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ABSTRACT: The FAD-dependentR-glycerophosphate oxidase (GlpO) fromEnterococcus casseliflaVusand
Streptococcussp. was originally studied as a soluble flavoprotein oxidase; surprisingly, the GlpO sequence
is 30-43% identical to those of theR-glycerophosphate dehydrogenases (GlpDs) from mitochondrial
and bacterial sources. The structure of a deletion mutant ofStreptococcussp. GlpO (GlpO∆, lacking a
50-residue insert that includes a flexible surface region) has been determined using multiwavelength
anomalous dispersion data and refined at 2.3 Å resolution. Using the GlpO∆ structure as a search model,
we have also determined the intact GlpO structure, as refined at 2.4 Å resolution. The first two domains
of the GlpO fold are most closely related to those of the flavoprotein glycine oxidase, where they function
in FAD binding and substrate binding, respectively; the GlpO C-terminal domain consists of two helix
bundles and is not closely related to any known structure. The flexible surface region in intact GlpO
corresponds to a segment of missing electron density that links the substrate-binding domain to aââR
element of the FAD-binding domain. In accordance with earlier biochemical studies (stabilizations of the
covalent FAD-N5-sulfite adduct andp-quinonoid form of 8-mercapto-FAD), Ile430-N, Thr431-N, and
Thr431-OG are hydrogen bonded to FAD-O2R in GlpO∆, stabilizing the negative charge in these two
modified flavins and facilitating transfer of a hydride to FAD-N5 (from Glp) as well. Active-site overlays
with the glycine oxidase-N-acetylglycine andD-amino acid oxidase-D-alanine complexes demonstrate
that Arg346 of GlpO∆ is structurally equivalent to Arg302 and Arg285, respectively; in both cases, these
residues interact directly with the amino acid substrate or inhibitor carboxylate. The structural and functional
divergence between GlpO and the bacterial and mitochondrial GlpDs is also discussed.

The FAD-linked oxidation ofR-glycerophosphate (Glp)1

to DHAP occurs in at least three contexts. The first two are
R-glycerophosphate dehydrogenases (GlpDs) from mito-

chondria [mitoGlpD (1-4)] and from bacteria [bactGlpD (5,
6)], clearly homologous enzymes having sequences that are
ca. 30-33% identical. The third FAD-dependent Glp-
oxidizing enzyme isR-glycerophosphate oxidase (GlpO),
found predominantly (if not exclusively) in heme-deficient
lactic acid bacteria such asEnterococcus casseliflaVus
[formerly Streptococcus faecium(7, 8)]. GlpOs are homolo-
gous with thebact- andmitoGlpDs, having sequences 30-
43% identical with them but being distinguished by a ca.
50-residue insert falling between two segments proposed by
sequence to interact with the Glp substrate (9). ThemitoGlpD
is an important component of the Glp shuttle that serves to
transfer NADH-derived reducing equivalents from the cy-
tosol to the mitochondrion (10). MammalianmitoGlpD has
also been implicated in insulin signaling (11, 12) and differs
from yeast mitoGlpD and bactGlpDs in that it has a
C-terminal ca. 100-residue extension that is homologous to
calmodulin (3). Little is known of the structure and properties
of the mammalianmitoGlpD because of its extreme insolu-
bility and the difficulty of purifying it in good yield and in
an unmodified form (2, 13). It has been localized to the outer
surface of the inner mitochondrial membrane, with both the
Glp substrate and Fe(CN)6

3- acceptor sites facing the
intermembrane space (14).
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While all GlpDs are membrane-associated, it is unclear
in some cases whether they are peripheral or integral
membrane proteins. For instance, the mammalianmitoGlpD
has been localized to the outer surface of the inner membrane
(14), but another analysis predicts it to be an integral
membrane protein with three transmembrane helices (4).
Similarly, Escherichia coliGlpD was reported to require
detergent solubilization, leading to the conclusion that it was
an integral membrane protein (15), but later a His-tagged
version of E. coli GlpD was purified without detergent
solubilization (16). Still another recent report referred to the
E. coli GlpD as an integral membrane flavoenzyme with “six
transmembrane spanning” regions (17). TheBacillus subtilis
GlpD is found predominantly (∼75%) in the cytosolic
fraction following ultracentrifugation of an extract from
glycerol-grown cells (18).

Functionally, GlpO differs from GlpD in its efficient
catalytic reduction of O2 to H2O2, with theEn. casseliflaVus
enzyme having akcat/Km(O2) of ∼106 M-1 s-1 (9); also, GlpO
is clearly a dimeric (8), cytosolic protein (8, 19). Because
GlpO also exhibits “dehydrogenase” activities that are similar
to those ofE. coli GlpD (8, 15), with acceptor substrates
such as Fe(CN)6

3-, there is great potential for using the
better-behaved GlpO as a structural and even functional
template for the GlpDs. Studies ofEn. casseliflaVus GlpO
revealed an active-site environment similar to those of
D-amino acid oxidase (DAAO) and other flavoprotein
oxidases; the enzyme stabilizes the bluep-quinonoid form
of 8-mercapto-FAD (8), it reacts reversibly with sulfite to
form a covalent FAD-N5-adduct (8), and the apoprotein
raises the redox potential of bound FAD by 100 mV relative
to that of the free coenzyme (9). Stopped-flow analyses of
the reductive half-reaction also indicate that the resting
oxidized enzyme exists in two states (E and E*), only one
of which productively binds Glp for reduction (9). A limited
proteolysis study withStreptococcussp. GlpO (20) demon-
strated that the ca. 50-residue insert unique to the GlpOs
was largely excised, with the nicked enzyme (40 and 23 kDa
fragments remain associated) retaining catalytic activity with
an ∼20-fold increase inKm(Glp) and an 8-fold decrease in
kred. Interestingly, whereas intactStreptococcussp. GlpO has
no E* form, for the nicked enzyme E* is near 50%.

The relative paucity of structural information for Glp
recognition and binding together with its central role in an
important mitochondrial shuttle and electron transport (10)
led us to initiate a structural study of GlpO fromStrepto-
coccussp. (21). Here, we report the crystal structures of both
GlpO∆, a GlpO deletion mutant lacking the 50-residue insert,
and of intact GlpO, refined at 2.3 and 2.4 Å resolution,
respectively. Of particular interest are the two respective
active-site conformations, one of which appears to be
unproductive for catalysis and may represent the E* state.

EXPERIMENTAL PROCEDURES

Expression and Purification of GlpO∆. TheStreptococcus
sp. glpO gene (20), contained in a plasmid generously
provided by Asahi Kasei Pharma, was amplified by PCR
and cloned into pQE30 (Qiagen) to express the N-terminal
His-tagged protein. The 3′-end of the gene was PCR-
amplified using a primer bridging the required deletion in
combination with a downstream primer. The resulting PCR

product was purified and served as a primer, along with a
primer from the 5′-end of the gene, for PCR of the entire
glpO∆ coding sequence, which was then cloned into pQE30.
After the gene had been sequenced to confirm both the
required deletion and the absence of other mutations, the
plasmid was transformed intoE. coli B834 cells containing
pREP4 (Qiagen) for expression of GlpO∆. These cells were
grown at 37°C in a 3-L culture of MOPS-based defined
medium (EZ Rich Defined Medium, Teknova) containing
25 µg/mL kanamycin and 100µg/mL ampicillin, with
GlpO∆ expression being induced by addition of 0.5 mM
isopropyl-â-D-thiogalactopyranoside at anA600 of 0.9. After
induction, the temperature was lowered to 25°C, and growth
was continued overnight. GlpO∆ was purified using a
combination of Q-Sepharose and Ni-NTA columns as
described by Nicely et al. (22), except that cells were lysed
using an Aminco French press, andâ-mercaptoethanol was
omitted from the column buffers. Pure protein was buffer-
exchanged into 50 mM potassium phosphate (pH 7.0)
containing 1 mM EDTA and concentrated to 10 mg/mL
before being frozen in aliquots at-70°C. The SeMet protein
was expressed and purified in the same way, but with SeMet
replacing Met in the growth medium.

Spectral Analyses of GlpO∆ and Stopped-Flow Kinetics.
Titrations with dithionite and sulfite and other static spectral
measurements followed established protocols (9, 20), using
an experimentally determinedε450 of 11 600 M-1 cm-1 for
purified GlpO∆. Steady-state kinetic parameters for GlpO∆
were determined in enzyme-monitored turnover experiments,
carried out with the Applied Photophysics DX.17 MV
stopped-flow spectrophotometer as described previously (9,
20). Kinetic data were analyzed as described by Cornish-
Bowden (23), as follows.

where A and B represent Glp and O2, respectively. Primary
plots ofb/ν versusb intersect to the left of they-axis in the
case of an ordered ternary complex mechanism. A secondary
plot of slope× a versusa gives ay-axis intercept ofKmA/
Vmax and has a slope equal to 1/Vmax. A secondary plot of
intercept× a versusa gives ay-axis intercept ofKiAKmB/
Vmax and has a slope equal toKmB/Vmax.

Crystallization and Data Collection.Purification, crystal-
lization, and data collection for native intactStreptococcus
sp. GlpO have been described in previous reports (20, 21).
Thawed aliquots of the SeMet GlpO∆ protein were buffer-
exchanged into 1 mM sodiumN-(2-hydroxyethyl)piperazine-
N′-2-ethanesulfonic acid (pH 7.2) to give a final protein
concentration of 10 mg/mL. Crystals were grown in 24-well
sitting-drop plates over reservoirs of 0.5 mL, using drop sizes
of 4 + 4 µL. Large single crystals of SeMet GlpO∆ grew
best using a reservoir solution of 0.2 M Na2SO4, 17-22%
PEG3350, and 10 mMâ-mercaptoethanol, with glycerol
(20-35%) present as the cryoprotectant. Crystals appeared
within 1 day, growing to full size in 2-3 days, and were
flash-frozen in a nitrogen stream at 100 K directly after being
removed from the drop. Data sets for MAD phasing were
collected at National Synchrotron Light Source beamline
X26C. Although we have no evidence that any flavin
reduction occurred during synchrotron data collection with
either intact GlpO or GlpO∆ crystals, we cannot eliminate

ν ) Vab/(KiAKmB + KmBa + KmAb + ab)
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this possibility. Crystals of native GlpO∆ were obtained
under very similar conditions, omitting glycerol andâ-mer-
captoethanol; cryoprotectant soaks using a solution of 0.3
M Na2SO4, 25% PEG3350, and 15% glycerol were optimized
for these GlpO∆ crystals.

GlpO∆ Phasing and Structure Refinement.Images in each
MAD data set were indexed, integrated, and scaled in
d*TREK (24); data collection and phasing statistics are
summarized in Table 1. SOLVE (25) was used to locate all
12 of the Se sites; density modification was performed with
RESOLVE (26, 27). The resulting electron density map led
to an initial model which was subjected to refinement with
REFMAC5 (28). Water molecules, identified with COOT
(29) in theFo - Fc map using a 3σ difference Fourier cutoff,
were visually confirmed and added at this stage. Also, one
clear sulfate ion was added to the model. As refinement
progressed, the electron density indicated that a bent
conformation for the flavin isoalloxazine, along the FAD-
N5-N10 axis, was required. The butterfly conformation was
added and refined in CNS (30); final refinement of the full
model was also performed with CNS, and refinement
statistics for the GlpO∆ structure are summarized in Table
2.

Intact GlpO Structure Solution and Refinement.Since the
intact GlpO differs from GlpO∆ only by the absence of the
His-tag and the presence of Asp356-Ala405 (essentially,
the 50-residue insert sequence), the GlpO∆ coordinates
(minus the FAD, sulfate ion, and solvent waters) were used
as the search model for the intact GlpO molecular replace-
ment solution [using PHASER (31, 32)] to locate two
molecules in the asymmetric unit, using data from 30 to 2.50
Å resolution. Phasing and density modification were also
performed with PHASER. Early rounds of refinement
extending out to the limit of resolution (2.4 Å) were
performed with CNS, with solvent waters being added as
for GlpO∆. In accordance with the electron density appear-
ance, a butterfly flavin conformation was added for chain
A, but the chain B flavin was left planar. The latter stages
of refinement were carried out with REFMAC5.

RESULTS AND DISCUSSION

Kinetic and Redox Properties of GlpO∆. The GlpO∆
deletion mutant, lacking residues Asp356-Ala405, was
designed to test the role of the ca. 50-residue insert that is
present in GlpO but not GlpD enzymes (9). GlpO∆ differs
from nicked GlpO (20) in that the limited proteolysis
cleavage sites correspond to Lys368 and Lys404; nicked
GlpO therefore includes 14 additional residues (Asp356-
Lys368 and Ala405) not present in GlpO∆. In dithionite and
sulfite titrations (Figure 1), GlpO∆ behaves like both intact
and nicked enzymes (20). The tightly bound flavin is reduced
directly on titration with 1.1 equiv of dithionite, and there is
no evidence for any stable semiquinone intermediate. Sulfite
titration of GlpO∆ gives the stable flavin N5-sulfite adduct,
with a Kd of 0.92 mM at pH 7.0 and 25°C. Enzyme-
monitored turnover analyses with GlpO∆ (Figure 2) [10µM
enzyme and 0.77 mM O2 over the Glp concentration range
of 2.5-50 mM (pH 7.0, 5°C)] demonstrate that His-tagged
GlpO∆ is catalytically active, with akcat of 11.2( 0.5 s-1

and aKm(Glp) of 6.6 ( 1.0 mM (Table 3). Interestingly,
whereas thekcat is similar to that of nicked GlpO, the
Km(Glp) is 5.5-fold lower, leading to a 4.4-fold increase in

Table 1: Data Collection for GlpO and GlpO∆ and Phasing Statistics for GlpO∆

GlpO∆b

GlpOa edge peak remote

wavelength (Å) 0.9296 0.9790 0.9783 0.960
space group P21

c P21212
cell dimensions

a, b, c (Å) 128.36,
106.78,
58.89

86.21,
95.48,
77.61

R, â, γ (deg) 90, 99.18, 90 90, 90, 90
resolution (Å) 2.40 2.10 2.10 2.10
no. of reflections 141187 248145 238765 233374
no. of unique reflections 57965 37395 36799 37759
completeness (%) 94.8 (97.4)d 97.7 (83.7) 96.5 (85.4) 98.7 (89.6)
Rsym (%) 6.4 (29.8)e 7.4 (32.4)
I/σ 9.9 (2.8) 12.9 (4.0)
phasing powerf 0.9 1.26
resolution range (Å) 41.78-2.10 41.76-2.10 41.79-2.10
figure of meritg 0.60

a Collected with crystals of native intact GlpO at the Cornell High-Energy Synchrotron Source F-1 station using an ADSC Quantum-4 CCD
detector (21). b Collected with crystals of SeMet GlpO∆ at beamline X26C of the National Synchrotron Light Source using an ADSC Quantum-4
CCD detector.c The space group assignment given in ref21 is incorrect; the correct space group isP21. d Numbers in parentheses represent data
for the highest-resolution shell.e Rmeasfor native intact GlpO as taken from ref21. f Calculated to 2.9 Å resolution.g Computed after solvent flattening
using RESOLVE.

Table 2: Crystallographic Refinement Statistics for GlpO and
GlpO∆

GlpOa GlpO∆

resolution range (Å) 12.0-2.40 41.76-2.30
amplitude cutoff none none
no. of amino acid residues 1087 546
no. of waters 232 271
no. of sulfate ions 1
no. of total non-hydrogen atoms 8870 4618
Rfactor (%) 23.8 21.0
Rfree(%) 24.6 25.3
stereochemical ideality

bond length rmsd (Å) 0.012 0.015
bond angle rmsd (deg) 1.7 1.3
æ andψ most favored (%) 85.0 89.1
æ andψ additional allowed (%) 14.6 10.5
æ andψ generously allowed (%) 0.3 0.4

a Intact GlpO dimer.
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the GlpO∆ specificity constant (Table 3). The higherKm-
(Glp) of nicked GlpO compared with that of GlpO∆, even
though nicked GlpO retains more residues, is surprising and
suggests that the 14 additional residues in nicked GlpO do
not contribute substantially to catalysis but actually appear

to somehow interfere with Glp binding and/or catalysis. One
possible interpretation, for example, would invoke the larger
E* component (9, 20) in the resting nicked enzyme popula-
tion.

Structure Solutions of GlpO∆ and Intact GlpO.Given the
absence of suitable search models for a molecular replace-
ment solution with the 2.4 Å data set collected with the native
Streptococcussp. GlpO (21), we prepared the SeMet
derivatives of N-terminal His-tagged and wild-type (non-
His-tagged) intact GlpO, but neither of these allowed us to
reproduce the previously reported (21) crystal form. How-
ever, with the SeMet derivative of His-tagged GlpO∆, novel
well-diffracting crystals were grown, and a three-wavelength
MAD data set was collected to determine the structure (Table
1). The crystals have a single molecule in the asymmetric
unit, and the final GlpO∆ model (refined using data to 2.30
Å resolution) comprises residues 0-350 (one residue from
the His-tag precedes the wild-type initiating Met) and
residues 412-606, the FAD cofactor, and ordered solvent;
it has anRfactor of 21% (Rfree ) 25.3%) with good geometry
(Table 2). Missing from the model and presumed mobile
are the first 13 residues of the N-terminal His tag, residues
351-355 and 406-411 bordering the two ends of the
deletion, and the C-terminal residue Lys607.

The crystal structure of intact GlpO, determined by
molecular replacement using GlpO∆, has two chains in the
asymmetric unit. Refinement at 2.4 Å resolution led to a
final model with reasonable statistics (Table 2). Due to lack
of electron density, chain A is missing residues 361-407,
residue 518, and C-terminal residues 606-607; chain B,
apparently less well-tethered, is missing electron density for
residues 16, 17, 111, 112, 203, 245, 246, 361-408, 476-
494, and 516-518. The common major disordered segment
(residues∼361-407) corresponds well with the region
deleted in GlpO∆. All seven short segments missing in chain
B are involved in crystal contacts in chain A, explaining their
better definition. The two subunits have an overall CR rmsd
of just 0.5 Å; this agrees well with the expected coordinate
errors (33) of 0.33 and 0.38 Å for the well-ordered parts of
the GlpO∆ and intact GlpO models, respectively. Detailed
descriptions of the intact structure will focus on chain A,
with residues from chain B being designated by a prime
symbol (e.g., His65, chain A; His65′, chain B). The 2Fo -
Fc maps for the respective FAD coenzymes illustrate the
quality of electron density for well-ordered regions of both
structures (Figure 3).

OVerall Structure.Comparison of the molecular packing
in the GlpO and GlpO∆ crystal forms reveals one common
packing interaction that buries the most surface, and we
interpret this to represent the physiologically relevant dimer
(Figure 4A); both refined structures show the same overall
chain fold (Figure 4B). Each chain (taking the GlpO∆

FIGURE 1: Dithionite and sulfite titrations of GlpO∆. (A) The
enzyme [40.8µM, in 0.8 mL of 50 mM potassium phosphate (pH
7.0) and 0.5 mM EDTA] was titrated with a 3.9 mM solution of
dithionite. Spectra shown, in order of decreasing absorbance at
450 nm, correspond to the addition of 0 (s), 0.16 (-‚-), 0.48
(- - -), 0.8 (- - -), and 1.28 equiv (‚‚‚) of dithionite/FAD. The
inset shows the absorbance change at 450 nm vs the amount of
added dithionite. The end point corresponds to 1.14 equiv of
dithionite/FAD. (B) The enzyme (39.1µM, prepared as above) was
titrated with sodium sulfite solutions of 0.1 and 1.0 M. Spectra
shown, in order of decreasing absorbance at 450 nm, correspond
to the addition of 0 (s), 0.25 (-‚-), 0.75 (- - -), 2 (- - -), and
17.5 mM (‚‚‚) total sulfite (HSO3

- + SO3
2-). The inset shows a

double-reciprocal plot of the absorbance change at 450 nm vs added
sulfite concentration.

FIGURE 2: Enzyme-monitored turnover of GlpO∆. The enzyme
[9.9 µM after mixing, in air-equilibrated 0.1 M phosphate (pH 7.0)
and 0.5 mM EDTA] was mixed at 5°C with different concentrations
of Glp [2.5 (s), 5 (-‚-), 10 (- - -), and 50 mM (- - -)] that had
been equilibrated with 100% O2 in the same buffer. The reactions
were followed at 450 nm.

Table 3: Steady-State Kinetic Constants for Intact and Nicked
Forms ofStreptococcussp. GlpO and for GlpO∆

intacta nickeda GlpO∆b

Km(Glp) (mM) 1.9 36.2 6.6
Km(O2) (µM) 52 69 460
kcat (s-1) 17.9 14.1 11.2
kcat/Km(Glp) (M-1 s-1) 9.4× 103 390 1.7× 103

a From ref20. b Calculated from the data in Figure 2.
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structure as the point of reference) is organized as three
compact domains [Figure 5A, as assigned with DSSP (34)]:
domain 1, a FAD-binding domain that consists of three chain
segments (residues 1-58, 173-254, and 412-452) and has
a central six-strandedâ-sheet; domain 2, a dimerization and
putative substrate-binding domain that consists of two chain
segments (residues 59-172 and 255-350) and has a mixed,
eight-strandedâ-sheet; and domain 3, a C-terminal domain
that is a single-chain segment (residues 453-606) and is
largely R-helical. The proteolytically labile∼50-residue
insert unique to GlpO enzymes (9) and deleted in GlpO∆
is, as expected, not present as an integral part of the structure
but is a largely disordered segment that bridges the second
segment of domain 2 and the third segment of domain 1
(Figure 5A). The distance (CR-CR) between residues 349
and 413 that must be bridged by the segment is only 7.4 Å.
This short distance leads us to suspect that the insert may
be a segment that is a small folded domain on its own but
has few interactions with the rest of the protein and thus is
not fixed in the crystal structure. In terms of the overall
structure, there are two related differences between intact
GlpO and GlpO∆. The first is that GlpO has additional
ordered residues (356-360) corresponding to positions 2-6
of the 50-residue insert, and these residues (plus residues
351-355) form a loop and short helix that sits just above
the flavin in the cleft between domains 1 and 2 (Figure 4B)
and represents one significant difference. Associated with
the insertion of these 10 residues into the cleft is the shift

by ∼3 Å of a portion of domain 2 that includes helices 3
and 4. As discussed in detail in a later section, we interpret
the more “open” GlpO∆ conformation as being equivalent
to the fully active resting oxidized enzyme (E) form; we
interpret the more “closed” intact GlpO structure as being
representative of the E* form.

In a search for structurally similar proteins (35), the top
four scores correspond toB. subtilisglycine oxidase [ThiO;
rmsd) 3.0 Å, 19% identity,Z ) 28.2 (36)], thePyrococcus
horikoshii L-proline dehydrogenaseâ-subunit [rmsd) 3.1
Å, 19% identity,Z ) 27.9 (37)], theâ-subunit ofPseudomo-
nas maltophiliaheterotetrameric sarcosine oxidase [rmsd)
3.3 Å, 14% identity,Z ) 25.3 (38)], and Bacillus sp.
monomeric sarcosine oxidase [MSOX; rmsd) 3.4 Å, 14%
identity, Z ) 24.1 (39)]. Pig kidneyD-amino acid oxidase
[DAAO (40)] yields a rmsd of 3.3 Å and 16% identity (Z )
22.7). All five of these proteins belong to the GR2 subfamily
of FAD-dependent enzymes (41) and consist of two domains
(FAD-binding and substrate-binding, or interface) that are
similar to the first two domains of GlpO. In terms of
backbone rmsd and catalytic mechanism, ThiO (36) appears
to be the structurally known homologue most similar to GlpO
and will be used for most comparisons below.

A topology diagram of the first two domains of GlpO
(Figure 5A) reveals a fold that is remarkably similar to that
of ThiO, in fact conserving every element of secondary
structure (see Figure 5 of ref36). The spatial arrangement
of the two domains is also quite similar (Figure 5B),

FIGURE 3: Final 2Fo - Fc maps for the FAD redox centers of GlpO∆ (A), intact GlpO chain A (B), and intact GlpO chain B (C), together
with the refined models. Carbon atoms are colored yellow; others are color-coded by atom type. A portion of the FAD in panel A has been
omitted for clarity. The depicted contour level is 1σ.

FIGURE 4: GlpO∆ dimer and superposition of a GlpO∆ monomer with intact GlpO chain A. (A) One subunit (top) of the GlpO∆ dimer
is color-coded by domain: sand for the FAD-binding domain, blue for the dimerization/substrate-binding domain, and red for the C-terminal
domain. Both FADs are color-coded as in Figure 3, and helical elements providing the main interactions in the dimer interface are labeled.
(B) Superposition, in stereo, based on the FAD-binding domain gives a rmsd of 1.1 Å for a GlpO∆ monomer (color-coded as in panel A)
and intact GlpO chain A (green). Both FADs are color-coded as in panel A. An∼3 Å shift in a portion of domain 2 (helical elements
indicated by arrows) accompanies insertion of the additional loop and short helix (circled) near the flavin of intact GlpO.
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FIGURE 5: Topology diagram for GlpO∆ and superposition of GlpO∆ domains 1 and 2 with a ThiO monomer. (A) Each secondary structural
element, as assigned by DSSP (34), is color-coded by domain, as in Figure 4, and the respective first and last residue numbers are labeled.
The single 310-helix shown corresponds to that in Figure 4. The location of the 50-residue insert, deleted in GlpO∆ and largely disordered
in the intact GlpO structure, is also indicated (‚‚‚). (B) Superposition, in stereo, of GlpO∆ domains 1 and 2 (color-coded as in Figure 4)
and a ThiO monomer (cyan). DALILITE gives a rmsd of 3.0 Å for 330 CR atoms with 19% sequence identity (Z ) 28.2). Both FADs are
color-coded as in Figure 3; secondary structural elements described in the text (with the exception ofR1) are labeled. (C) Stereoview of
the GlpO∆ C-terminal domain. The orientation, relative to that of domains 1 and 2 in panel B, is given in Figure 4B. CR positions corresponding
to the N- and C-termini (Gly468 and Glu606, respectively) are labeled. This domain, which consists of eightR-helices organized into two
bundles, is absent in ThiO and other DAO pfam members.
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suggesting that there is little new to describe about these
two domains, compared with ThiO. The one new and unique
feature is the dimerization interface of GlpO. Although ThiO
and DAAO both have quaternary structure, neither has the
same interface as GlpO. The GlpO dimer interface is rather
small, burying a total surface area of 640 Å2 per monomer
(∼3% of each monomer surface), with residues from the
substrate-binding domain providing the bulk of the contact
area. The main interactions involve residues from helixR4
and the loop connecting helices 310 and R3, which pack
across the 2-fold symmetry axis with the same structural
elements of the other chain (Figure 4A).

In contrast to the first two domains, the structural similarity
search also shows that the GlpO∆ C-terminal domain
(Gly453-Glu606) is a novel fold. This domain is an
aggregation of eightR-helices (Figure 5C) which are
organized into a three-helix bundle (R10-R11-R12) fol-
lowed by a four-helix bundle (R13-R14/R15-R16-R17),
where the two short bent helices 14 and 15 take the place of
one longer helix. Both helical bundles have simple “up-
down-up” topology; when viewed downR1 (from the
N-terminus), helicesR17-R16-R13-R12-R10 form a
surface-exposed helical skirt that covers the back of the FAD-
binding domain. Although the functional importance of this
domain is unknown (see below), it appears to be conserved
in all known GlpO and GlpD sequences (Figure 6).

FAD-Protein Interactions.During refinement of the
GlpO∆ structure, we noticed that the FAD isoalloxazines in
both GlpO∆ and in intact GlpO chain A appear to be bent
along the N5-N10 axis, with angles of∼12° (Figure 3). In
contrast, the electron density for the GlpO chain B flavin,
which hasB-factors similar to those for the chain A flavin,
could be fit well with a planar flavin (Figure 3). At the 2.4
Å resolution of this analysis, we cannot conclude that the
chain B flavin is perfectly planar, but we do conclude that
the chain B flavin is much less bent than the others.
Interestingly, neither ThiO, MSOX, nor DAAO shows bent
flavins, so this appears to be an unusual feature of GlpO.

While similar bent butterfly flavin conformations are
characteristic of reduced flavins and flavoproteins [e.g.,
reduced thioredoxin reductase (42) and the reduced PutA
proline dehydrogenase domain (43)], there are fewer ex-
amples for oxidized flavoenzymes. Lennon et al. (42)
identified three cases in which the oxidized isoalloxazine
bending angle is greater than 18°: pyruvate oxidase (PDB
entry 1POW), NADH oxidase (PDB entry 1NOX), and
trimethylamine dehydrogenase (PDB entry 2TMD). Most
recently, Schiffer et al. (44) have identified a butterfly
conformation for the oxidized FAD in adenosine-5′-phos-
phosulfate reductase; as with trimethylamine dehydrogenase,
this has also been considered as an energetically favorable
factor in catalysis. The bent oxidized flavin in GlpO may
have a similar redox impact, as the FAD/FADH2 redox
potential for theEn. casseliflaVusenzyme has been measured
to be -118 mV (9), roughly 100 mV higher than that for
free FAD (-219 mV). Since the redox potential for the
Glp/DHAP couple is-190 mV (45), the effect of the GlpO
apoprotein in providing a thermodynamically favorable
system for Glp dehydrogenation includes an environment that
favors the FAD-N1/O2R-anionic form of FADH2 as well as
the butterfly conformation of oxidized FAD. Also, as studies
of ThiO, MSOX, and DAAO indicate that the substrate binds

at the flavinre face (36, 39, 40), this “butterfly” bending of
the flavin pyrimidine and dimethylbenzene rings away from
the re face would direct FAD-N5 toward the Glp substrate
and promote reactivity (see below).

The hydrogen bonding interactions of GlpO∆ with FAD
are rather similar to those seen for other GR2 subfamily
flavoenzymes (41). The ADP portion of the FAD interacts,
as for the classic nucleotide-binding fold (46), mostly via
residues from the firstâRâ portion of the fold, including
the pyrophosphate-interacting GxGxxG fingerprint (here
GGGITG) and a carboxylic acid side chain (here Glu48) at
the end of the secondâ-strand (47). The adenine is bound
in a pocket surrounded by Ile24, Met49, Ser232, Trp235,
and Val239. All of the interactions shown with the ADP
portion of FAD are also seen in both chains A and B of
intact GlpO, and the side chains involved are well-conserved
in the bacterial GlpOs and GlpDs given in Figure 6.

In terms of interactions with the flavin itself, in GlpO∆
the main chain Ile430-N and Thr431-N hydrogen-bond with
FAD-O2R as does Thr431-OG, consistent with the expecta-
tion of the stabilization of a negative charge at this locus (8,
9). Lys429-NZ sits just 3.5 Å above the FAD-C2 atom, so
its positive charge will further stabilize anionic FAD
N1/O2R forms. The FAD-N3 pKa for intactEn. casseliflaVus
GlpO is decreased to 8.5 (from 10.4 for free FAD), entirely
consistent with these observations (8). We have reported (20)
that this pKa value appears to be further decreased for intact
Streptococcussp. GlpO, since very little visible absorbance
change was observed during a spectral pH titration of the
latter enzyme between pH 8.5 and 10. There is no significant
change in this active-site pKa with the nickedStreptococcus
sp. GlpO, and we similarly expect no significant change for
GlpO∆. Other notable interactions with the flavin include
hydrogen bonds with FAD-N5 by Thr61-OG (which in turn
receives a hydrogen bond from His259-NE2) and with FAD-
N3 by Leu63-O. In terms of nonpolar packing interactions,
Ile430 (from the loop preceding helixR9) packs against the
pyrimidine ring, while Gly257, Gly344, and Leu345 (from
strandsâ11 and â15) have similar interactions with the
dimethylbenzene ring, showing that residues from domain
2 block solvent access in this region. The MSOX equivalent
of â15 carries the Cys315 covalent attachment (through
FAD-C8R) site (39). As we will discuss later in the context
of substrate binding, the side chains of Ser60, His65, Arg69,
Tyr70, His259, Thr298, Arg346, and Lys429 line the pocket
just above there face of the flavin. Also in this region are
three backbone amides: Gly67-N forms a hydrogen bond
with His65-ND1, and both Ile68-N and Arg69-N hydrogen
bond with waters. Interestingly, interactions between Ser60
and Lys62-N stabilize a backbone conformation that allows
Thr61-N to point directly at FAD-C4a. ThiO (Ala47-N and
Gly48-N) and pig kidney DAAO (Trp52-N) have similar
interactions with the respective FAD-C4a; the high-resolution
crystal structure of the yeast DAAO complex withD-Ala
(48) has provided evidence for a covalent hydroperoxide,
most likely bonded via FAD-C4a.

In intact GlpO (both chains A and B), the flavin environ-
ment is rather different because the insertion of residues
351-360 into the active-site pocket is associated with a shift
in the flavin and the reorganization of surrounding residues
(Figures 4B and 7). The bent oxidized flavins (intact chain
A and GlpO∆) superimpose well in the vicinity of FAD-
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C8, and they diverge to give separations of 2-3 Å of the
pyrazine and pyrimidine moieties. This shift contributes to
the different protein interactions with the latter, with the
Ile430-N, Thr431-N, and Thr431-OG interactions in GlpO∆
being replaced by a Lys429-NZ-FAD-O2R interaction in
intact GlpO. Also, the Leu63-O-FAD-N3 hydrogen bond
is not seen in the intact enzyme. Tyr357 of GlpO stacks
neatly above there face of the central pyrazine ring, with a
Tyr357-CE1-FAD-N10 distance of 3.4 Å. Tyr357 comes
at the N-terminus of the 50-residue insert (20), is present in
nicked GlpO, and is deleted in GlpO∆. Intact GlpO chain A

also reveals direct solvent water interactions with both FAD-
O4R and -N5; the latter interaction replaces that observed
between Thr61-OG and FAD-N5 in GlpO∆. Similarly,
GlpO∆ lacks this direct solvent water interaction.

Glp Binding and the ActiVe Site.Austin and Larson (5)
were the first to deduce sequence motifs for the “Glp-binding
domain” in E. coli GlpD. These were based on limited
sequence similarity between GlpD andE. coli triosephos-
phate isomerase, focused on the residues of the latter
enzyme that interact with the phosphate of the bound DHAP
substrate (49) [and with Glp (50)]. Interestingly, two of these

FIGURE 6: Structure-based sequence alignment forStreptococcussp. GlpO and four known functional GlpOs and GlpDs from bacterial and
mitochondrial sources (references given in the text). The residue numbering corresponds to both intact and deletion mutant forms of
Streptococcussp. GlpO, where GlpO∆ lacks residues 356-405. Residues 1-51 and 690-805 of the human mitochondrial GlpD (H.sapi.mt;
full-length precursor sequence) have been omitted for clarity. Red and yellow blocks are conserved residues and conservative substitutions,
respectively. Boxes represent FAD-binding (sand) and putative Glp-binding (blue) segments, as defined previously (20). Secondary structure
assignments (color-coded by domain) correspond to GlpO∆. Green triangles denote those active-site residues shown in Figure 7 and residues
involved in both hydrogen bonding and hydrophobic interactions with the FAD isoalloxazine in GlpO∆. The position of Tyr357 in the
intact enzyme structure suggests that this active-site conformation represents the E* state.
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sequence motifs, Ser341-Ile350 and Gly427-Ile430, closely
flank the 50-residue insert in GlpO. The GlpO∆ structure
also shows that residues from these segments [Gly344,
Leu345, Arg346, and Ile430 (and Thr431)] actually are part
of the active site, interacting with or lining the pocket above
the flavin.

Attempts to soak Glp into GlpO∆ crystals have led to
cracked crystals that do not diffract, implying that some
conformational change occurs during Glp binding and/or
turnover. In the absence of a ligand-bound structure, and to
gain insight into the substrate binding mode and catalytic
mechanism, we carried out overlays of GlpO∆ (representing
the open conformation of GlpO) with the ThiO-N-acetyl-
glycine and yeast DAAO-D-Ala complexes. As seen in
Figure 8, GlpO∆ Arg346, conserved in the GlpO and GlpD
sequences, is remarkably structurally similar with the key
residues ThiO Arg302 (36) and yeast DAAO Arg285 (48),
providing a direct link to these active sites. Further active-
site similarities include the main chain hydrogen bonding
interactions with the respective FAD-O2R (equivalent to

Ile430 and Thr431 of GlpO∆) and FAD-N3 (equivalent to
Leu63 of GlpO∆). A difference is that a Tyr residue
interacting with the substrate carboxylate in yeast DAAO
(Tyr223), which is structurally similar to Tyr246 of ThiO,
is replaced by Phe286 in GlpO∆, leaving more space in this
region. At the other end of the substrate-binding pocket,
GlpO∆ residues His65, Arg69, Tyr70, and Lys429 have
no equivalents in ThiO or DAAO but offer positively
charged/hydrogen bonding side chains, well-positioned to
interact with substrate and conserved in GlpO and GlpD
sequences. Accordingly, on the basis of the open GlpO∆
structure, we propose the following Glp recognition and
dehydrogenation scheme (Figure 9). As the Glp substrate
approaches the flavinre face, the Glp phosphate is attracted
to the pocket surrounded by Lys429, His65, Arg69, and
Tyr70 with Glp C1-OH anchored by interaction with Arg346.
Early work with crude preparations of themitoGlpD from
insect flight muscle (51) showed that substitution of Glp C1-
OH with either H (1-deoxy-Glp) or F (1-deoxy-1-fluoro-Glp)
led to a 60-80-fold decrease inkcat/Km for the respective

FIGURE 7: Active-site overlay, in stereo, of GlpO∆ and intact GlpO. The superposition was performed as described in the legend of Figure
4B. Intact GlpO protein and FAD are colored green (residues 351-360, including the short helical insert, are unique to the intact GlpO
structure). GlpO∆ is color-coded by domain, as in Figure 4; the GlpO∆ FAD is color-coded by atom type. In this view, the 310-helices of
both proteins (as shown in Figure 4B) are also depicted.

FIGURE 8: Active-site overlay, in stereo, for GlpO∆, the ThiO-N-acetylglycine (NAG) complex (chain A), and the yeast DAAO-D-Ala
complex. The superposition was performed on the basis of the AMP moieties of the respective FAD. GlpO∆ side chains and FAD are
color-coded by atom type, the ThiO-NAG complex is colored cyan, and the DAAO-D-Ala complex is colored magenta. GlpO∆ His65
and Lys429 have no structural equivalents in either ThiO or DAAO.

Structure ofStreptococcussp. R-Glycerophosphate Oxidase Biochemistry, Vol. 47, No. 3, 2008973



substrate, demonstrating that Glp C1-OH is indeed an
important determinant for substrate recognition and catalysis.

The oxidation of the secondary alcohol function in Glp
can be compared with the mechanisms for amino acid
oxidation as catalyzed by other members of the DAO pfam
(52), such as ThiO, MSOX, and DAAO. For yeast DAAO,
the structure of the complex withD-Ala at 1.20 Å resolution
(48) clearly shows the substrate CR-H pointing toward FAD-
N5, entirely consistent with the hydride transfer mechanism
proposed by Mattevi et al. (40). There is no acid-base
catalyst; the rate ofD-Ala oxidation is 7 orders of magnitude
greater than that forD-lactate, reflecting the relative pKa

values ofR-NH3
+ versusR-OH. A very similar mechanism

has been suggested for ThiO (36), as the structure of the
N-acetylglycine complex positions CR-H almost directly
above FAD-N5 at a distance of 3.5 Å. No acid-base catalyst
is present, and in both DAAO and ThiO, the anionic reduced
FAD is stabilized by protein interactions with the N1/O2R
locus. While earlier evidence implicated His269 (39, 53) and/
or Tyr317 (54) as potential acid-base catalysts in the
MSOX-substrate complex, more recent mutagenesis studies
have demonstrated that ionization of the complex, as required
for enzyme reduction, is independent of either residue. A
hydride transfer mechanism has been considered for MSOX
and would seem to be preferred in light of these mutagenesis
studies (54). While the hydride transfer mechanism preferred
for GlpO (8, 9, 20) resembles those discussed above, the
GlpO mechanism is unique in requiring ionization of the Glp
C2-OH. Recent structure-based mechanisms for the NAD+-
linked (flavin-independent) Glp dehydrogenases fromLeish-
mania mexicana(55) and from human liver (56) both
implicate a Lys residue in ionization of Glp C2-OH, thus
promoting transfer of a hydride to the NAD+ acceptor. With
respect to the identity of the proposed active-site base in
GlpO, His65 is reasonably well-positioned to interact with
and abstract the Glp C2-OH proton, but the hydrogen
bonding Gly67-N-His65-ND1 hydrogen bonding interaction
observed in the GlpO∆ structure implies that His65 is
monoprotonated on NE2. In this sense, His65 could not serve
as an acid-base catalyst, unless a conformational change
disrupts that interaction.

GlpO∆ as a Structural Template for the GlpDs.Sequence
alignments for GlpO∆ with the GlpDs fromE. coli (5) and
human mitochondria (57) give levels of identity of∼30%
over the entire GlpO∆ sequence; withB. subtilisGlpD (6),
the level of identity is 45%. Now, with the GlpO∆ structure
in hand, we can assess the level of active-site conservation

and evaluate proposals for howmitoGlpD, in particular, is
anchored to the membrane. As seen in Figure 6, the FAD-
binding motif and nearly all of the key active-site residues
described above are conserved. The structure also reveals
that the 50-residue insert unique to the GlpOs (and deleted
in GlpO∆) does not contribute in a major way to the active
site, and the chains at the two ends of the deleted region are
just 7.4 Å apart, close enough to be bridged by the three or
four residues in GlpD (B. subtilisresidues 357-360) without
altering the chain path.

The structure now also reveals clearly that there are no
portions of the GlpD sequence that could serve as trans-
membrane helices, as all parts (except for the mammalian
mitoGlpD calmodulin homology domain) are incorporated
into the three domains seen in the GlpO structure. In this
light, we have reevaluated the predicted membrane topology
of the human mitochondrial,E. coli, andB. subtilisGlpDs
with five contemporary transmembrane helix prediction
protocols: PHOBIUS (58), THUMBUP (59), TUPS (59),
the SPLIT 4.0 SERVER (60), and UMDHMMTMHP (59).
Apart from the N-terminal mitochondrial signal peptide
predicted by PHOBIUS and the SPLIT 4.0 SERVER [Brown
et al. (3) reported that the ratmitoGlpD precursor is cleaved
following Ala42], the consensus prediction by all five
algorithms is that there are no transmembrane helices. For
the humanmitoGlpD sequence, UMDHMMTMHP and PHO-
BIUS identify two possible weak transmembrane helices, but
these are not supported by any of the other algorithms. We
conclude, as proposed previously for the human mitochon-
drial protoporphyrinogen oxidase (61), that humanmitoGlpD
is strongly associated with the outer surface of the inner
membrane (14) but is attached as a peripheral rather than
integral membrane protein. A very recent report (62) of
similar analyses for the yeastmitoGlpD (Gut2p) also
concludes that this protein lacks transmembrane helices.
Yeast Gut2p aligns with residues 17-599 of the human
mitoGlpD (full-length precursor sequences; 43% identity),
but Gut2p lacks the C-terminal calmodulin homology
domain. Janssen et al. (63) demonstrated that Gut2p is a
peripheral membrane protein that interacts tightly with the
mitochondrial inner membrane, which likely is required for
its respiratory function. This peripheral localization has been
suggested to involve partial insertion of a hydrophobic region
as the photoactivatable probe 3-(trifluoromethyl)-3-phenyl-
diazirine phosphatidylcholine specifically and efficiently
labels Gut2p in the mitochondrial inner membrane (63).

FIGURE 9: Stereoview of the proposed Glp-binding pocket, includingN-acetylglycine (NAG) from the ThiO overlay in Figure 8. GlpO∆
residues and FAD (yellow carbon atoms) are color-coded by atom type; NAG (cyan carbon atoms) is rendered as a 50% transparency.
Three active-site water molecules are colored red; hydrogen bonding interactions and a well-aligned close approach (3.8 Å) of Thr61-N to
FAD-C4a are described in the text. The respective first and last residues of each peptide segment are labeled, with the exception of Gly344.
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The properties of theE. coli (16) and B. subtilis (18)
bactGlpDs indicate that their respective membrane associa-
tions are considerably weaker, and analysis of thebactGlpD
sequences with any of the five algorithms described above
also fails to identify transmembrane helices. A proposal by
Walz et al. (16) suggests that theE. coli GlpD is a peripheral
membrane protein, with residues 355-370 serving as an
amphipathic helix that penetrates and stably anchors the
protein to the membrane. We now see that the corresponding
segment in GlpO∆ is the surface-exposedR9 helix in the
FAD-binding domain (Figure 6) that is preceded closely by
the loop bearing FAD-binding residues Ile430 and Thr431.
This is indeed an amphipathic helix, but the nonpolar side
of the helix is buried within the protein core and can in no
way interact with the membrane without the domain structure
being disrupted. So where might the membrane-anchoring
segment reside? We propose that C-terminal helical domain
3 of the GlpDs, which is apparently not involved in catalysis,
conveys the peripheral membrane-binding function. The
alignment in Figure 6 demonstrates that the respective
sequences for the GlpO versus GlpD C-terminal domains
are poorly conserved: GlpO∆ aligns with the mature Gut2p
(63) with 33% identity over the first two domains, but with
only 14% identity for the C-terminal segment (GlpO∆
Glu438-Lys607 and Gut2p Glu433-Val612). Also interest-
ingly, the helical structure of the C-terminal domain shows
certain similarities with the membrane-binding motif dem-
onstrated for prostaglandin H2 synthase-1 [Cox-1 (64)], a
monotopic integral membrane protein. The bulk of the Cox-1
protein faces the lumen of the endoplasmic reticulum, and
integration into one leaflet of the membrane occurs via a set
of surface helices (the membrane-binding motif). These
helices also form the entrance to the narrow channel that
leads to the center of the Cox-1 monomer; this arrangement
may have functional significance in the delivery of the
hydrophobic arachidonic acid substrate from the membrane
to the Cox-1 active site. As themitoGlpDs reduce membrane-
associated quinone substrates, the C-terminal domain in yeast
Gut2p might play a role similar to that of Cox-1 in providing
access for the hydrophobic GlpD acceptor substrate to the
active site. The variability in sequences for the respective
C-terminal domains, from the cytosolic GlpO to the tightly
bound yeastmitoGlpD and mammalian enzymes, is expected
to provide the structural differentiation required for these
distinct electron transfer functions and membrane associa-
tions.

Glp OxidaseVersus Dehydrogenase ReactiVity. Although
the GlpDs reduce quinone acceptors (65-67) instead of
molecular oxygen, Mattevi (68) has cautioned that there are
no structural rules for predicting flavoprotein oxidase versus
dehydrogenase function. For example, while the active-site
structures of the FMN-containing glycolate oxidase and
flavocytochromeb2 are highly conserved [the two sequences
are 37% identical, and a CR superposition gives a rmsd of
0.93 Å over 311 atoms (69)], the relative O2 reactivities vary
by a factor of 104-105, and the function of the latter enzyme
involves one-electron transfers from reduced flavin to heme.
Subtle differences in FMN environments (both enzymes also
stabilize the FMN-N5-sulfite adduct) have been implicated
in this dramatic difference in electron transfer paths from
the respective FMNH2, and the specific molecular factors
involved in this divergence remain obscure. Similarly, for

GlpO versus GlpD, it appears that all of the key residues in
the GlpO active site are conserved in GlpD; the goal of
gleaning the structural basis for oxidase (O2) versus dehy-
drogenase (quinone) functions for GlpO and GlpD remains
an elusive one at present.

In En. casseliflaVusand other lactic acid bacteria capable
of growth on glycerol, the genes encoding glycerol kinase
[GlpK (70)], GlpO, and the glycerol facilitator [GlpF (71)]
are cotranscribed.2 An elaborate network of transcriptional
as well as post-translational regulatory controls has been
described (72) which ensures efficient glycerol uptake and
catabolism in the absence of phosphotransferase system
sugars, and vice versa. The crystal structure ofStreptococcus
sp. GlpO complements and in fact completes the structural
picture of this important metabolic network in these heme-
deficient bacteria.
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