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Structural and biochemical characterization of
MdaB from cariogenic Streptococcus mutans
reveals an NADPH-specific quinone oxidoreductase

The smu.1420 gene from the cariogenic pathogen Strepto-
coccus mutans encodes a putative protein which has sequence
homology to NQO [NAD(P)H:quinone oxidoreductase]
family members, including mammalian NQO and bacterial
MdaB (modulator of drug activity B). NQO can detoxify
quinones by converting them to hydroquinones and prevent
the generation of reactive oxygen species. Thus, comprehen-
sive studies on Smu.1420 will be important for uncovering the
antioxidation and antidrug mechanisms of S. mutans. Here, the
catalytic properties of Smu.1420 have been characterized, and
its structure was determined in complexes with NADP" and
menadione, respectively. Smu.1420 binds menadione directly
and exhibits a pronounced preference for NADPH over
NADH as a substrate, demonstrating that it is an NADPH-
specific quinone oxidoreductase. The structure of Smu.1420
shows a compact homodimer with two substrate pockets
located in the cleft of the dimer interface. The nicotinamide
moiety of NADP" is bound on top of the isoalloxazine moiety
of the FAD cofactor and overlaps with the binding site of
menadione, suggesting a hydride-transfer process from
NADPH to FAD and then to menadione. Two strongly basic
patches near the substrate pocket are expected to confer the
preference for NADPH over NADH. These studies shed light
on future drug development against the cariogenic pathogen
S. mutans.

1. Introduction

The NAD(P)H:quinone oxidoreductase (NQO) protein
family is evolutionarily conserved from bacteria to humans.
The proteins usually contain a FAD cofactor, form a physio-
logical homodimer and catalyze a two-electron transfer
process from NAD(P)H to quinones (Li ef al., 1995; Tedeschi
etal., 1995; Zhao et al., 1997; Foster et al., 1999). Quinones, such
as ubiquinone-8 and menaquinone-8, function as membrane-
associated electron carriers and transport hydrogen and
electrons between respiratory-protein complexes in bacteria
(Georgellis et al., 2001). Although these quinones are essential
for the respiratory chain, they can also divert the electron flow
away and cause oxidative stress in cells (Hayashi et al., 1990;
Adams & Jia, 2005, 2006). Among these quinones, menadione
(vitamin K3, a metabolic intermediate of menaquinone) is
usually used as a model quinone in cell cultures and other
investigations to elevate the levels of peroxide and superoxide
radical in cells. NQO plays an important role in the detox-
ification of these quinones by diverting them from the one-
electron reduction products semiquinones, which can react
with oxygen molecules spontaneously and result in lipid
peroxidation and depletion of cellular reductants such as
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reduced glutathione (Kwiek et al., 2004; Tedeschi et al., 1995;
Beyer et al., 1997; Li et al., 1995).

The structure and function of mammalian NQO proteins
have been extensively investigated. Two homologous NQOs
are found in mammals, named NQO1 (or DT-diaphorase;
QR1) and NQO2 (or QR2). NQO1 is composed of a major o/
catalytic domain and a small C-terminal domain (Li ef al.,
1995), whereas NQO2 lacks the C-terminal domain but binds a
zinc ion in the C-terminal region that is expected to participate
in electron transfer during catalysis (Foster et al., 1999). The
catalytic properties of the two enzymes are also different.
NQOT1 utilizes NADH and NADPH as substrates at a similar
rate (Tedeschi et al., 1995), whereas NQO2 prefers nonphos-
phorylated ribosyl, alkyl or phenyl dihydronicotinamides as
substrates (Zhao et al., 1997; Foster et al., 1999; Chen et al.,
2000). Despite these differences, both enzymes can transfer
two electrons to a quinone, preventing the generation of the
semiquinone as well as reactive oxygen species.

Although mammalian NQO homologues are widely
distributed in bacteria, as indicated by a BLAST search, only
those of Escherichia coli and Helicobacter have been investi-
gated. The E. coli NQO homologue was initially found to be a
menadione-induced enzyme that could partially alleviate the
toxicity of menadione (Hayashi et al., 1990). Further studies
showed that overexpression of the E. coli NQO homologue
imparted resistance towards several drugs such as DMP840
and adriamycin, and therefore bacterial NQO homologues
have also been named modulator of drug activity B (MdaB;
Chatterjee & Sternberg, 1995). MdaB mutants in the micro-
aerophilic pathogens H. pylori and H. hepaticus have been
shown to be more sensitive to the oxygen level and oxidative
reagents such as H,O, and organic hydroperoxide, resulting
in decreased viability and colonization (Wang & Maier, 2004;
Hong et al., 2008). To date, from bacteria, only the structure of
E. coli MdaB has been well documented (Adams & Jia, 2006).
It is a single-domain FAD-binding protein and does not bind
zinc ion like mammalian NQO2 (Adams & Jia, 20006).
Although numerous structures of mammalian NQO1 and
NQO2 in complex with substrates and xenobiotics have been
determined, how the structurally different bacterial MdaBs
select substrates and catalyze the electron-transfer process
remains elusive owing to the lack of enzyme-substrate
complex structures.

In this study, we purified and characterized the MdaB
protein (Smu.1420) from Streptococcus mutans, a pathogen
that plays a key role in tooth decay (Ajdi¢ et al, 2002). An
enzymatic assay showed that Smu.1420 (named SmMdaB in
this paper) has a pronounced preference for NADPH over
NADH as a substrate. Spectroscopic measurements support
this result and confirm the direct binding of menadione to the
substrate pocket. We have determined both the SmMdaB-
NADP" and the SmMdaB-menadione complex structures to
1.8 A resolution, which reveal that the binding sites of
menadione and the nicotinamide moiety of NADP* overlap
and are adjacent to the isoalloxazine ring of FAD. The
complex structures also provide an explanation for the
substrate specificity towards NADPH. Furthermore, through

Table 1

Data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

SmMdaB-NADP"* SmMdaB-menadione

Data collection

Space group P2, P2,
Unit-cell parameters
a(A) 50.60 50.61
b (A) 79.12 79.41
c(A) 106.28 106.50
a=y(°) 90 90
B () 90.01 90.08
Resolution (A) 50.0-1.80 (1.83-1.80) 20.0-1.80 (1.84-1.80)
Ruerge (%) 7.6 (30.5) 12.0 (32.5)
(Ilo(1)) 30.5 (4.3) 18.5 (6.3)
Completeness (%) 95.4 (92.3) 98.6 (89.2)
Multiplicity 35(32) 6.6 (4.4)
Unique reflections 73792 77264
Refinement
RyorkF/Riree§ (%) 16.0/18.8 15.6/18.3
No. of atoms
Protein 6044 6144
Ligand 265 264
Water 371 558
B factors (A?)
Protein 21.6 18.6
Ligand 239 20.2
Water 232 20.6
R.m.s. deviations
Bond lengths (A) 0.006 0.006
Bond angles (°) 1.0 1.1
Ramachandran plot
Most favourable (%) 88.7 87.6
Additionally allowed (%) 10.6 11.3
Generously allowed (%) 0.1 0.6
Disallowed (%) 0.6 0.6
T Ruerge = 2wt 2o VL (RKD) — (LRKD) /3 gy 2o LKD) % Ryonc =
Do Fonsl = el [/ Xt 1Fos]- § Resee = Yoma | Fos| = [Fratel [/ X 1Fos|- The Rigee

value was calculated from a randomly selected 5% of reflections that were not used in the
refinement.

structural comparison and multiple sequence alignments, we
have uncovered the mechanisms of how the mammalian NQO
and bacterial MdaB select FAD rather than FMN as a
cofactor. These results shed light on the antioxidation and
antidrug mechanisms of the cariogenic pathogen S. mutans
and provide a structural basis for future drug development.

2. Materials and methods
2.1. Protein expression, purification and lysine methylation

The smu.1420 gene was amplified from the genomic DNA
of S. mutans UA159 and subsequently cloned into pET-21b
vector (Novagen) with a C-terminal His tag. The plasmid was
transformed into E. coli BL21(DE3) strain and the protein
was expressed at 18°C overnight by induction with 1 mM
B-D-thiogalactopyranoside (IPTG). The harvested cells were
suspended in buffer A (500 mM NaCl, 20 mM Tris—-HCI pH
7.5) and lysed by sonication. After centrifugation, the super-
natant was loaded into a HiTrap Ni**-affinity column (GE
Healthcare) equilibrated with buffer A. The column was
washed with 20% buffer B (500 mM NaCl, 500 mM imidazole,
20 mM Tris—-HCI pH 7.5) and the target protein was eluted
with a gradient to 80% buffer B. The protein was further
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purified by gel filtration using a Superdex 75 column (GE
Healthcare) in buffer C (200 mM NaCl, 20 mM Tris-HCl
pH 7.5) and concentrated to approximately 25 mg ml~'. To
generate lysine-methylated protein for enzymatic assay, the
purified protein was first exchanged into buffer D (200 mM
NaCl, 50 mM HEPES pH 7.5) using a desalting column (GE
Healthcare). Lysine methylation was performed as described
previously (Walter et al., 2006).

2.2. Crystallization

To obtain crystals of the SmMdaB-NADP" complex,
NADPH tetrasodium salt (Roche) was dissolved in buffer C

and added to the protein to final concentrations of 5 mM
NADPH and 0.7 mM protein. Owing to the rapid oxidation of
NADPH by the protein, the ligand in the crystal should be
NADP". To obtain crystals of the SmMdaB-menadione
complex, menadione (Sigma) was added to buffer C and
sonicated to homogeneity. The homogeneous menadione
solution was rapidly added to the protein and mixed thor-
oughly, with final concentrations of 5 mM menadione and
0.7 mM protein. Crystal screening was carried out by the
sitting-drop vapour-diffusion method at 18°C by mixing 1 pl
protein solution and 1 pl reservoir solution. Crystal Screen,
Crystal Screen 2, Index and Natrix kits (Hampton Research, a
total of 240 conditions) were used for initial screening. Both

B1 al B2
S.mutans ———— Q0000000Q00QQQ TT e—
S.mutans 1 MK I[L T VY[T]JHPNP T[S|FINAE ILKQVQTINL[S|. KEH[T[VS TLD LJY[AIEHFDPVLOFN . . . v v v v e e e s
S.sanguinis 1 .MK|T|L I I|Y|T|HP|S|P T|GIEINAAILKENVQSNL|S|. KKHEVKTLD L|YAENFDPILRED . « v v v v v v v e e et .
E.coli 1 .MS|N|T L I|IN|GAKIKF|A/H|SINGQLND|TLT[E VIAD G TLIRDLGHD VR|II[VRADSDY « « + v v v v e e e e e e e .
H.pylori 1 . MKIK[VL I|I|N|IGAKIAF|G|S|S|IGGKLNET L S|D HAKK T|LIE|S LG LIE VDT T IVDKGY « « v v v e e e e e e e et
S.typhimurium 1 . MSIN|T L I|IN|IGAKIKF|AIHSINGQLND|TLT|E VAID GLILIRD LGHQ VIK|I[VRADSDY « + v o o v e e e e e e et
C.remanei 1 ....MNIILIVHAHPEPLSETTAMKDHAVEVLEKLGHQVEVSDILYAMNFNPIASREDFS.ELSHPEYMNYA
X.laevis 1 MAASKRAFVVLAHAEK T|SIFINY AMKE AA VQA LIK|SNGW[D[V T VSD LJY[AIMNFNPVVSRNDITGNVTDPDHF SYP
human_NQO1 1 .MVGRRALIVLAHS[ERT|SIFINYAMKEARAAAALKKKGWEVVE SD LJYAMNFNPIISRKDITGKLKDPANFQYP
human_NQO2 1 . MAGKEKVLIVYAHOEPKSEFNGSLKNVAVDELSRQGC|TIVIVSDLYAMNLEPRATDKDITGTLSNPEVENYG
nl o2 B3 a3
S.mutans Q00000 000Q0Q0QQQ  ==——mmmmmp TT 000000000QQ — —p T
S.mutans 51 ..ETHKRRDLAKVAEMEK Y[RDLV] LHF[IFE I wis[c DIREGFIVAIDFAYSYKKVGLEGHLQ
S.sanguinis 51 ..QEHRRRDLHKDPEMAK Y[RDL|T LF|T[F)d T wias|c DIRWEABADFAYSYKKVGLQGHLQ
E.coli 49 ... DV[KAE[V|QNF vEiwoMIG wigMG DIDNF|T|E[GHGTLYASDGRTRKDP
H.pylori 49 ... ... NH[S|QE[VIEK|T TRdwoMiEG WigMG DIENE|SIA/GHGKLYASDGRS SQNP
S.typhimurium 49 .............. D I|KE E[VIQN|F vRdwoMiFG wigMG DIDNF|T|E[GHGTLYASDGRTRSDA
C.remanei 66 LEQRHACKNKQIAADI|QIE|I[EKV Vi L(S|FIM YR TS DIRWE|V|S|GIFYGGKRFYNHGGMV
X.laevis 71 AETTQAWKEGRLSQD I|VE E|QKK[L \Y T jal(e)ialp U8q wiae DIRWL|T|S|GFAYTF TSMYDNGHFK
human_NQO1 70 AESVLAYKEGHLSPDI[VAEQKKL \Y T jal(e)jalp jiel wiale ERME|I/GEFAYTYAAMYDKGPFR
human_NQO2 70 VETHEAYKQRSLASDI|TDEQKK]Y VEFOFIEL YF|S] IDRMLICIQGFAFDIPGFYDSGLLQ
AA

B4 2 ad RS as
S.mutans T el Q200 000000 —p  TTT Q00000000000
S.mutans 119 GEASAWI|IT[THNTPSFRAMPFVQDYG. . .. .. KVLKKQI[KPCRISPVKLTELTSIEK|[I|SDDER| HKVA
S.sanguinis 119 GE4SGW|/I|IV|SHNTPGFALPFVQDYG. . .. .. KVLKNQI|LKLC|GISPVKLTELNSVERK|TDQQR KKIG
E.coli 105 SEIKYG[S|GGLVQGKKYMLSLTWNAP .. .MEAFTEKDQF[F|HGV|GVDGV|YLPFHKANQF|L|{GME P|L| ANDV
H.pylori 105 TEINYGK|GGILMQGKKYMLSLTWNAP .. .IEAFSDPNEF[FEGV|GVDV[V[YLHLHKAF QF|L|GLSA|L CNDV
S.typhimurium 105 AJKYG|S|GGLIVQGKKYMLSLTWNAP .. .MEAFTEKDQF|F|HGV|GVDGV|[YLPFHKANQF[L/GMD AL ANDV
C.remanei 136 GIKAL|L|SF|TLGGREHMFGDHAIHGSIEDLLLPIQRGT|LAYAIGFDV|LIPPFTAYHVP Y|I|SNE AR LDYQ
X.laevis 141 NEKAV[L|SF|T|TGGMESMYTSAGINGDMNVALWP IQRGV[LHFC|GFQV|LEPQICYSIGH|I[PPEKR EAWK
human_NQO1 140 SPEKAV[|SI|T|ITGGSGSMYSLQGIHGDMNVILWPIQSGI|LHFC|GFQV|LEPQLTYSIGH|T[PADA[R| EGWK
human_NQO2 140 CGIHLALILSV|ITGGTAEMYTKTGVNGDSRYFLWPLQHG T|LHF CIGFKVILAP QI SFAPEIASEEER| AAWS
S.mutans Q000
S.mutans 183 [ I TRNT] . v v v e e e e e e e e e e e e e e e
S.sanguinis 183 [OILBASOIT]c o v 56 o5 55 6.6 6.5 5 65 6 8 5666 6.8 55 516 885 85 6 068 6.0 68 566e s o s s.s mesisos s s e e
E.coli 172 |IKMP D[P RY TEE Y RKH IV E TE Gt v v i i e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
H.pylori 172 [VKNPQVIEQYLNSFEF TTHILIHOAF GK & v v v e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
S.typhimurium 172 |I[KMPD[VPRYTAEYRKHLISETIF A . ¢ v v i ot e e e et e e e et e e e et e e e e e e e e e e e e e e e
C.remanei 206 |QYLHN|LENLPALDEFPKLEQEDDKLYPLG e ¢ v v v e et e e e e e e e e e e e e e e e e e e e e e e
X.laevis 211 [ARLSK/I|CEEKSISFVPNENFDMSMQGGFVMKKEIAEKSASDKYGPSVGQHMGKPLPPDNQVKAGSTRL
human_NQO1 210 [KRLEN|I[WDETPLYFAPSSLFDLNFQAGFLMKKEVQDEEKNKKFGLSVGHHLGKSIPTDNQIKARK. ..
human_NQO2 210 [QRLOTIIWKEEP IPCTAHWHE GQ « v o v e e e et e e e e e e e e e e e e e e e e e e e e e e e e e e

Figure 1

Multiple sequence alignment of S. mutans MdaB (UniProtKB accession code Q8DTD1) with eight other homologous proteins. The SmMdaB
homologues are from Streptococcus sanguinis (FOE3J5), Escherichia coli (POAEYS), Helicobacter pylori (E6S218), Salmonella typhimurium (ESXBA7),
Caenorhabditis remanei (E3NTC2), Xenopus laevis (A5D8MS8) and Homo sapiens (NQO1, P15559; NQO2, P16083). Key residues interacting with the
isoalloxazine ring of FAD are marked with blue triangles. Key residues involved in binding the adenine moiety of FAD are boxed in green rectangles.
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complex crystals appeared using a solution consisting of
200 mM KCl, 50 mM HEPES pH 7.5, 35%(v/v) pentaery-
thritol propoxylate (5/4 PO/OH) after 2 d.

2.3. Data collection and structural determination

Before data collection, the crystals were soaked for 1-2 min
in reservoir solution supplemented with 20% glycerol and
were then flash-cooled in liquid nitrogen. Both data sets were
collected at —173°C. The SmMdaB-NADP" data set was
collected on beamline 1W2B at Beijing Synchrotron Radia-
tion Facility (BSRF) using a MARSSS flat-panel detector.
The SmMdaB-menadione data set was collected on beamline
BL17A at the Photon Factory, KEK, Japan using an ADSC
Quantum 315r CCD detector. Both data sets were integrated
and scaled using the HKL-2000 package (Otwinowski &
Minor, 1997) and were assigned to space group P2,. As the j
angle is very close to 90° (Table 1), the data sets were also
processed in space group P222,. The SmMdaB-NADP" data

0.8 0.8
£ 06 £ 06
[%2] [72]
Q Q
< 04 < 04
2 3
€ 0.2 € 02
0.0 0.0
(M) (M)
NADPH 100 100 100 100 NADPH 100 100 100 100
MTT 50 100 200 300 MTT 300 300 300 300
Menadione 25 50 100 200
(a) (b)
0.8 P =0.0001
= P =0.0040
= 0.6
@ P=0.0182
2 04 e
(0]
©
X 0.2 @
)
s
0.0 Qo
(M) o
NADPH 100 100 100 100 100 2
<
MTT 300 300 300 300 300
Menadione 50 — — — —
Menadione-SO,Na — 50 - - —
1,4-Benzoquinone —_ — 50 — —
Anthraquinone-2-SO,Na — — — 50 —
(@
Figure 2

sets in space groups P2, and P222; were both used in mole-
cular replacement with human NQO2 (PDB entry 1zxl;
Structural Genomics Consortium, unpublished work) as the
search model using MOLREP (Vagin & Teplyakov, 2010). The
phases could be determined using the P2, data set but not with
the P222, data set, which is very likely to be owing to a high
twinning fraction of the data as detected by phenix.xtriage
(Adams et al., 2002). The structure was further manually built
using Coot (Emsley & Cowtan, 2004) and refined using
phenix.refine (Adams et al, 2002) with the twin operator
(h, —k, —I) added during the refinement. The SmMdaB-
menadione structure was solved by molecular replacement
using the SmMdaB-NADP" structure as the initial model and
was refined using a similar procedure. Data-collection and
refinement statistics are summarized in Table 1. The four
residues in the disallowed region of the Ramachandran plot in
both structures are Asp140 in the four protein chains from one
asymmetric unit. These residues have well defined electron
density.
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(03]

Enzymatic assays and electronic absorption spectroscopy. () The catalytic rate is shown with a fixed concentration of NADPH (100 pM) and varying
concentrations of MTT (50-300 uM). (b) The catalytic rate is shown with fixed concentrations of NADPH (100 pM) and MTT (300 pM) and varying
concentrations of menadione (25-200 pM). (c) The catalytic rate is shown with fixed concentrations of MTT (300 pM) and menadione (100 pM) and
varying concentrations of NADPH (50-200 pM). (d) The catalytic rate is shown with fixed concentrations of MTT (300 pM) and menadione (100 pM)
and varying concentrations of NADH (50-200 pM). (e) The catalytic rate is shown using menadione, menadione sodium bisulfite, 1,4-benzoquinone and
sodium anthraquinone-2-sulfonate as electron acceptors. Data are represented as the mean =+ standard deviation of three repeats. P values were
calculated using Student’s t-test. (f) Electronic absorption spectroscopic analysis of SmMdaB in the native state, the menadione-binding state and the
reduced state using NADPH and NADH as electron donors. The spectral data for buffer C were used as a baseline.
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2.4. Enzymatic assays

Enzymatic assays were performed using a UV-2450 spec-
trophotometer (Shimadzu) at room temperature. NADPH
tetrasodium salt and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) were each dissolved in H,O, and
menadione, menadione sodium bisulfite, 1,4-benzoquinone
and sodium anthraquinone-2-sulfonate were each dissolved
in dimethyl sulfoxide (DMSO) as stocks. The reaction buffer
consisted of 200 mM NaCl, 20 mM Tris—HCI, 0.01 % Tween 20,
0.2 mg ml~" BSA pH 7.5. In a total 1 ml reaction system, the
indicated concentrations of substrates were added and the
reaction was started by the addition of recombinant protein to
a final concentration of 200 nM. The reduced product of MTT
was continuously monitored at 578 nm. Each measurement
was repeated three times.

2.5. Electronic absorption spectroscopy

Electronic absorption spectroscopy was also performed
using a UV-2450 spectrophotometer at room temperature.
0.25 mM protein in buffer C, or 0.25 mM protein mixed with
either 0.5 mM menadione, 1 mM NADPH or 1 mM NADH,
was placed in a 1 ml quartz cuvette. Electronic absorption
spectra were collected over the range 300-600 nm with 0.2 nm
data-point intervals. The spectral data for buffer C were used
as a baseline.

2.6. Analytical ultracentrifugation

Analytical  ultracentrifugation = measurements  were
performed using a ProteomeLab XL-I (Beckman Coulter)
analytical ultracentrifuge with an An-60 Ti rotor. The protein
in buffer C was centrifuged at a speed of 60 000 rev min~"
(262 000g) for 6 h at 25°C.

3. Results

3.1. Smu.1420 (SmMdaB) is an NADPH-specific quinone
oxidoreductase

The Smu.1420 protein was annotated as a putative oxido-
reductase after sequencing of the S. mutans genome (Ajdic et
al.,2002). It has a flavodoxin-like fold (PF02525) according to
the Pfam database (Bateman et al., 2004). Using a BLAST
search of the UniProt Knowledgebase, we found that
Smu.1420 has dramatic homology to mammalian NQO and
E. coli MdaB (Fig. 1). Thus, Smu.1420 may be the MdaB
protein in S. mutans. Given the sequence conservation of the
aligned homologous proteins (Fig. 1), we speculate that
Smu.1420 (named SmMdaB in this study) is an NAD(P)H:
quinone oxidoreductase.

We cloned and purified full-length SmMdaB and measured
its enzymatic activities using different electron donors and
acceptors. According to previously reported methods (Winger
et al., 2009; Wu et al., 1997), the enzymatic reduction of the
substrate menadione to menadiol is coupled to the reduction
of MTT, which results in an increased absorbance at 570-
590 nm. Interestingly, we found that MTT itself could be a

substrate of SmMdaB and be reduced by NADPH (Fig. 2a).
With the addition of menadione to the reaction system, the
catalytic rate increased further, suggesting that menadione is
also reduced by SmMdaB (Fig. 2b). However, on an increase
in menadione the measured rate decreased, probably owing to
a complex substrate-competition and redox reaction
mechanism (Fig. 2b). The catalytic rate increased rapidly with
increasing NADPH concentrations (Fig. 2¢), but was almost
undetectable when NADPH was substituted by NADH
(Fig. 2d). To test whether other quinones could be a substrate
of SmMdaB, we substituted menadione with menadione
sodium bisulfite, 1,4-benzoquinone or sodium anthraquinone-
2-sulfonate in the system. We found that SmMdaB had a low
catalytic rate towards anthraquinone-2-sulfonate compared
with menadione and menadione sodium bisulfite (Fig. 2¢). In
contrast, 1,4-benzoquinone almost totally blocked the enzy-
matic activity (Fig. 2e). These results demonstrate that
SmMdaB is an NADPH-specific quinone oxidoreductase and
prefers menadione as the substrate, which is in accordance
with the catalytic properties of previously characterized
bacterial MdaBs (Wang & Maier, 2004; Hong et al., 2008;
Hayashi et al., 1996).

3.2. The spectrum of SmMdaB in different states

The catalytic properties of SmMdaB were further demon-
strated by monitoring the absorbance spectrum of the protein
in different states (Fig. 2f). The protein purified with an
intense yellow colour, and alone it had absorbance peaks at
375 and 463 nm, which are characteristic of an oxidized flavin
cofactor. Upon addition of menadione, the absorption bands
were perturbed. The second absorption peak of the oxidized
protein shifted to 471 nm and two shoulders were observed at
approximately 440 and 500 nm, suggesting direct binding of
menadione to the active site of SmMdaB.

Addition of NADPH and NADH both caused a decrease in
absorption at 463 nm (Fig. 2f), which was a result of flavin
reduction. Although the catalytic rate towards NADH was
almost undetectable, it could still reduce the protein, probably
because NADH is an analogue of NADPH and excess NADH
was added and incubated with the protein. However, NADH
was not well utilized as a substrate, as supported by the
observation that in the presence of excess NADH a small
portion of the protein was still maintained oxidized, as indi-
cated by a peak at 463 nm (Fig. 2f). These observations are in
agreement with the results of the enzymatic assays.

3.3. Overall structure of SmMdaB

To elucidate the catalytic mechanisms, we crystallized
SmMdaB in the presence of NADPH and menadione,
respectively. Both crystals diffracted to 1.8 A resolution and
belonged to space group P2,. The phases were determined
by molecular replacement using the human NQO?2 structure
(PDB entry 1zx1) as a search model. The SmMdaB-NADP*
and SmMdaB-menadione structures were refined to Ryorx
and Rj.. values of 16.0 and 18.8% and of 15.6 and 18.3%,
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respectively. Each asymmetric
unit contained two noncrystallo-
graphic homodimeric proteins.
Resembling other NQO family
members, the overall structure of
the SmMdaB monomer is a
canonical o—fB-« sandwich struc-
ture, with five parallel B-strands

(named B1-85) forming a sheet in
the centre surrounded by five -
helices (named «ol-«5) on both
sides (Fig. 3a). Electron density
for FAD was clearly observed at
the top of the sandwich structure,
and the FAD molecule was easily

built (Fig. 3a). Dimerization leads
to the formation of the two active

=—— SmMdaB
Marker sites per dimer around the isoal-
200158 Q{g} @b& loxazine ring of FAD, which are
§ PR 21 SN located in the cleft of the dimer
£ 1504 (kzDsa)_ & interface.

§ 44 s 2 - - . Apalysis sho.wed that dim.er-
8 100+ e 18.4- @ 1za'1t10n was mediated by extensive
S mixed hydrogen bonds and
2 501 Lt hydrophobic interactions, with a
rather large buried area of
0= T T T T ' r 0 —— N ———— 1428 A”. Unexpectedly, the dimer
9 10 11 12 13 14 15 0 10 20 30 40 50 60 70 80 structure in solution was not as
Elution volume (ml) Molar mass (kDa) stable as other characterized
@) © NQO family members, as indi-

Figure 3 y >

Overall structure of SmMdaB and its oligomeric state in solution. (¢) SmMdaB exists as a homodimer in the
crystals. FAD (coloured green) binds on top of each sandwich-like monomer structure. The F, — F,
electron-density map (contoured at 3.00) calculated with the FAD molecule removed is shown as a blue
mesh over the refined model. (b) Gel-filtration analysis showed that SmMdaB elutes as a wide peak that
spans the expected dimer and monomer volumes. (c¢) Ultracentrifugation analysis shows that SmMdaB has
a molecular weight of 30.6 & 1.6 kDa in solution, which is intermediate between a monomer (22 kDa) and a

cated by gel-filtration and ultra-
centrifugation analyses. Gel-
filtration results showed that
SmMdaB eluted as a wide peak
spanning the expected dimer and

dimer (44 kDa) as indicated by SDS-PAGE.

Chain A
M Chain B
B FAD

Figure 4
Interactions between FAD and the protein. Hydrogen bonds are shown
as yellow dashed lines.

monomer volumes (Fig. 3b).

Ultracentrifugation demon-
strated that the protein had a molecular weight of 30.6 £
1.6 kDa in solution, a weight approximately intermediate
between a monomer (22 kDa) and a dimer (44 kDa) (Fig. 3c¢).
These observations suggest that SmMdaB exists in an equili-
brium between rapid association and disassociation processes
in solution.

3.4. Structural basis for FAD recognition

The isoalloxazine ring of FAD is mainly stabilized by two
contiguous tryptophan residues (Trp84 and Trp85) through
m—m stacking (Fig. 4). These two tryptophan residues are well
conserved among bacterial MdaBs, whereas the first trypto-
phan is usually replaced by tyrosine with maintained aroma-
ticity in many animal species (Fig. 1). Hydrogen-bonding
interactions with the O2, O4 and N3 atoms of the isoalloxazine
ring also contribute to the binding. The ribitol and
pyrophosphate moieties of FAD interact with the protein
through extensive hydrogen bonds to maintain an extended

Acta Cryst. (2014). D70, 912-921
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conformation, but no direct interaction was observed between
the ribose moiety and the protein (Fig. 4).

The interaction with the adenine ring of FAD is of great
interest as it may confer the preference of NQO family
proteins for FAD binding rather than FMN binding. In the
presented structures of the NQO family (Figs. 5a-5d), two
residues from the ol and a5 helices form a hydrophobic
pocket that plays a key role in binding the adenine ring of
FAD. In the structure of SmMdaB, the adenine-binding pocket
is formed by the hydrophobic Phel5 from the «1 helix and
Leul78 from the o5 helix (Fig. 5a). The phenylalanine residue
in the 1 helix is also conserved in human NQO1 and NQO?2,
whereas the other residue from the a5 helix is substituted by
Leu204 and Val204, respectively, with retained hydrophobicity
(Figs. 5b and 5¢). In E. coli MdaB, the pocket interacting with
the adenine ring is composed of Leu31 and Vall88, which are
also two hydrophobic residues (Fig. 5d). In addition, the
adenine ring of FAD in SmMdaB, human NQO1 and NQO2
was further stabilized by hydrogen-bonding interactions
(Figs. 5a-5c¢), whereas that in E. coli MdaB was stabilized by
an amino-aromatic interaction (Burley & Petsko, 1986) with
the side chain of GIn30 (Fig. 5d). Importantly, the conforma-

S. mutans MdaB

®)

@)
Figure 5

Human NQO1 /

tion of helices a1 and &5 in these four structures is generally
the same (Figs. 5a-5d).

In contrast, observations on the FMN-binding protein
YhdA from Bacillus subtilis show that it bears no structural
features of the adenine-binding pocket, although this enzyme
possesses a similar flavodoxin-like fold and catalyzes a similar
electron-transfer process from NADPH to an azo dye (Fig. Se;
Binter et al., 2009). The N-terminus of the a1 helix in YhdA
contains no hydrophobic residues for adenine binding. The o5
helix in YhdA protrudes away from the o1 helix and therefore
cannot provide the other hydrophobic residue to form the
adenine-binding pocket. Furthermore, the loop between the
B5 strand and the o5 helix in B. subtilis YhdA is much longer
than the corresponding regions in NQO family proteins. This
extended loop in YhdA blocks the binding of the adenosine
moiety of FAD and allows YhdA to utilize FMN as its
cofactor.

3.5. Structure of the SmMdaB—NADP* complex

To determine how SmMdaB specifically selects NADPH as
an electron donor, we crystallized the protein in the presence

aTE—

B. subtilis YndA

Structural basis for FAD recognition. In the structures of SmMdaB (&), human NQOL1 (b), human NQO2 (c) and E. coli MdaB (d), two relatively
conserved hydrophobic residues from the «l and o5 helices form a hydrophobic pocket to bind the adenine moiety of FAD. The two hydrophobic
residues for adenine binding are Phel5 and Leul78 in SmMdaB, Phel7 and Leu204 in human NQO1, Phel7 and Val204 in human NQO?2, and Leu31 and
Vall88 in E. coli MdaB. (e) B. subtilis Yhda, a protein with a similar flavodoxin-like fold, does not bear any of the structural features of the adenine-
binding pocket. It binds an FMN molecule as a cofactor. The five structures are coloured as a rainbow (from blue at the N-terminus to red at the
C-terminus) and are presented in a view centred on the tail of the FAD or FMN cofactor.
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Figure 6

Structures of the complexes of SmMdaB with NADP* and menadione. (a) Electrostatic surface of the homodimeric protein. The orientation of the
surface presentation is the same as in the left structure in Fig. 3(a). Two distinct prominent surface patches were observed, one of which was basic and the
other of which was weakly acidic. The substrate pockets open to the basic patch. Two strongly basic regions were found near the substrate pocket, which
were expected to interact with the 2’-phosphate of NADPH and determine NADPH as the preferred substrate. (b) The 2F, — F, electron-density map
(contoured at 1.00) is shown over the partially built NADP* molecule. (¢) Detailed interactions between the protein and NADP* are shown. Hydrogen
bonds are marked as red dashed lines with bond lengths shown in angstroms. The distance between the electron-donor C atom in the nicotinamide
moiety and the electron-acceptor N atom in FAD is 3.1 A (shown as a black dashed line). (d) Comparison of the enzymatic activities of wild-type (WT)
and lysine-methylated proteins. The assay system consisted of 100 pM NADPH, 100 pM menadione, 300 pM MTT and 200 nM WT or lysine-methylated
protein. Data were represented as the mean =+ standard deviation of three repeats. (e) The 2F, — F, electron-density map (contoured at 1.00) is shown
over the menadione molecule. (f) The protein binds menadione mainly through hydrophobic interactions. The four SmMdaB-menadione monomer
structures in one asymmetric are superimposed and the menadione molecules are shown.
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of excess NADPH. As demonstrated by the spectral analysis,
the added NADPH was rapidly oxidized by the enzyme,
resulting in the reduction of FAD. However, the reduced FAD
was gradually re-oxidized, probably by oxygen molecules, and
the nearly colourless protein solution after the addition of
NADPH returned to its original yellow colour in less than half
an hour, implying depletion of NADPH. Therefore, the
molecule co-crystallized is expected to be NADP™.

Before the analysis of the protein-NADP" interaction, we
first generated an electrostatic surface of the protein and
examined the environment of the substrate pocket (Fig. 6a).
The protein shows two distinct prominent surface patches, one
of which is basic and the other of which is weakly acidic. The
two substrate pockets in a homodimer protein open to the
basic surface patch, which may determine the substrate
properties.

In the refined model, none of the four NADP* molecules in
the asymmetric unit was fully built owing to incompleteness of
the electron density. For one of the NADP* molecules, the
nicotinamide in the head and the ribose and pyrophosphate
group in the middle were built, but not the AMP moiety in the
tail (Fig. 6b). For the other three NADP" molecules in the
asymmetric unit only the nicotinamide head was built. Struc-
tural analysis shows that a phenylalanine residue (Phel33)
from an adjacent molecule protrudes above the NADP*
binding pocket, which sterically hinders the binding of the
AMP tail (Supplementary Fig. S1'). The nicotinamide moiety
stacks parallel to the isoalloxazine ring of FAD, with a distance
of 3.1 A between the electron-donor C atom in nicotinamide
and the electron-acceptor N atom in FAD (Fig. 6¢). The side
chains of three residues, Trp85 and Tyr'106 and Tyr'108 from
the neighbouring monomer in the SmMdaB homodimer, form
the back and the top of the active site. They interact with and
stabilize the nicotinamide ring mainly through hydrophobic
interactions. The side chains of Arg'55 and Tyr'108 from the
neighbouring monomer form two hydrogen bonds to the
nicotinamide ring which may contribute to the orientation of
the substrate. In addition, two hydrogen-bonded interactions
are formed between the protein and one O atom of the
pyrophosphate group of NADP* (Fig. 6¢).

Because electron density for the AMP moiety of NADP*
was not observed, structural information on how the protein
interacts with the 2’-phosphate of AMP and selects NADPH
as the substrate is not known. However, observations from the
electrostatic surface should explain the substrate preference
for NADPH but not NADH. Three positively charged resi-
dues (Lys146, Lys147 and Lys151) in each monomer constitute
a strongly basic region near the substrate pocket. This region
is very likely to interact with the 2’-phosphate of NADPH and
determines NADPH as the preferred substrate. To support
this hypothesis, we generated lysine-methylated SmMdaB and
measured the enzymatic activity using NADPH as an electron
donor, since mutation of the three lysine residues resulted in a
great loss in protein solubility. As predicted, lysine methyl-

! Supporting information has been deposited in the IUCr electronic archive
(Reference: XB5071).

ation markedly compromised the catalytic ability of SmMdaB,
probably owing to weakened binding to the 2’-phosphate of
NADPH (Fig. 6d).

3.6. Structure of the SmMdaB—menadione complex

Compared with the SmMdaB-NADP* complex, the active-
site conformation of the SmMdaB-menadione structure is
very similar. Electron density for menadione is clearly
observed on top of the isoalloxazine ring of FAD (Fig. 6¢). The
menadione stacks parallel to the isoalloxazine of FAD and
forms extensive hydrophobic interactions with surrounding
aromatic residues, including Trp85, Tyr'106 and Tyr'108
(Fig. 6f). The menadione has the same binding site as the
nicotinamide moiety of NADPH, suggesting a hydride-
transfer process from NADPH to FAD and then to mena-
dione. When the four protein monomer structures in one
asymmetric unit are superimposed, it can be seen that the
conformation of the four menadione molecules is generally
the same (Fig. 6f). The distances between the O atom on the
C1 of menadione and N5 on the isoalloxazine of FAD range
from 3.4 to 3.9 A, which are suitable distances for hydride
transfer.

4. Discussion

SmMdaB was overexpressed in E. coli and purified as a
natural FAD-binding protein. Although no additional FAD
molecules were supplemented during cell culture and crys-
tallization, the protein and crystals showed an intense yellow
colour and electron density for FAD was clearly observed,
suggesting that FAD was tightly bound to the protein. A small
faction of the SmMdaB protein without FAD binding (indi-
cated by a rather weakened colour and an identical molecular
weight on SDS-PAGE) was eluted at the void volume by gel
filtration and defied crystallization, probably owing to oligo-
merization of the protein. In contrast, the E. coli MdaB
protein could be crystallized in the absence of FAD (Adams &
Jia, 2006). The behavioural difference of the two proteins can
probably be attributed to the different conformation and
residue composition of the loop connecting the 81 strand and
the o1 helix (Supplementary Fig. S2). This loop is relatively
hydrophilic in E. coli MdaB and probably covers the hydro-
phobic FAD binding site when FAD is absent, whereas in
SmMdaB it is short and protrudes away from the FAD binding
site, thus resulting in the exposure of a large hydrophobic area
in the absence of FAD.

Compared with E. coli MdaB, the structure of SmMdaB is
more similar to that of human NQO2. The r.m.s.d. value
between SmMdaB and human NQO2 (PDB entry 1zx1) is
20A (185 C* atoms aligned), whereas that between SmMdaB
and E. coli NQO2 (PDB entry 2b3d; Adams & Jia, 2006) is
2324 A (166 C* atoms aligned) according to the DALI
server (Holm & Rosenstrom, 2010). As shown in the sequence
alignment, the loop region between the 2 strand and the o2
helix, which participates in intermolecular interactions within
the homodimer, is longer in the Gram-positive Streptococcus
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MdaB and animal NQO than in the aligned Gram-negative
bacterial MdaB (Fig. 1). Furthermore, the two hydrophobic
residues involved in adenine moiety binding in Streptococcus
MdaB align well with those of animal NQO but not with the
Gram-negative bacterial MdaB (Fig. 1). In addition, given the
sequence conservation (Fig. 1), we expect that other unchar-
acterized NQO family members will be FAD-binding proteins
rather than FMN-binding protein.

Enzymatic assays demonstrate that SmMdaB has a
pronounced preference for NADPH over NADH as a
substrate. This is also true for other characterized MdaBs in
bacteria (Wang & Maier, 2004; Hong et al., 2008; Hayashi et al.,
1996). Conversely, human NQO1 utilizes NADH and NADPH
with a similar rate, whereas human NQO2 prefers ribosyl,
alkyl or phenyl dihydronicotinamides as substrates (Foster et
al., 1999; Tedeschi et al., 1995; Zhao et al., 1997). Observations
from the structure of rat NQO1-NADP" showed that a
hydrogen bond was formed between the 2'-phosphate of
NADP" and the additional C-terminal domain, which may
explain the substrate-selection mechanism (Li et al., 1995).
However, the characterized bacterial MdaBs (Wang & Maier,
2004; Hong et al., 2008; Hayashi et al., 1996) and SmMdaB as
reported here can specifically select NADPH as a substrate,
although these proteins do not have a C-terminal domain. It
may be physiologically significant that the bacterial MdaB
specifically utilizes NADPH as a substrate, as the NADH/
NAD" ratio is usually low and the NADPH/NADP" ratio is
usually high in cells, and the specific selection of NADPH as
a substrate allows the enzyme to exert its function efficiently.
The protein interacts with menadione mainly through non-
specific hydrophobic interactions, suggesting that other
quinones, such as anthraquinone, may also be substrates of
SmMdaB. As an important antioxidation enzyme, structural
and biochemical study of SmMdaB should provide critical
insights into future drug design against S. mutans.
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