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Abstract: Bilirubin is a potent antioxidant that is produced from the reduction of the heme degrada-

tion product biliverdin. In mammalian cells and Cyanobacteria, NADH/NADPH-dependent biliverdin
reductases (BVRs) of the Rossmann-fold have been shown to catalyze this reaction. Here, we

describe the characterization of Rv2074 from Mycobacterium tuberculosis, which belongs to a

structurally and mechanistically distinct family of F420H2-dependent BVRs (F-BVRs) that are exclu-
sively found in Actinobacteria. We have solved the crystal structure of Rv2074 bound to its cofac-

tor, F420, and used this alongside molecular dynamics simulations, site-directed mutagenesis and

NMR spectroscopy to elucidate its catalytic mechanism. The production of bilirubin by Rv2074
could exploit the anti-oxidative properties of bilirubin and contribute to the range of immuno-

evasive mechanisms that have evolved in M. tuberculosis to allow persistent infection.
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Introduction
Biliverdin is a naturally occurring linear tetrapyr-

role produced from the oxidative degradation of

heme by heme oxygenases (HOs) (Fig. 1).1 It is used

for a variety of purposes, for instance as the precur-

sor to light harvesting phycobilins in Cyanobacteria

and green algae,2 and as pigmentation in birds,

amphibians and reptiles.3 In mammals, biliverdin is

reduced to bilirubin by biliverdin reductases

(BVRs).4 Bilirubin is toxic in high concentrations

and mostly excreted after solubilization by conjuga-

tion with glucuronic acid.4 However, it is also a

strong antioxidant and lipophilic radical scavenger,5

capable of compensating for a 10,000-fold increase in

reactive oxygen species and quenching reactive

nitrogen species like nitric oxide (NO) to protect

against cellular oxidative damage.6–9

Two BVR isoforms have been identified from

mammalian cells, BVR-A and BVR-B.6,10–12 BVR-A

reduces biliverdin-IXa (formed by the cleavage of

heme at the a-meso position) to bilirubin-IXa

(Fig. 1).10,12 It is the predominant isoform found in
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adult mammalian tissue,13 with the highest expres-

sion levels found in the brain, lungs and pancre-

as.12,14 BVR-B is highly expressed in fetal tissue and

reduces biliverdin-IXb (heme cleaved at the b-meso

position) to bilirubin-IXb.12 In adults, bilirubin-IXb

constitutes just 3–5% of total bilirubin in bile while

95–97% is bilirubin-IXa.15 Both mammalian BVR iso-

forms utilize a nicotinamide cofactor (NADH or

NADPH) as an electron donor and have catalytic

domains similar to short-chain alcohol dehydrogen-

ases with a core a/b dinucleotide binding motif (a

“Rossmann” fold).16,17 BVR-A also contains an addi-

tional C-terminal domain that forms a six stranded b-

sheet, containing additional motifs for regulatory ser-

ine/threonine kinase activity and DNA and transcrip-

tion factor binding sites that allows participation in

cellular signaling.11,17 In mammals, BVR-A expres-

sion is induced in response to stress resulting from

reactive oxygen species, endotoxins and heavy met-

als,10,18 and has been shown to confer resistance

towards oxidative stress.19,20 This is partly because of

its involvement in signaling during inflammation,11,21

for instance in the induction of anti-inflammatory

cytokines,22 modulation of downstream cytokine

responses,23 and upregulation of oxidative stress

response proteins like HO.24 However, the oxidative

stress resistance conferred by BVR-A can also be

attributed to the antioxidative and cytoprotective

nature of the bilirubin produced.6–9

Although the antioxidative and anti-inflammatory

roles of BVR and bilirubin in mammalian cells have

been widely described and studied,21 only one other

BVR has been characterized; an NADH/NADPH-

dependent enzyme from the cyanobacterium Synecho-

cystis sp. PCC 6803.25 In vivo production of bilirubin

has been detected in Salmonella enterica serovar

Typhimurium,26 but the protein that was responsible

for this transformation was not identified. Although

there has been relatively little focus on prokaryotic

BVRs, bilirubin can have a similar antioxidative effect

on bacterial cells.27 Recent work has shown that infec-

tion of macrophages by Mycobacterium tuberculosis,

Mycobacterium avium, and Mycobacterium abscessus

induces HO production,27–29 which produces biliverdin

and subsequently bilirubin, and that these molecules

have a protective effect on the bacteria during early

infection.27 Bilirubin has also been shown to downregu-

late the production of inducible nitric oxide

Figure 1. Structures of the heme degradation products biliverdin-IXa and bilirubin IXa. Pyrrole rings (A–D) and atom positions

discussed in the text are labeled on biliverdin-IXa.
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synthases,30,31 that generate microbicidal NO in

human and murine macrophages infected with

M. tuberculosis.32,33

The many strategies used by M. tuberculosis to

evade the host immune response, including the

involvement of BVRs, are not well understood, but are

of critical importance because they allow the pathogen

to persist within macrophages, leading to latent infec-

tion.34 Over a third of the world’s population is

infected by latent M. tuberculosis, which can convert

to active tuberculosis (TB), especially in immune-

compromised patients, resulting in approximately 10

million cases of TB and 1.5 million deaths in 2015.35

Our recent functional assignment of a flavin/deazafla-

vin oxidoreductase (FDOR) superfamily in Actinobac-

teria,36 showed that the M. tuberculosis protein

Rv2074 had significant sequence similarity to a novel

BVR from Mycobacterium smegmatis (MSMEG_3880)

that is structurally and mechanistically distinct to

the previously described NADH/NADPH-dependent

BVRs, relying on the deazaflavin cofactor F420H2.
36

The crystal structure of Rv2074 was first solved as an

apo-protein 10 years ago,37 and annotated as an

FMN-dependent pyridoxine 50-phosphate oxidase. To

better understand the function and physiological roles

of F420H2-dependent biliverdin reductases (F-BVRs)

in TB, we have performed a detailed mechanistic

analysis of Rv2074, solving its X-ray crystal structure

in complex with F420 for the first time, and elucidating

its catalytic mechanism using site-directed mutagene-

sis, molecular dynamics simulations and NMR spec-

troscopy. We also show that this family of BVRs is

exclusive to Actinobacteria and is abundant in patho-

genic and commensal mycobacteria, where they are

likely to produce bilirubin during infection as an anti-

oxidant and cytoprotectant.

Results

Rv2074 reduces biliverdin-IXa to bilirubin-IXa

To further investigate the predictions from our bioin-

formatics analysis,36 specifically that the M. tubercu-

losis FDORs Rv2074 and Rv1155 are biliverdin

reductases,36 we tested the ability of these enzymes

to catalyze the reduction of biliverdin-IXa to

bilirubin-IXa in vitro using purified, recombinant

proteins. In the absence of either enzyme, no

increase in absorbance was observed in the broad

peak at 450 nm that is characteristic of bilirubin-

IXa production [Fig. 2(A)]. Similarly, the reaction

did not proceed in the absence of glucose-6-

phosphate (G6P) or F420-dependent G6P dehydroge-

nase (Fgd) required for F420H2 production. In con-

trast, when Rv2074 and Rv1155 were included in

the reaction, we observed a rapid change in the UV/

Vis spectrum of the reaction, with a reduction in the

absorbance of the peaks characteristic of biliverdin-

IXa at 390 nm and 690 nm. Bilirubin-IXa formation

is indicated by the increase in absorbance at 450 nm

that includes a shoulder at 510 nm due to its low

solubility in aqueous solutions at pH 7.5.38 The char-

acteristic spectroscopic peaks of these compounds

allowed us to monitor the reaction continuously and

obtain kinetic parameters for the enzyme-catalyzed

reactions [Fig. 2(B), Table I]. Rv2074 exhibited

kinetic efficiency that is consistent with a native

substrate, with a low KM value of 8.0 6 1.0 mM and a

kcat/KM of 9 3 103 M21 s21 that is comparable to

other FDORs with their proposed native substrates

like the menaquinone analogue menadione for the

F420H2-dependent quinone reductase Rv3547 (KM

value of 3.4 6 1.3 mM and kcat/KM of 9 3 104 M21

s21).39 It is also comparable to its homolog from M.

smegmatis MSMEG_3880 (KM of 5.7 6 0.2 and kcat/

KM of 4 3 104 M21 s21) that has 85% amino acid

identity with Rv2074.36 Mammalian and cyanobacte-

rial BVR-As have similar KM values ranging from 1

to 7 mM, and a range of specific activities reported at

the maximum observed reaction rate (0.2–8 mmol

min21 mg21)40–43 that are comparable to Rv2074

(0.18 mmol min21 mg21). In contrast to Rv2074, the

kcat/KM of Rv1155 for biliverdin-IXa was 30-fold low-

er (3 3 102 M21 s21), and the KM for the substrate

was 10-fold higher, at 82 6 13 mM, which suggests

biliverdin-IXa is unlikely to be the native substrate

of Rv1155, and that it is likely to have evolved to

catalyze the reduction of an alternative molecule.

Our previous preliminary assignment of biliver-

din reductase activity to this family of mycobacterial

proteins was based on spectroscopic analysis, but

did not explore the reaction mechanism in detail.36

To confirm whether reduction was taking place, and

to identify the nature of the reaction, we performed

mass spectrometry on the purified reaction products

[Fig. 2(C)]. Electrospray ionization mass spectrome-

try (ESI-MS) was used to confirm loss of a compound

with an equivalent mass to biliverdin-IXa (582.2 Da;

observed [M2H] 2 m/z 5 581.4) and accumulation of

a product with an equivalent mass to bilirubin-IXa

(584.3 Da; [M2H] 2 m/z 5 583.4). This was followed

by proton NMR-spectroscopy to identify the position

at which biliverdin-IXa was reduced [Fig. 2(D)]. The

proton NMR spectra for the products (assigned as

previously described)44 showed that the reaction

products from the Rv2074 and Rv1155-catalyzed

reactions were essentially identical and displayed

clear singlets at 4.09, 6.15 and 6.22 ppm correspond-

ing to a methylene bridge at the C10 position and

methine moieties at the C15 and C5 positions of bili-

rubin, respectively, thus confirming the specific

reduction of biliverdin at the C10 position.

The structure of Rv2074 with its native cofactor,

F420

The apo-enzyme structure of Rv2074 has been

reported previously,37 and was initially suggested to
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be an FMN-dependent enzyme based on homology to

the human and Escherichia coli pyridoxamine 50-

phosphate oxidases.45,46 However, our bioinformatics

analysis suggested that it might instead function

with F420 as a cofactor.36 The results presented in

Figure 2 are the first demonstration of any catalytic

activity with Rv2074, and notably occur in an

F420H2 dependent-fashion, suggesting that it is

indeed an F420H2 dependent oxidoreductase. In

order to better understand the catalytic mechanism

involved in biliverdin-IXa reduction, we have solved

the structure of Rv2074 in complex with F420 at a

resolution of 1.65 Å (Table II). Omit electron density

corresponding to one molecule of F420 with an oligo-

glutamate tail consisting of three residues is

observed in the cofactor binding site of each of the

Table I. In vitro Activity of Rv2074, Rv1155, and Rv2074 Mutants with Biliverdin IXa

Protein kcat (s21) KM (mM) kcat/KM (M21 s21)

Rv2074 7.2 3 1022 6 4.5 3 1023 8.0 6 1.0 8.9 3 103

Rv1155 2.4 3 1022 6 2.1 3 1023 82.8 6 12.7 2.9 3 102

R21A 5.1 3 1022 6 5.5 3 1023 15.4 6 3.0 3.3 3 103

R109A 4.0 3 1022 6 2.3 3 1023 21.2 6 3.3 1.9 3 103

R112A 4.7 3 1022 6 3.3 3 1023 13.8 6 1.7 3.4 3 103

R117A 2.0 3 1022 6 1.4 3 1023 19.7 6 3.7 1.0 3 103

Y104A 0.7 3 1022 6 6.8 3 1023 12.8 6 3.9 0.5 3 103

Y104F 1.4 3 1022 6 1.4 3 1023 14.8 6 2.5 1.0 3 103

Y108A 0.4 3 1022 6 6.9 3 1023 19.0 6 8.4 0.2 3 103

Y108F 2.0 3 1022 6 5.6 3 1023 7.6 6 0.7 2.7 3 103

Figure 2. Characterization of F-BVRs from M. tuberculosis and the reaction product formed. A. Absorbance spectra in aqueous

solution of the reaction products formed by Rv2074 and Rv1155 in comparison to biliverdin-IXa and bilirubin-IXa. Differences

between the Rv2074 and Rv1155 products to pure bilirubin-IXa can be attributed to remaining unreacted biliverdin-IXa. B.

Activity of Rv2074 and Rv1155 (1 mM) with biliverdin-IXa in the presence of reduced F420H2. For Rv2074, KM 5 8.0 6 1.0 mM,

kcat 5 7.5 3 1022 6 4.5 3 1023 s21 and kcat/KM 5 8.9 3 103 M21 s21. For Rv1155, KM 5 82.8 6 12.7 mM, kcat 5 2.4 3 1022 6 2.1

3 1023 s21, and kcat/KM 5 2.9 3 102 M21 s21. C. Low resolution (ESI negative) mass spectra of the reaction products com-

pared to biliverdin-IXa and bilirubin-IXa. D. Proton NMR spectra of the products formed compared with bilirubin-IXa. Chemical

shifts were assigned as previously reported,44 and peaks for the methyl and propionate substituents are not shown for clarity.
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four protein chains in the asymmetric unit. Each

monomer adopts the conserved split b-barrel protein

fold characteristic of the FDORs, as previously

described,36,47–49 and the proteins are arranged as

homodimers, which is supported by analysis from

the Proteins, Interfaces, Structures and Assemblies

(PISA) server [Fig. 3(A)].50 The F420 binding site is

located at the dimer interface as observed in the

Rv1155-F420 complex,49 and also in complexes of

FDORs with other flavin cofactors, including the

FMN binding pyridoxamine-5-phosphate oxidases

and the FAD binding MSMEG_4975 from M. smeg-

matis.36,45,46 In many respects, the binding of F420 to

Rv2074 is similar to that observed in Rv1155 [Fig.

3(B)],49 particularly at the phosphate group, which

is coordinated by a highly conserved lysine residue

(Lys-61) that is present in all members of the FDOR-B

superfamily.36 However, whereas the deazaflavin moi-

ety in Rv1155 was observed to be present in a bent

“butterfly” conformation, it is planar in Rv2074.

Each F420 molecule is coordinated through an

extensive network of intermolecular interactions

[Fig. 3(C)]. Hydrogen bonds between the nitrogen

and carboxyl groups of the deazaflavin moiety of

F420 and residues from Chain A of the homodimer

include the main chain amide group of Gly-41 and

the side chains of Thr-55, Thr-56, and Tyr-104. In

addition, the carbonyl group of Gly-78 of Chain B

hydrogen bonds to the hydroxyl group of the deaza-

flavin. Hydrophobic interactions from Leu-23, Ala-

39, and Val-40 in Chain A and Val-76 in Chain B

provide additional stabilization to the aromatic

rings. The highly conserved base Lys-61 from Chain

A stabilizes the ribityl moiety and forms a salt

bridge to the negatively charged phosphate group,

along with His-36. Trp-81 from Chain B also hydro-

gen bonds with the ribityl moiety. Val-38 of Chain A

and Leu-128 of Chain B form hydrophobic interac-

tions with the methyl group of the lactyl moiety. A

series of positively charged residues form salt brid-

ges with the negatively charged glutamate side

chains of the oligoglutamate tail (His-36, Gln-60,

Arg-67 of Chain A and Arg-126 of Chain B).

In comparison with the apo-enzyme,37 the overall

topology of the F420 bound protein remains mostly

unchanged, except that residues at the cofactor bind-

ing site undergo conformational change to optimize

its interaction with F420 [Fig. 3(D)]. These include

Lys-61, Arg-67, Gln-60, and His-36 from Chain A and

Arg-126 from Chain B that interact with the oligoglu-

tamate chain of F420 and Leu-23 from Chain A that

has moved further away due to hydrophobic interac-

tions with the deazaflavin moiety. In addition, Chain

B of the F420 bound complex moves closer to Chain A,

due to the association of Val-76, Gly-78, Ala-79, Trp-

81, and Leu-128 of Chain B with the cofactor at the

dimer interface [Fig. 3(D)].

To investigate the contribution of the different

regions of the protein to F420 binding, we performed

molecular dynamics (MD) simulations with the

cofactor bound homodimer for a total of 100 ns.

These results show that the ribityl-phospholactyl

region maintains salt bridge interactions with Lys-

61 and His-36 during the simulations, anchoring

F420H2 in the binding pocket. The oligoglutamate

tail and, to some extent, the deazaflavin group seem

to be more mobile [Fig. 3(E)], consistent with the

decreasing electron density and increasing tempera-

ture factors observed in this region of the oligogluta-

mate chain [Fig. 3(A,F)].

Biliverdin binding and reduction by Rv2074
Extensive co-crystallization and crystal-soaking

experiments with Rv2074 and biliverdin-IXa

Table II. Data Collection and Refinement Statistics for
Crystallography

Data collection
Space group P 2 21 21
Unit-cell parameters
a, b, c (Å) 61.76, 88.62, 98.62
a, b, g (8) 90, 90, 90
Wavelength (Å) 0.9537
Resolution range (Å)a 65.9–1.65 (1.68–1.65)
Unique reflectionsa 65830 (3221)
Completeness (%)a 100 (99.6)
Multiplicitya 7.1 (6.7)
Rmerge

a,b 0.181 (1.261)
Rpim

a,c 0.073 (0.527)
Mean <I/r(I)>a 9.3 (1.7)
CC1/2

a,d 0.994 (0.581)
Molecules per asymmetric unit 4
Solvent content (%, v/v) 43.8
Refinement
Reflections used 62534
Resolution range (Å)a 65.92–1.65 (1.69–1.65)
Rwork/Rfree

a,e 0.178/0.217 (0.295/0.375)
Number of atoms (all) 5032
Water molecules 654
Average B-factor (Å2)
Main chains 17.9
Side chains 22.3
Water molecules 30.5
F420 molecules 22.9
R.M.S. deviations
Bond lengths (Å) 0.019
Bond angles (8) 1.962
Ramachandran plot regions (%)
Favored 98.6
Allowed 1.4
Outliers 0
PDB ID 5JAB

a Values in parenthesis are for the highest-resolution shell.
b Rmerge 5 (Rh Ri|Ihi – hIhi|)/(Rh Ri hIhi), where hIhi is the
average intensity of i symmetry-related observations of the
unique refection h.
c Rpim 5 (Rh Ri (1/(nh – 1))1/2 |Ihi – hIhi|)/(Rh Ri hIhi).
d CC1/2 5 linear correlation coefficient between intensities
from random half-datasets.
e Rwork 5 Rh |F(obs) – F(calc)|/Rh |F(obs)| and 5% of the data
that were excluded from the refinement were used to calcu-
late Rfree.
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resulted in weak, ambiguous electron density within

the active site that was not sufficient for accurate

modeling of the substrate. To further investigate the

mode of substrate coordination and the likely cata-

lytic mechanism, we have used a combination of

in silico docking and MD simulations to predict the

most likely conformation of biliverdin in the active

site of Rv2074 [Fig. 4(A)]. Using AUTODOCK

VINA,51 we obtained initial binding poses that

showed biliverdin with the pyrrole rings B and C on

either side of the reactive C10 atom stacked on to

the deazaflavin moiety with the propionate chains

Figure 3. Structure of Rv2074 complexed with F420. A. Overall structure of the Rv2074:F420 complex at 1.65 Å resolution (chain

A in pink and B in grey). Difference (mFo–DFc) density at 3 r for the F420 molecules at each chain are shown in green. Clear

density showed the placement of the alloxazine, ribityl and phospholactate moieties in all four monomers in the asymmetric

unit, although the clarity of the density for the polyglutamate chain was variable. B. Structure shown in A overlaid with the

homodimeric Rv1155:F420 complex in cyan (PDB ID: 4QVB).49 C. Residues involved in interacting with F420 in Rv2074. Pink and

grey residues represent those from Chain A and Chain B of the homodimer, respectively. D. Comparison of the Rv2074:F420

complex in A with the structure of the apo-protein (PDB ID: 2ASF).37 Chain A is shown in green and its crystallographic symme-

try mate is in black, where key residues involved in F420 binding in C are shown as sticks. E. Plot of the RMSF values for the

atoms of F420H2 showing the larger deviation of the oligo-glutamate chain compared with the rest of the molecule over the

course of the MD simulation. The atoms are color coded by group as represented in the inset structure. F. Plot of the tempera-

ture (B) factors in the crystal structure for the atoms in the F420 molecule in E, showing a similar trend.
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and the distal pyrrole rings A and D in variable

positions. Through manual inspection and analysis

of the docking scores, the most plausible binding ori-

entation, with the propionate chains stabilized by

arginine residues in the active site (Arg-21, Arg-109,

Arg-112 and Arg-117) and the distal pyrrole rings A

and D oriented such that biliverdin is in a

porphyrin-like conformation, was then subjected to

two independent sets of 50 ns MD simulations for a

combined total 100 ns [Fig. 4(A)]. These results

show that the substrate is stable in this conforma-

tion for the length of the simulation and is stabilized

by hydrogen bonding of the propionate side chains

with Arg-109 and Arg-112, with intermittent binding

contributions from Arg-21 also being observed dur-

ing the simulation. In addition, Arg-117 forms cat-

ion–p interactions with pyrrole ring C and pyrrole

ring B forms aromatic interactions with the deaza-

flavin of F420. The propionate side chains of rings B

and C show significant flexibility [Fig. 4(B)], which

is consistent with the flexibility of the multiple argi-

nine residues (Arg-21, Arg-109, and Arg-112) that

interact with them. In contrast, the pyrrole rings B

and C are less mobile, especially in comparison to

the terminal pyrrole rings A and D, which are

extremely flexible in the large open active site [Fig.

4(B)], with no specific interactions with the protein

[Fig. 4(A)]. These observations suggest that the

hydride transfer from F420H2 to biliverdin-IXa relies

upon correct alignment and stable binding of the B

and C pyrrole groups that determine the position of

the reactive C10 of biliverdin with respect to the

cofactor.

The MD simulation results were analyzed to

identify the most populated conformations of the

active site in the presence of substrate using cluster

analysis (see Methods). The analysis was performed

on the subset of atoms that included the substrate

and the surrounding active site residues Arg-21,

Tyr-104, Tyr-108, Arg-109, Arg-112, and Arg-117.

Structures from the individual frames of the simula-

tion were clustered together if their RMSD was low-

er than the cutoff value, which was set to 2.0 Å. The

most populated cluster consisted of 59% of the struc-

tures at an RMSD cutoff of 2.0 Å and the represen-

tative conformation of substrate and the residues is

shown in Figure 4(A). The C–C distance between

F420 and substrate in the representative conforma-

tion is 3.8 Å, but the average value of this distance

measured during simulations is 3.9 6 0.3 Å. In previ-

ously solved ternary structures of F420 binding pro-

teins with their substrates this distance was 2.7 Å

and 3.1 Å,52,53 This is consistent with typical

Michaelis complex structures that precede the for-

mation a transition state, which is characterized

with donor–acceptor distance of �2.7 Å for hydride

transfer.54 The flexibility of the deazaflavin ring of

F420H2 and the C10 and pyrrole rings B and C of

Figure 4. Biliverdin binding mode of Rv2074. A. Dominant

biliverdin binding conformation simulated by MD, represent-

ing 59% of the structures at a cutoff of 2 Å. Residues chosen

for mutagenesis are shown as sticks and dotted lines in grey

represent hydrogen bonding interactions. B. Plot of the

RMSF values for biliverdin demonstrating the mobility of the

propionate groups and pyrrole rings A and D compared to

pyrrole rings B and C. The atoms are color-coded by group

as represented in the inset structure. C. Radial distribution

function g(r) of water plotted by distance from reference

nitrogen atoms N22 on pyrrole ring B or N23 on pyrrole ring

C to oxygen of water. The inset figure shows one of the

frames from the simulation where a water molecule is hydro-

gen bonding to N22(B) and to R112 within sufficient distance

for proton transfer.
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biliverdin, as evident from the RMSF plots which

show fluctuations of 0.5 Å and 2 Å, respectively

[Figs. 3(D) and 4(B)], can allow for the donor–accep-

tor distance to reach optimum values for successful

hydride transfer.

To identify the residues within the active site

that are directly involved in biliverdin reduction, we

generated eight point mutants of Rv2074: Arg-21-

Ala, Arg-109-Ala, Arg-112-Ala, Arg-117-Ala, Tyr-104-

Ala, Tyr-104-Phe, Tyr-108-Ala, and Tyr-108-Phe

[Fig. 4(C), Table I]. These residues were chosen as

they are located in active site pocket and are highly

conserved among the putative F-BVR family [Figs.

4(A) and 5(A)], suggesting that they are under evo-

lutionary selection and are likely to have a function-

al role. All of these mutations led to some reduction

in the catalytic efficiency, particularly the mutations

of the active site tyrosine residues. Tyr-104 hydro-

gen bonds to the carbonyl group on the pyrimidine

ring of F420H2 and mutation of this amino acid to

either alanine or phenylalanine reduces both biliver-

din affinity (increased KM) and catalytic rate (kcat),

suggesting that a stabilized F420 molecule is impor-

tant for the reaction [Figs. 3(C) and 4(A)]. Although

Tyr-108 is located on the same loop as Arg-109 that

bind the propionate side chains of biliverdin, it is

directed away from both the substrate and cofactor,

with minimal fluctuation over the course of the sim-

ulation. However, the Tyr-108-Ala mutant shows

almost complete loss of catalytic activity (kcat), while

the Tyr-108-Phe mutant retains 30% activity com-

pared to wild-type Rv2074. In the wild type protein,

the hydroxyl group of Tyr-108 hydrogen bonds to the

carbonyl group of the His-22 backbone. This hydro-

gen bond is important to hold the loop containing

the important arginine residue Arg-21 within the

correct vicinity. In addition to this, the aromatic

group of Tyr-108 and the Tyr-108-Phe mutant could

also provide a secondary effect towards the catalytic

activity by desolvation of the F420H2-biliverdin inter-

action region. Although the immediate area above

biliverdin was solvent accessible in the MD simula-

tions, the area immediately below where the hydride

transfer takes place was devoid of water molecules.

The catalytic advantages for desolvated protein

cages have been highlighted,55 where charge trans-

fer occurs between reactant and product as the des-

olvated microenvironment can aid charge

reorganization through stabilization of charged tran-

sition states such as those found in our system.

All four arginine residues are involved in bili-

verdin binding by association with the propionate

side chains (Arg-21, Arg-109, Arg-112) and cation–p
interactions with the pyrrole ring C (Arg-117), and

mutations of any of these residues to alanine nega-

tively affects both kcat and KM (Table I). Arg-21 asso-

ciates with biliverdin by hydrogen bonding with the

propionate side chain of pyrrole ring B, although

this was a transient interaction throughout the sim-

ulation, occurring intermittently when the biliverdin

substrate drifted away from the proper cofactor

alignment. Meanwhile Arg-117 was consistently

observed to form cation–p interactions with pyrrole

ring C [Fig. 4(A)]. The Arg-117-Ala mutation has the

highest influence on reaction rate, lowering the kcat

to just 25% of the wild type, suggesting that the sta-

bilization of pyrrole ring C by this residue is impor-

tant in maintaining the correct biliverdin

orientation for hydride transfer.

Since biliverdin features electronic delocaliza-

tion across pyrrole rings B and C, either ring could

be protonated at any one time. Both these protonat-

ed conformations were investigated in the MD simu-

lations by manually protonating either N22 on ring

B or N23 on ring C of biliverdin in separate simula-

tions with otherwise identical parameters. The pre-

viously mentioned MD results were all performed

with the N23 atom protonated since in the alternate

conformation with N22 atom protonated, the

enzyme-substrate complex was observed to be unsta-

ble and the cofactor and substrate moved out of

alignment for the length of the simulation. This fur-

ther highlights the importance of the cation–p inter-

actions involving Arg-117, since it requires proper

aromatic configuration of the biliverdin substrate to

bind in a stable conformation. The very high

sequence conservation of arginine at position 117

also lends credence to this as arginine residues are

more often involved in cation–p bonding than other

charged residues such as lysine [Fig. 5(A)].56 The

complete reduction of biliverdin to bilirubin requires

proton transfer to one of the pyrrole nitrogens in

addition to hydride transfer to C10. In this study we

have mutated every ionizable residue that forms sig-

nificant interactions with the substrate near C10 to

non-ionizable residues, such as alanine or phenylala-

nine (Table I). None of these mutations led to com-

plete loss of activity, suggesting that the protein is

unlikely to be the proton donor in the reaction. Com-

putational analysis of biliverdin reduction by the

human BVRs has suggested that the primary proton

donor is likely to be a hydroxonium ion, generated

via hydrogen bonding of a water molecule with a

basic residue such as histidine or arginine.57,58

Therefore, using MD simulations we investigated

the permeability of solvent within the active site

and the hydrogen bonding behavior near the pyrrole

nitrogens of interest, N22 on ring B and N23 on ring

C [Fig. 4(C)]. In statistical mechanics, the radial dis-

tribution function g(r) can be used to define the den-

sity distribution or the probability of finding

particles as a function of a distance r from a central

reference particle. Thus, in our case, the radial dis-

tribution function g(r) can be used to determine the

probability of finding water molecules with respect

to a distance r from the proton accepting nitrogen
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Figure 5. A. Sequence alignment of Rv2074 homologs from various Actinobacteria with �50% amino acid identity between

them, showing conservation of active site residues chosen for site-directed mutagenesis. B. SSN of all available F-BVR homo-

logs retrieved from the NCBI non-redundant protein database using BLAST,59 showing their exclusive presence in species

belonging to actinobacterial orders. Each node represents an individual protein, which are colored according to the taxonomic

order of the originating organism, except for the genus Mycobacterium. Only edges with BLAST log E-values less than 235 are

shown.
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atoms which are used as our references. Water mole-

cules were found to associate with N22, which was

deprotonated in the simulation, with a clear peak in

the probability distribution at a distance of 3.0 Å

(from pyrrole nitrogen to the oxygen atom of water)

before gradually extending into the bulk solvent,

providing a sufficient window for hydrogen bonding.

In contrast, the distribution with N23 (protonated)

as a reference shows a much smaller probability

peak at a longer distance of 3.6 Å suggesting that

proton transfer to N22 during the reaction is more

favorable in this biliverdin conformation due to easi-

er solvent access. Furthermore, the presence of Arg-

109 and Arg-112 in this vicinity [Fig. 4(C)], and the

reduction of catalytic activity without these residues

(Table I), suggests that they could assist in generat-

ing a hydroxonium ion for this reaction (Fig. 6).

Abundance and distribution of F-BVRs

Finally, we investigated the taxonomic distribution

of the F-BVR family, especially within pathogenic

mycobacteria, and its presence in other Actinobacte-

ria. We retrieved all sequences with more than 50%

sequence identity to Rv2074 from the NCBI non-

redundant protein database using BLAST,59 and

found that these proteins are exclusively found in

Actinobacteria and are particularly abundant in

mycobacteria (Fig. 5(B)]. In addition to M. tuberculo-

sis, homologs were also identified from opportunistic

human pathogens including the more commonly

reported species Mycobacterium ulcerans, avium,

marinum, intracellulare, abscessus, simiae, kansasii,

haemophilum, xenopi, genavense, fortuitum, and che-

lonae (Table III).60–62 It is absent from the genome

of Mycobacterium leprae, which has undergone sig-

nificant reductive evolution,63 and from the genome

of the attenuated Mycobacterium bovis used for vac-

cination against M. tuberculosis.64 The presence of

these proteins appears more common in obligate and

opportunistic pathogens (86% of genomes) rather

than in species that are not known to cause infection

of which only 60% of the analyzed genomes encode

an F-BVR (Table III). All other orders of Actinobac-

teria identified are predominantly soil bacteria and

have previously been suggested to produce F420.65

Discussion

The catalytic mechanism of F-BVRs

Proton NMR-spectroscopy confirmed that Rv2074 cat-

alyzes the reduction of biliverdin-IXa at the C10 posi-

tion in an F420H2-dependent reaction. The crystal

structure of the F420:Rv2074 complex allowed us to

simulate biliverdin binding at the active site. Along

with the site-directed mutagenesis of key catalytic

residues, we can now propose a plausible mechanism

for this enzyme. Previous analysis of human BVR-A

and BVR-B suggests that, in these enzymes, biliver-

din reduction involves the use of NADPH as a cofactor

and proceeds in two steps: (i) proton donation by a

hydroxonium ion to a pyrrole nitrogen atom adjacent

to C10 of biliverdin to make a cationic intermediate,

followed by (ii) hydride transfer from NADPH to C10

to form bilirubin.57,58 Based on our results, we also

propose that a similar two-step mechanism is plausi-

ble with F420H2 as the hydride donor (Fig. 6). This is

also consistent with our recent work showing that

F420 most likely exists in its deprotonated state when

bound to FDORs,66 requiring the need for an alter-

nate proton source during the reaction.

For the initial proton donation step, the most

likely donor is a hydroxonium ion, as proposed for

BVR-A and BVR-B,57,58 considering the accessibility

of the active site to water and the presence of Arg-

109 and Arg-112 in the vicinity to generate the pro-

ton donating hydroxonium ion. The aromatic nature

and steric bulk of the Tyr-108 side chain most likely

plays a role in desolvating the hydride transfer site

and forming a nonpolar environment which helps

enhance catalytic activity through strengthening

polar interactions and stabilization of the charged

Figure 6. Proposed mechanism for biliverdin reduction by

Rv2074. Proton donation to N22 on pyrrole ring B of

biliverdin-IXa by a hydroxonium ion generated by a nearby

arginine residue occurs first, creating a cationic intermediate.

This is then followed by hydride transfer from C5 of F420H2 to

C10 of the intermediate, resulting in the formation of bilirubin-

IXa.
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transition state.55 This is corroborated by the MD

simulations that show the Tyr-108 residue does not

form a direct association with either the cofactor or

substrate, and instead has its hydroxyl group hydro-

gen bonded to the backbone carbonyl group of His-

22. This interaction helps align this loop within the

correct distance for the neighboring Arg-21 residue

to interact with biliverdin. The alignment and dis-

tance between biliverdin and F420H2, which requires

the presence of Arg-21, Arg-109, Arg-112, and Arg-

117 for substrate stabilization, is essential for opti-

mal hydride transfer to take place from C5 of F420H2

to C10 of biliverdin.

A physiological role for F-BVRs

Of the two proteins with F-BVR activity in M. tuber-

culosis, only Rv2074 appears to be functionally spe-

cialized in terms of its affinity for biliverdin IXa

reduction and its catalytic efficiency. In contrast,

Rv1155 does not bind biliverdin-IXa with high affini-

ty, suggesting that its biliverdin reductase activity is

a promiscuous, and probably not physiologically rele-

vant, function. Such substrate promiscuity appears

to be common in the F420H2-dependent FDORs,

probably as a result of their common evolutionary

origin.36 While homologs of Rv2074 are present in a

number of pathogenic mycobacteria, we did not

observe any closely related homolog (>50% amino

acid identity) in the greatly reduced genome of M.

leprae.63 However, M. leprae does have a homologue

of Rv1155 (88% amino acid identity),36 that could at

least in part compensate for the loss of the Rv2074

homolog through its promiscuous F-BVR activity.

The abundance and conservation of F-BVRs in

Actinobacteria suggests that they are under evolu-

tionary selection for an important physiological role.

Table III. Conservation of F-BVRs in Mycobacteria

Mycobacterium genome
Rv2074
homolog

common reservoir/
isolation source59–61 Genome accession

Pathogenic
Mycobacterium tuberculosis Yes Human infection NC_000962.3
Mycobacterium bovis Yes Human/animal infection NZ_JKAL00000000.1
Mycobacterium africanum Yes Human infection NZ_JLAN00000000.1
Mycobacterium canettii Yes Human infection NC_019951.1
Mycobacterium leprae — Human infection NC_002677.1
Opportunistic/commensal
Mycobacterium abscessus Yes Soil, water, infection NC_010397.1
Mycobacterium avium Yes Water, soil, infection NC_002944.2
Mycobacterium intracellulare Yes Water, soil, infection NC_016946.1
Mycobacterium marinum Yes Water, soil, infection NC_010612.1
Mycobacterium kansasii Yes Human infection NC_022663.1
Mycobacterium fortuitum Yes Soil, water, infection NZ_CP011269.1
Mycobacterium xenopi Yes Soil, water, infection NZ_AJFI00000000.1
Mycobacterium neoaurum Yes Soil, infection NC_023036.2
Mycobacterium ulcerans Yes Water, soil, infection CP000325.1
Mycobacterium chelonae Yes Water, soil, infection NZ_CP010946.1
Mycobacterium genavense Yes Human infection NZ_JAGZ00000000.1
Mycobacterium iranicum Yes Human infection NZ_AUWT00000000.1
Mycobacterium yongonense Yes Human infection NC_021715.1
Mycobacterium simiae Yes Rhesus monkey NZ_CBMJ000000000.2
Mycobacterium haemophilum Yes Human infection NZ_CP011883.2
Mycobacterium lepromatosis — Human infection NZ_LAWX00000000.1
Mycobacterium setense Yes Human infection NZ_JTJW00000000.1
Mycobacterium kyorinense — Human infection NZ_BBKA00000000.1
Mycobacterium vulneris Yes Human infection NZ_CCBG000000000.1
Mycobacterium celatum — Human infection NZ_BBUN00000000.1
Rarely pathogenic/commensal
Mycobacterium phlei Yes Soil NZ_AJFJ00000000.1
Mycobacterium smegmatis yes Soil NC_008596.1
Mycobacterium rhodesiae Yes Soil NC_016604.1
Non-pathogenic
Mycobacterium rutilum — Soil BBHF00000000.1
Mycobacterium pallens — Soil BBHE00000000.1
Mycobacterium crocinum — Soil BBHD00000000.1
Mycobacterium rufum Yes Soil NZ_JROA00000000.1
Mycobacterium aromaticivorans Yes Soil NZ_JALN00000000.2
Mycobacterium indicus pranii Yes Soil NC_018612.1
Mycobacterium bovis (BCG vaccine) — Laboratory NZ_JNAF00000000.1
Mycobacterium vanbaalenii Yes Mineral oil, soil NC_008726.1
Mycobacterium gilvum Yes Water, soil NC_014814.1
Mycobacterium chubuense Yes Soil NC_018027.1
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Heme is universally used as a prosthetic group in

many proteins and, although it is synthesized in

Actinobacteria,67 its acquisition from the environ-

ment and subsequent degradation by heme oxygen-

ase (HO) liberates iron that is essential for bacterial

growth and produces biliverdin.68 Little is known

about the heme homeostasis and degradation pro-

cess in Actinobacteria and it is likely that F-BVRs

contribute to this via metabolism and removal of the

biliverdin produced by HO while simultaneously pro-

ducing bilirubin. Recently, new classes of bacterial

HOs have been discovered,69 which includes the

mycobacterial MhuD that produces the biliverdin

analogue mycobilin.70 Mycobilin differs from biliver-

din by the presence of a ketone group instead of a

carboxyl group at either of the terminal pyrrole

rings A or D.70 The active site of Rv2074, which

does not seem to have specific interactions for pyr-

role rings A and D, could allow the reduction of

mycobilin as well, which could have similar anti-

oxidative properties as bilirubin.

The over-representation of F-BVRs in pathogen-

ic mycobacteria is notable, but consistent with the

observation that their substrate, biliverdin-IXa, is

produced by mammalian cells. It has been observed

that biliverdin-IXa reduction produces a potent anti-

oxidant system,6 making it possible that bilirubin-

IXa production by F-BVRs could contribute to pro-

tecting pathogenic mycobacteria against oxidative

stress. Proteomics studies have shown that Rv2074

is found in the membrane of M. tuberculosis,71,72

and is also secreted.73 F420 is also known to be

exported to the outer mycobacterial membrane.74

Therefore, it is likely that Rv2074 reduces the excess

biliverdin produced in macrophages upon mycobacte-

rial infection due to HO upregulation,27–29 producing

bilirubin for its antioxidant activity.6–9 HO upregula-

tion has already been shown to promote M. tubercu-

losis and M. abscessus proliferation inside

macrophages during early infection.27,29 where bili-

rubin itself can also have a similar protective effect

on intracellular M. abscessus.27 The bilirubin pro-

duced by F-BVRs could form an “anti-oxidative

pocket” around the bacterial cell that can quench

lethal nitrosative species like NO produced by the

engulfing macrophage.8 NO production controls

active mycobacterial infection inside macro-

phages,32,33 and has multiple targets in M. tubercu-

losis.75,76 It has already been shown that mutant M.

tuberculosis strains lacking enzymes required for

F420 biosynthesis are hypersusceptible to reactive

nitrogen and oxygen species,39,77 and bilirubin pro-

duction through the activity of the F-BVRs could be

one of the contributing mechanisms through which

F420 protects M. tuberculosis against oxidative

stress. The potential involvement of bilirubin pro-

duction by F-BVRs in mycobacterial pathogenesis is

further supported by comparative genomics

indicating that Rv2074 is encoded in one of the

regions of difference in the M. tuberculosis genome

that are absent in the closely related attenuated M.

bovis strains used for TB vaccination.64

Bilirubin produced by the F-BVRs could also be

involved in cell signaling as it can inhibit inducible

nitric oxide synthase production,30,31 which is

required for the generation of NO in M. tuberculosis

infected macrophages.32,33 It is unlikely that the F-

BVRs with their different protein fold are able to

mimic the direct regulatory functions of BVR-A since

mammalian BVR-A contains an additional regulato-

ry C-terminal domain that comprises of multiple

motifs involved in cellular signaling mechanisms

which are absent in BVR-B that has not yet been

observed to have a similar regulatory role.11,17 How-

ever, increased presence of biliverdin-IXa has been

shown to have anti-inflammatory effects like the

inhibition of pro-inflammatory cytokine produc-

tion,78,79 and inhibition of antigen specific immune

responses,80 that could be attributed to its fast con-

version to bilirubin-IXa by a BVR.21 Further work is

required to confirm the exact physiological impor-

tance of F-BVRs as part of an immune evasive strat-

egy employed by mycobacteria to mediate oxidative

stress and inflammation inside macrophages.

Summary
In this work, we describe the first comprehensive

characterization of bacterial F420H2-dependent bili-

verdin reductases, focusing on Rv2074 from M.

tuberculsosis.36 Prior to this, biliverdin reductases

had largely been studied from mammalian hosts. We

have demonstrated that the F-BVR family of BVRs

is abundant in Actinobacteria, especially in myco-

bacterial pathogens, and characterized the mecha-

nism by which Rv2074 from M. tuberculosis

catalyzes the reduction of biliverdin-IXa (the princi-

ple isomer produced in mammalian cells)13 to pro-

duce bilirubin-IXa in an F420H2-dependent manner,

performing the same catalytic function as human

BVR-A. As previous work has already demonstrated

the increased production of biliverdin by mycobacte-

ria infected macrophages,27–29 anti-oxidative proper-

ties of bilirubin,6–9 and the presence of excreted

Rv2074 in the extracellular medium,73 we suggests

that Rv2074 may be involved in the pathogenesis of

M. tuberculosis by conferring protection against oxi-

dative and nitrosative species.

Materials and Methods

Materials

Biliverdin-IXa, bilirubin-IXa and G6P were pur-

chased from Sigma-Aldrich (Missouri, U. S. A.). The

codon optimized sequences for rv2074 and rv1155

from M. tuberculosis (H37Rv) were purchased as

GeneStrings from ThermoFisher Scientific
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(Massachusetts, U. S. A) and cloned into the expres-

sion vector pETMCSIII using Gibson assembly,81 as

previously described for other FDORs.36 The rv2074

mutants were generated by Dr Ruhu Qi from the

ANU Mutagenesis and Cloning service and validated

by Sanger sequencing from the ANU Biomolecular

Resource Facility. The plasmids used for F420 and

Fgd overexpression (pYUBDuet-fbiABC and

pDEST17-fgd, respectively) have been previously

described.47,82,83 General molecular biology reagents

and chemicals were purchased from Sigma-Aldrich

or Astral Scientific.

F420 purification
F420 was overexpressed and purified from M. smeg-

matis using a modified protocol based on previously

published methods.83,84 Briefly, M. smegmatis

(mc24517) cells were transformed with pYUBDuet-

fbiABC by electroporation, plated on LB tween80

agar plates containing 50 mg/mL each of hygromycin

B and kanamycin, and grown for 3 days at 378C.

Individual colonies were used to grow starter cul-

tures for 5 days at 378C in LB media containing

0.05% tween 80, 50 mg/mL hygromycin B and 50 mg/

mL kanamycin C. This was then diluted into

500 mL of the same media and grown for a further 5

days at 378C. Cells were harvested by centrifugation

at 10,000g and resuspended in 20 mM tris(hydroxy-

methyl)aminomethane, pH 7.5, before being auto-

claved at 1218C for 20 min. The insoluble fraction

was removed by further centrifugation at 20,000g

for 1 h. F420 was purified from the filtered lysate

using a 60 mL Macro-prep High-Q ion-exchange col-

umn (Bio-Rad, California, U. S. A.). Fractions con-

taining F420 (identified by the presence of an

absorption peak at 420 nm) were further purified

using a high-capacity C-18 Reversed-Phase Extract-

Clean column (Alltech, Kentucky, U. S. A.). Frac-

tions containing F420 (eluted using a methanol gradi-

ent from 0% to 100%) were freeze dried for storage

at 2808C.

Protein expression and purification

Fgd for F420H2 generation was expressed and puri-

fied as described previously.82 Expression vectors for

rv2074, its mutants and rv1155 were transformed

into E. coli (BL21(DE3) from New England Biolabs,

Massachusetts, U. S. A.) and grown overnight at

378C on LB agar containing 100 mg/mL ampicillin

and 0.5% glucose. Starter cultures were grown the

following morning in Terrific Broth (TB) containing

100 mg/mL ampicillin and 0.5% glucose at 378C for

5 h and transferred to 500 mL (or 1L for Rv2074

grown for protein crystallization) of modified auto-

induction media,36 for overnight growth at 308C.

Cells were harvested by centrifugation at 5000g for

15 min at 48C, resuspended in lysis buffer (50 mM

NaPO4, 300 mM NaCl, 25 mM imidazole at pH 8)

and lysed by sonication using an Omni Sonicator

Ruptor 400 (3 3 3 min at 60% power). The soluble

fraction obtained from centrifugation at 13,000g for

1 hr at 48C was passed over a gravity column con-

taining 500 mL Ni-NTA resin (Qiagen, Hilden, Ger-

many). Columns were washed with 4 mL of lysis

buffer followed by 4 mL of the same buffer contain-

ing 50 mM imidazole. Samples were eluted with

4 mL of elution buffer (same as lysis buffer but with

250 mM imidazole), dialyzed overnight and stored at

2808C in 50 mM Tris, 300 mM NaCl and 10% glyc-

erol at pH 7.5 until further use.

For protein crystallization, Rv2074 was purified

using a 5 mL GE HisTrap FF column using the

same protocol as above but with 25 mL wash and

elution steps instead. Purified protein was passed

through a GE HiPrep 26/10 desalting column for

buffer exchange into 50 mM Tris and 150 mM NaCl

at pH 8.0. The histidine-tag was then cleaved using

TEV protease as described for other FDORs.36 The

tag-free protein was concentrated to �1 mM and

incubated at 48C overnight with a 1.5-fold excess of

F420, followed by size exclusion chromatography to

remove excess unbound ligand on a GE Hiload 16/

600 Superdex 75 pg column in buffer containing

20 mM HEPES and 150 mM NaCl at pH 7.5. The

final sample was concentrated to 1.4 mM (21 mg/

mL) and stored at 48C in 20 mM HEPES and

50 mM NaCl at pH 7.5.

Enzyme activity assays and reaction product

analysis
1 mM enzyme was added to reactions of 1 mM F420, 1

mM Fgd, 2.5 mM G6P, and 0–100 mM biliverdin in 100

mL buffer containing 50 mM Tris at pH 7.5. Enzyme

activity was measured in 96-well plates (path-length

0.25 cm) by following the decrease in absorbance at

650 nm (e 5 25,000 M21 cm21)85 on an Epoch Micro-

plate Spectrophotometer (BioTek, Vermont, U. S. A.).

Average KM and Vmax values for three independent

experiments were calculated from substrate inhibi-

tion curves of best fit

(y 5 Vmax : x=KM1x :ð 1 1 xÞ=KiÞ on GraphPad

Prism. The specific activity of Rv2074, calculated for

comparison with previously characterized BVRs was

measured at a concentration of 25 mM biliverdin IXa,

which gave the highest reaction rate.

For the purification and analysis of reaction

products, 5 mL reactions containing 100 mM biliver-

din, 5 mM G6P, 1 mM Fgd, 1 mM F420, and 10 mM

Rv2074 or Rv1155 were left incubating at room tem-

perature for 2 h in 50 mM Tris at pH 7.5. A control

reaction without enzyme, and another with 100 mM

bilirubin instead of biliverdin were also set. Reaction

products were purified in a similar manner to other

studies of heme degradation products.86 Reactions

were terminated with 1 mL each of 3M HCl and gla-

cial acetic acid and the porphyrin products were
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extracted into 1 mL of chloroform. The aqueous lay-

er was discarded; the chloroform layer was washed

twice with 1 mL water and finally evaporated under

a stream of nitrogen. For proton NMR, samples

were resuspended in 500 mL deuterated chloroform

and data were collected on a Bruker Ascend 700

MHz NMR spectrometer. For mass spectrometry,

samples were resuspended in 500 mL methanol and

spectra were collected on a Micromass ZMD mass

spectrometer in the ESI negative mode.

Protein crystallization, data collection, and

structure determination

The saturated Rv2074:F420 complex used was at a

concentration of 1.4 mM (21 mg/mL) in 20 mM

HEPES and 50 mM NaCl at pH 7.5, and was

obtained after incubation of the pure protein with a

1.5-fold excess of F420 followed by gel purification.

SG1 (Molecular Dimensions, Newmarket, Suffolk, U.

K.) and Index (Hampton Research, California, U. S.

A.) high-throughput crystallization screens were set

to identify initial crystallization conditions for the

Rv2074:F420 complex. The final crystal that was

used for data collection was grown in 27% PEG-

3350, 0.2M MgCl2 and 0.1 M BisTris at pH 5.5. The

cryobuffer used was the same as the crystallization

conditions, with the addition of an additional 8% eth-

ylene glycol. The crystal was flash-cooled under a

stream of nitrogen gas at 100 K. X-ray diffraction

data were collected at the Australian Synchrotron

beamline MX2 with an ADSC Q315 detector and

Blu-Ice software.87 Diffraction data were integrated

using XDS,88 and scaled using AIMLESS,89 in the

CCP4 suite.90 Molecular replacement was performed

with the previously solved apo-structure of Rv2074

(PDB ID: 2ASF)37 using Phaser,91 and F420 was man-

ually modeled into the difference density (mFo–DFc)

at the binding site using COOT.92 Interspersed struc-

tural refinement was performed using Refmac and

PHENIX,93,94 with local non-crystallographic symme-

try restraints, and the final submitted structure was

refined using Refmac.93 The Proteins, Interfaces,

Structures and Assemblies server (http://www.ebi.ac.

uk/pdbe/pisa/)50 that compares the interface between

protein chains was used to analyze the most probable

multimeric state of Rv2074 in solution.

Substrate docking and molecular dynamics

simulations

Biliverdin-IXa was docked to chain D of the

Rv2074:F420 complex using Autodock Vina.51 Both

protein and ligand were prepared using Autodock-

Tools using default settings,95 where R21, Y104,

Y108, R109, R112, and R117 were flexible. The MD

simulations on the dimeric structure was performed

with the GROMACS 4.6.5 suite,96 using the most

plausible biliverdin conformation that was chosen

based on the predicted free energy scores of binding

and recurrence during manual inspection. Since

there are delocalized electrons in the two central

pyrrole rings, conformations with either ring proton-

ated were used for separate simulations to investi-

gate any preference in the binding modes and

stability. The second chain in the homodimer includ-

ed F420H2, but not biliverdin, to allow analysis of

the cofactor stability in the enzyme complex. F420H2

and biliverdin were parameterized for simulation

using the Automated Topology Builder (MolIDs:

F420H2 for both chains; 29471 and 29452, Biliverdin

N23-protonated; 29436 and Biliverdin N22-

protonated; 29350) and the GROMOS 54A7 force

field,96,97. The simulations were performed under

periodic boundary conditions with the system coordi-

nates in a cubic box with 1.4 nm distance between

the protein and the box wall. The van der Waals and

Coulombic interactions were evaluated using a

1.4 nm cut-off scheme for both. A dielectric constant

of er 5 78.5 was used to apply a corrective reaction-

field for long-range electrostatic interactions beyond

the cut-off. Bond lengths were constrained with a

time step of 2 fs using the LINCS algorithm.98 The

simulations were performed at reference pressure

and temperature of 1 bar and 300 K, respectively,

which was achieved with the Berendsen weak cou-

pling method,99 with time constants of 0.4 ps and

0.1 ps. VMD was used to visualize the simulation

results.100

The dimeric structure in the box was solvated

using SPC water.101 To ensure the overall charge

neutrality of the complex, 14 Na1 ions were added

to the solvent to counter the 214 e charge on the

protein complex. The resulting system was mini-

mized via steepest descent, followed by gradual

relaxation in series of 4 simulations with position

restraints placed on the protein-cofactor-substrate

complex. Each simulation was 2 ns long and the

force constants used were set to 1000 kJ mol21

nm21, 500 kJ mol21 nm21, 200 kJ mol21 nm21, and

50 kJ mol21 nm21, respectively. After the equilibra-

tion, two independent unrestrained runs of 50 ns

were performed. The flexibility and motion of the

substrate and cofactor in the active site were ana-

lyzed by calculating the root mean square fluctua-

tion (RMSF) of their atoms, which were then

grouped based on the chemical structure of the com-

pounds. To investigate the accessibility of the sol-

vent to the active site and probability of water

molecules within sufficient distance to facilitate pos-

sible proton transfer, radial distribution function

was calculated and graphed with the nitrogen atoms

of interest as reference particles. The two trajecto-

ries were concatenated prior to cluster analysis,

which was performed using the method by Daura

et al.102 Briefly, all frames of the concatenated tra-

jectory were aligned with respect to the reference

(initial) structure by fitting the backbone root mean
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square deviation (RMSD). Cluster analysis was per-

formed on the subset of atoms consisting of the sub-

strate and active side residues Arg-21, Tyr-104, Tyr-

108, Arg-109, Arg-112, and Arg-117. Conformations

were considered to fall within the same cluster

when their RMSD was less than the specified cutoff

value of 2.0 Å.

Sequence similarity networks (SSNs)
Sequences of proteins homologous to Rv2074 were

retrieved from the NCBI non-redundant protein

database using BLAST to an E-value cut-off of 1,103

and curated with CD-hit,104 removing species level

duplicates with more than 98% sequence identity.

The SSN was generated using the Enzyme Function

Initiative Enzyme Similarity Tool,105 where each

node represents an individual protein and edges rep-

resent the BLAST logE-value.59 A logE-value cut-off

of 220 was used to identify the cluster of Rv2074

homologs of >50% amino acid identity (FDOR-B4)36

from other distantly related proteins. The presence

of F-BVRs in pathogenic and non-pathogenic myco-

bacteria were compared using 38 mycobacterial

genomes from species that are documented to either

cause infection or are only in the environment.60–62
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