as assessed by SDS–PAGE of column

fractions. The mass of one untagged Rv1155 mono-

mer was determined to be 16227.0 Da by mass spec-

trometry, which is the calculated molecular weight

of Rv1155 without the initiating methionine and

with an extra glycine residue remaining after TEV

cleavage.

Differential scanning fluorimetry

Samples (100 mL) contained 5 mM Rv1155, 2.53

SYPROVR Orange (Invitrogen), 100 mM potassium

phosphate buffer pH 7.8, 100 mM NaCl, and either

50 lM cofactor (FMN, FAD, NADPH, or F420) or an

equivalent volume of water as a negative control.20

Samples were placed in a MicroAmpVR optical 96-

well reaction plate and sealed with optical adhesive

film (Applied Biosystems). All samples were tested

in triplicate over a temperature range of 40–75�C

with a ramp rate of 0.01�C/s, collecting a scan every

1 s. Fluorescence data were collected on a 7500 Real

Time PCR instrument using the ROXTM filter (kex:

587 nm, kem: 607 nm). Data were analyzed using

Protein Thermal Shift v1.0 software (Applied

Biosystems). The Tm was determined by calculating

the negative derivative of the melt curve and identi-

fying the local minimum.

Isothermal titration calorimetry

Untagged Rv1155 (without added F420) underwent

dialysis overnight at 4�C with stirring in a 10 kDa

MW cutoff Slide-A-Lyzer dialysis cassette

(ThermoScientific, US) against 600 mL of 100 mM

potassium phosphate buffer pH 7.4 and 20 mM

NaCl. F420 was dialyzed into the same buffer using

a 500 Da cutoff Float-A-Lyzer dialysis cassette

(Spectrum Laboratories, CA). The dialysate was

retained to rinse the instrument before use. For the

titration of F420 into Rv1155, 879 lM F420 and 50

lM Rv1155 were used.

All titrations were performed on a MicroCal VP-

ITC calorimeter (GE Healthcare). In general, experi-

mental parameters were as follows: thirty 10 lL

injections (5 lL for first injection) with 20 s duration

(10 s for the first injection), 5–7 lcal/s reference

power, 120 s initial delay, and 300 s spacing. The

cell temperature was held at 30�C. The titration of

F420 into Rv1155 (50 lM monomer) was conducted

under low c value conditions, where c 5 [M]t/KD and

[M]t is the total protein concentration.44 To achieve

a higher c value in the ITC experiment, protein con-

centrations >50 lM were attempted, but led to pro-

tein aggregation. Data were analyzed and figures

were generated using Origin software (OriginLab

Corp).

Trial enzymatic reactions

All activity assays for Rv1155 were conducted using

a Varian Cary 300 Bio UV-Visible spectrophotometer

in 1 cm path length quartz cuvettes (Varian). Where

present, the reagents were at the following concen-

trations: 1 mM Rv1155, 100 mM test substrate, 20

mM F420 or F420H2. Reaction mixtures (150 mL total)

contained: (1) Rv1155, substrate, and F420 or F420H2,

(2) Rv1155 and substrate, (3) substrate and F420 or

F420H2, (4) Rv1155 and F420 or F420H2. Test sub-

strates were pyridoxine 50-phosphate, pyridoxamine

50-phosphate, PLP, PA-824, coumarin, 7-

hydroxycoumarin, 7-hydroxy-4-methylcoumarin, and

imperatorin. All reactions were carried out in

25 mM potassium phosphate, pH 7.5. The reactions

were initiated with the addition of enzyme and a

wavelength scan (200–500 nm) was collected every 2

min for 1 h.

Rv1155–F420 crystals, X-ray data, and structure
determination

Crystallization trials were carried out using a

Crystal Phoenix crystallization robot (Art Robbins

Instruments LLC) to set up the binary complex

Rv1155–F420 with the conditions from the Classics,

JCSG Core I–IV, pH Clear, and PEGs Suite crystalli-

zation kits (Qiagen). A number of buffer conditions

produced crystals, including 0.1M MES, 25% PEG-

3350 or PEG-4000 or PEG-6000 or PEG-8000 and

0.2M sodium or potassium fluoride, 20% PEG-3350,

and 0.2M sodium or potassium formate, 20% PEG-

3350. Crystals grown in 0.2M sodium fluoride, 20%

PEG-3350 or in 0.2M sodium formate, 20% PEG-

3350 exhibited the highest resolution diffraction.

Crystallization trials with Rv1155–F420 yielded

initial crystals of the Rv1155 dimer in which only

one monomer contained a bound F420 molecule.

Optimization studies succeeded in filling the second

binding site by soaking briefly in a cryoprotectant

solution with additional F420 (1 mM). All Rv1155–

F420 crystals, whether there were one or two mole-

cules of F420 bound, exhibited the same space group

(P212121) with unit cell dimensions of about 54, 65,

and 77 Å. Rv1155 apoenzyme crystallized in the

space group P21 and had unit cell dimensions of

about 47, 55, 55 Å, b 5 108�, similar to other apoen-

zyme crystals.18,19 In the absence of F420, the crys-

tals grew as thin plates, but in the presence of F420

the crystals appeared as tetragonal bipyramids. For

X-ray data collection, Rv1155 crystals were briefly

soaked in a cryoprotectant buffer consisting of 0.2M

sodium formate, 20% PEG-3350, 25% glycerol, and

1 mM F420, and then were rapidly frozen in liquid

nitrogen. X-ray data were collected at 2180�C at

beamline 22 at the Advanced Photon Source
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(Argonne National Laboratory, Lemont, IL). Initial

phases were obtained by molecular replacement

with an Rv1155 model (PDBID: 1Y3019) after remov-

ing ligands. Refinement of the structure with

Crystallography and NMR System (CNS),45

Phenix,46 and model rebuilding with the O soft-

ware47 resulted in an Rfree of 0.25 and an Rwork of

0.19 at 2.3 Å resolution. Structural images were pro-

duced with Chimera.23 The Rv1155–F420 coordinates

and structure factors were deposited into the

Protein Data Bank (http://www.rcsb.org) as PDBID

4QVB.

Metabolic pathway analysis for Rv1155

We used the Search Tool for Retrieval of Interacting

Genes/Proteins (STRING) v9.148 with Rv1155 as the

seed protein to identify possible functional partners

using the following prediction methods: gene fusion,

co-occurrence, co-expression, experiments, data-

bases, and text mining. A high confidence combined

score of 0.7 was used as a cutoff. From the top 20

hits, those co-occurring with Rv1155 were selected

for further analysis including signal peptide predic-

tion with SignalP 4.149 (http://www.cbs.dtu.dk/serv-

ices/SignalP/), transmembrane prediction using the

TMHMM server v2.050 (http://www.cbs.dtu.dk/serv-

ices/TMHMM/), amphipathic membrane anchors

using AmphipaSeeK51 (http://npsa-pbil.ibcp.fr/cgi-

bin/npsa_automat.pl?page5/NPSA/npsa_amphipaseek.

html), and cell localization using the TubercuList

database52 (http://tuberculist.epfl.ch/index.html).
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