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ABSTRACT: PutA is a novel flavoprotein inEscherichia colithat switches from a transcriptional repressor
to a membrane-bound proline catabolic enzyme. Previous crystallographic studies of the PutA proline
dehydrogenase (PRODH) domain under oxidizing conditions revealed that FAD N(5) and the ribityl 2′-
OH group form hydrogen bonds with Arg431 and Arg556, respectively. Here we identify molecular
interactions in the PutA PRODH active site that underlie redox-dependent functional switching of PutA.
We report that reduction of the PRODH domain induces major structural changes in the FAD cofactor,
including a 22° bend of the isoalloxazine ring along the N(5)-N(10) axis, crankshaft rotation of the
upper part of the ribityl chain, and formation of a new hydrogen bond network involving the ribityl 2′-
OH group, FAD N(1), and Gly435. The roles of the FAD 2′-OH group and the FAD N(5)-Arg431
hydrogen bond pair in regulating redox-dependent PutA-membrane associations were tested using FAD
analogues and site-directed mutagenesis. Kinetic membrane binding measurements and cell-based reporter
gene assays of modified PutA proteins show that disrupting the FAD N(5)-Arg431 interaction impairs
the reductive activation of PutA-membrane binding. We also show that the FAD 2′-OH group acts as a
redox-sensitive toggle switch that controls PutA-membrane binding. These results illustrate a new
versatility of the ribityl chain in flavoprotein mechanisms.

Proline utilization A (PutA)1 from Escherichia coliand
other Gram-negative bacteria is a large multifunctional
protein that uniquely combines enzymatic and transcriptional
regulatory activities within a single 1320-amino acid polypep-
tide (1-4). As an enzyme, PutA peripherally associates with
the inner cytoplasmic membrane to catalyze the four-electron
oxidation of proline to glutamate via the coordinated actions
of separate flavin-dependent proline dehydrogenase (PRODH)
and NAD+-dependent∆1-pyrroline-5-carboxylate dehydro-
genase (P5CDH) domains involving residues 263-612 and
650-1130, respectively (5, 6). An N-terminal ribbon-helix-
helix motif (residues 2-43) endows PutA with DNA binding
activity enabling PutA to also function as a cytosolic

autogenous transcriptional repressor of the proline utilization
(put) genesputA andputP (encodes a high-affinity proline
transporter) (7-9). To fulfill its mutually exclusive roles as
a transcriptional repressor and membrane-bound proline
catabolic enzyme, PutA undergoes proline-dependent func-
tional switching. Proline reduction of the FAD cofactor
induces PutA-membrane binding which consequently dis-
rupts the PutA-DNA complex equilibrium and activatesput
gene expression (10-14).

To reveal the mechanism by which FAD reduction drives
tight PutA-membrane associations and therefore regulates
PutA function, we have begun to explore molecular interac-
tions between the FAD cofactor and active site residues in
the PRODH domain of PutA. Previously, the structure of a
truncated form of oxidized PutA containing residues 86-
669 (PutA86-669) was determined by X-ray crystallography
(2.0-2.1 Å) in complex with different active site inhibitors
such asL-lactate (Ki ) 1.4 mM) andL-tetrahydro-2-furoic
acid (L-THFA) (Ki ) 0.2 mM) (15). Important ion pair
interactions are evident between the substrate carboxylate
group and the guanidinium groups of Arg555 and Arg556.
Also, Arg556 is within hydrogen bonding distance of the
2′-OH ribityl group of the FAD cofactor. Another notable
interaction is between Arg431 and the N(5) atom of the
isoalloxazine ring. Because electron density changes dramati-
cally across the N(1)-N(5) enediamine system upon FAD
reduction, we hypothesized that Arg431 may have a role in
enabling PutA to sense redox changes in the FAD cofactor.
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In this study, redox-dependent structural changes in the
FAD cofactor were identified by comparing crystal structures
of oxidized and dithionite-reduced PutA86-669. Substantial
movement of the 2′-OH group of the ribityl moiety was
observed in the dithionite-treated crystals relative to oxidized
PutA86-669, resulting in disruption of the Arg556 N(2)H-
O(2′) FAD interaction and the formation of a new hydrogen
bond network among the ribityl 2′-OH group, the N(1) atom
of the isoalloxazine ring, the ribityl 4′-OH group, and
Gly435. We subsequently analyzed the impact of these
interactions on PutA function by measuring the kinetic
membrane binding properties of PutA reconstituted with
FAD analogues and matching PutA site-directed mutants by
surface plasmon resonance (SPR). Results that provide an
example of a unique mechanism by which the FAD cofactor
controls membrane binding of a large multifunctional enzyme
are presented.

MATERIALS AND METHODS

Materials. 2′-Deoxy- and 5-deazariboflavin were generous
gifts from M. T. Stankovich (University of Minnesota,
Minneapolis, MN). 2′-Deoxy-FAD and 5-deaza-FAD were
synthesized from the respective riboflavin analogues and
purified as previously described (16-18). All chemicals and
buffers were from Sigma unless stated otherwise. The
oligonucleotides 5′-CGTCGCCGTCTGATGATTATGCTG-
GTGAAAGGCGCGTAC-3′ and 5′-GGCGTATCTGGT-
GCGTATGCTGCTGGAAAACGGTGC-3′ (IDT, Inc.) were
used for generating PutA mutants R431M and R556M,
respectively, by QuikChange (Stratagene) site-directed mu-
tagenesis. The mutants were confirmed by DNA sequencing
in the DNA Core Facility at the University of Nebraska.
Lipid vesicles were prepared fromE. coli lipid polar extracts
(Avanti Polar Lipids) as previously described (19).

Determination of the Structure of Reduced PutA86-669.
Crystals of oxidized PutA86-669 were grown in sitting
drops in the presence of PEG3350 and citrate buffer at pH
5.6-6.0 as described previously (15, 20). The crystals were
stabilized by transfer into 20-50 µL of cryo buffer, which
consisted of 24% PEG 3350, 15% PEG 200, and 0.1 M
citrate buffer at pH 5.7. The crystalline enzyme was reduced
by adding a few grains of solid sodium dithionite to the liquid
surrounding the stabilized crystals. The reaction of sodium
dithionite with PutA86-669 bleached the deep yellow color
of the crystals, indicating that FAD was reduced. The reduced
crystals were picked up with Hampton mounting loops and
plunged into liquid nitrogen to trap the reduced enzyme
conformation.

The structure of reduced PutA86-669 was determined to
2.3 Å resolution using a diffraction data set collected from
one crystal at beamline 19ID of the Advanced Photon Source.
Integration and scaling of the data were performed with HKL
(21). Reduced PutA86-669 crystals belong to space group
I222 with one protein molecule per asymmetric unit and the
following unit cell dimensions:a ) 73.1 Å, b ) 141.4 Å,
andc ) 145.7 Å. For reference, the oxidized crystals also
belong to space groupI222 with the following unit cell
dimensions:a ) 72.9 Å, b ) 141.1 Å, andc ) 145.4 Å
(15). Thus, reduction by dithionite did not change the crystal
lattice appreciably. See Table 1 for a summary of data
processing statistics.

The starting model for refinement was a previously
determined structure of oxidized PutA86-669 (PDB entry
1TJ0) with solvent, FAD, and boundL-lactate removed (15).
Refinement calculations were performed with CNS (22) and
REFMAC5 (23). Model building was done with O (24). The
test set of reflections (5%) used for cross validation matched
the one used for refinement of 1TJ0.

The refined structure consists of 450 protein residues, one
FAD cofactor, 117 water molecules, and one SO2 ligand
bound in the substrate-binding pocket. As with previously
determined structures of oxidized PutA86-669, theâ8R8

FAD-binding domain is highly ordered but electron density
for residues outside of this domain is very weak, indicating
significant disorder. In the structure of reduced PutA86-
669 presented here, residues 148-161, 185-243, and 611-
669 are disordered. See Table 1 for a summary of refinement
statistics.

PutA Protein Purification and Characterization. Site-
directed mutants R431M and R556M were generated in full-
length PutA. Full-length recombinant wild-type PutA and
PutA mutants R431M and R556 were purified as N-terminal
six-His tag proteins as described previously (13). The dimeric
forms of the proteins were collected by size-exclusion
chromatography (Superdex-200 column) and were used for
all of the SPR experiments. Full-length PutA apoprotein was
prepared and reconstituted with either FAD, 2′-deoxy-FAD,
or 5-deaza-FAD as described previously (18). PutA86-669
was used for the X-ray crystallography studies, and PutA86-
630 was used for potentiometric measurements of 2′-deoxy-
FAD. PutA86-669 and PutA86-630 were purified as
previously described (25). PutA86-630 apoprotein was
prepared and reconstituted with 2′-deoxy-FAD as described
previously (18). Protein concentrations were determined
using bicinchoninic acid reagents (Pierce) with bovine serum
albumin as the standard and spectrophotometrically using a
molar extinction coefficient of 12 700 M-1 cm-1 at 451 nm
(26). Kinetic parameters for PRODH activity were deter-
mined as described previously (26). The DNA binding

Table 1: X-ray Diffraction Data Collection and Refinement
Statisticsa

diffraction resolution (Å) 50-2.3 (2.38-2.30)
no. of observations 189645
no. of unique reflections 33078
completeness (%) 98 (94)
Rsym 0.071 (0.465)
averageI/σ 23.0 (2.5)
no. of non-hydrogen atoms 3633
no. of protein residues 450
no. of water molecules 117
Rcryst/Rfree 0.209 (0.256)/0.257 (0.280)
rmsd for bond lengths (Å) and angles

(deg)b
0.015 and 1.5

Ramachandran plot (% of residues)c

most favored regions 94.1
additional allowed regions 5.9

averageB-factor (Å2)
protein 40
FAD 35
SO2 50
water 45

PDB entry 2FZM
a Values for the outer resolution shell of data are given in parentheses.

b Compared to the Engh and Huber force field (42). c Ramachandran
analysis was performed with PROCHECK (43).
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activity of each PutA protein was analyzed by gel mobility
shift assays as previously described (26). Proline and sodium
dithionite titrations of PutA proteins were performed under
anaerobic conditions in a nitrogen atmosphere in a glovebox
(Belle Technology) as previously described (26). Potentio-
metric titrations of 2′-deoxy-FAD PutA86-630 were per-
formed as described previously under a nitrogen atmosphere
(27-29). Potential values are reported relative to the normal
hydrogen electrode.

Cell-Based Reporter Gene Assays. Theput control DNA
region (putC, 419 bp) was positioned upstream of thelacZ
gene in the pRS415 vector, a generous gift from R. W.
Simons (University of California, Los Angeles, CA) using
EcoRI andBamHI. UniqueEco52I andSalI sites were then
introduced at the 5′ and 3′ ends of theputC:lacZ fusion by
PCR, respectively, and used to subclone theputC:lacZ
reporter gene into the low-copy vector pACYC184 to
generate theputC:lacZ reporter construct. The genes encod-
ing full-length wild-type PutA and PutA R431M were cloned
downstream of thelac promoter in a compatible pUC18
vector usingNcoI and HindIII. Previously, a uniqueNcoI
site was introduced into pUC18 immediately upstream of
the multiple cloning site by QuikChange site-directed mu-
tagenesis to optimize expression of theputAgenes. Each of
the above constructs was confirmed by DNA sequencing.

To test the proline-dependent activation of theputC:lacZ
reporter gene,E. coli strain JT31putA- lacZ- was trans-
formed with theputC:lacZ construct and with either wild-
type PutA (pUC18-PutA) or PutA R431M (pUC18-R431M).
For control assays, cells were transformed with a pUC18
empty vector which lacks theputA gene and has thelacZ
gene interrupted by aputC insertion in the multiple cloning
site as previously described (7). E. coli cells containing the
putC:lacZ construct and the different pUC18 test vectors
were grown in minimal medium at 37°C with ampicillin
(50 µg/mL), chloramphenicol (30µg/mL), and kanamycin
(40 µg/mL) with and without proline orL-THFA to an OD
at 600 nm of∼1.0. Pelleted cells were then resuspended
and broken using the bacterial protein extraction reagent from
Pierce [20 mM Tris-HCl (pH 7.5)].â-Galactosidase activity
assays were then performed as previously described by
measuring the increase in absorbance at 420 nm (7).

PutA-Membrane Association Kinetics. The kinetics of
PutA-membrane binding were determined on a Biacore
2000 instrument at 25°C as previously described in the
Genomics Core Facility in the Center for Biotechnology at
the University of Nebraska (13, 19). The running buffer used
in all SPR experiments consisted of 10 mMN-(2-hydroxy-
ethyl)piperazine-N′-2-ethanesulfonic acid containing 150 mM
NaCl at pH 7.4 (HEPES-N buffer).E. coli polar lipid vesicles
were loaded onto an L1 sensor chip at 5µL/min, during
which time the vesicles merge into a bilayer membrane on
the surface (30). After being coated with lipid vesicles, the
surface was washed with 10 mM NaOH (60µL/min),
resulting in a total response (RU) for lipid loading of∼4500
RU. Nonspecific protein-lipid interactions were blocked by
injection of bovine serum albumin (0.1 mg/mL) onto the
sensor surface prior to injection of the PutA proteins.

The effects of proline and sodium dithionite on PutA-
lipid binding were tested by adding the reagents to the PutA
samples 15 min prior to injection. The following proline
concentrations were used: 5 mM for reconsituted PutA, 10

mM for PutA R431M and 2′-deoxy-FAD-PutA, 100 mM for
5-deaza-FAD-PutA, and 400 mM for PutA R556M. Dithion-
ite was used at a concentration of 5 mM for all of the PutA
proteins except 5-deaza-FAD-PutA which was supplemented
with 50 mM sodium dithionite. Sodium dithionite was added
to the PutA samples under a nitrogen atmosphere in a
glovebox. SPR analysis of PutA-lipid binding in the
presence of dithionite was then performed under anaerobic
conditions as described previously (13). For kinetic analysis,
PutA samples were injected at a flow rate of 60µL/min, but
different flow rates from 20 to 80µL/min were also used to
confirm there were no mass transfer problems. The associa-
tion and dissociation phases were monitored for 120 and 300
s, respectively. The sensorgrams of PutA-lipid associations
were analyzed with Biaevaluation 4.1 as previously described
(19). Changes in the refractive index due to buffer changes
were subtracted prior to kinetic analysis. Global fitting to a
1:1 Langmuir PutA-membrane binding model was used to
calculate the association (ka) and dissociation (kd) rate
constants, and the dissociation constant (KD) was equal to
kd/ka. Complete kinetic parameters are reported in Table S1
of the Supporting Information.

RESULTS

X-ray Crystal Structure of Reduced PutA86-669. To gain
insight into structural changes in the PRODH domain that
are caused by reduction of the FAD cofactor, PutA86-669
crystals were reduced with sodium dithionite. As expected,
the structure of reduced PutA86-669 exhibits theâ8R8 fold
that was observed for oxidized PutA86-669 (Figure 1). The
FAD cofactor is bound on the carboxyl-terminal ends of the
strands of the barrel. There face of the FAD isoalloxazine
packs tightly against strands 4-6 of the barrel, while thesi
face helps form the substrate binding pocket. No significant
differences in amino acid side chain conformations were
found between the oxidized and dithionite-reduced forms of
PutA86-669.

Electron density maps of dithionite-reduced PutA86-669
clearly indicated a ligand larger than water bound in the
active site (Figure 2A). The ligand was modeled as SO2

(presumably hyposulfite, SO22-) and was likely generated
by oxidation of dithionite (S2O4

2-). SO2 binds at the location
occupied by the carboxyl group of competitive inhibitors
such asL-lactate andL-THFA. The SO2 ligand forms
hydrogen bonds with the side chains of Arg555, Arg556,
and Lys329. Analogous interactions are formed by inhibitor
carboxyl groups in structures of oxidized PutA86-669 bound
to L-lactate andL-THFA (15).

Although no changes were observed in the overall
PutA86-669 protein fold, significant conformational changes
occurred in the FAD cofactor upon reduction. Figure 3
compares the structures of the FAD cofactor bound to
PutA86-669 before and after treatment with sodium dithion-
ite. In the oxidized form, the 2′-OH group of the ribityl
moiety points toward the guanidinium group of Arg556 and
a hydrogen bond is formed between the 2′-OH group and
Arg556 (see the green dotted line in Figure 3). When FAD
is reduced by dithionite, a crankshaft motion occurs in the
upper part of the ribityl chain, which causes the 2′-OH group
to rotate by approximately 90°. This motion brings the 2′-
OH group within hydrogen bonding distance of the N(1)
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atom of the isoalloxazine ring (2.7 Å), the 4′-OH group of
the FAD ribityl (2.7 Å), and the N atom of Gly435 (3.0 Å),
suggesting the formation of two new favorable intra-FAD
interactions and one new favorable protein-FAD interaction
(Figures 2B and 3). As a consequence, the Arg556 N(2)H-
O(2′) FAD hydrogen bond, which is observed in the oxidized
enzyme, is broken in the reduced enzyme.

In addition to movement of the 2′-OH group, the FAD
isoalloxazine bends dramatically (22°) along the N(5)-N(10)
axis compared to the oxidized planar conformation (Figure
2C). The bend is generated by a 1 Åmovement of the N(5)-
N(10) axis toward thesi face (proline binding face), while
the dimethyl benzene and pyrimidine rings remain relatively
stationary. This motion weakens the nonpolar interactions
between the protein and the flavin by disrupting the intimate
packing of Val433, which is part ofâ-strand 5, against the
re side of the FAD (Figure 3). In the oxidized state, side
chain atoms of Val433 are within 3.6 Å of FAD atoms N(5),
N(10), and C(1′). In the reduced state, however, these
distances are increased to 4.0-4.9 Å, which is outside van
der Waals contact.

We are aware of only one other flavoenzyme that exhibits
comparable structural changes in the FAD cofactor upon
reduction, E. coli thioredoxin reductase (31). In E. coli
thioredoxin reductase, reduction of the FAD cofactor results
in formation of a new intramolecular FAD N(1)H-O(2′)
hydrogen bond and a 34° bend of the isoalloxazine.

FAD N(5)-Arg431 Hydrogen Bond. To explore the
mechanism by which the FAD redox state regulates PutA-

membrane binding, we first examined the role of the N(5)-
Arg431 interaction which is found in both the oxidized and
dithionite-reduced crystal structures of PutA86-669 (Figure
3). PutA was reconstituted with 5-deaza-FAD which replaces
the N(5) atom with carbon in the isoalloxazine ring. Prior
to characterization of 5-deaza-FAD-PutA, the properties of
apoPutA and PutA reconstituted with native FAD were
determined. As expected, apoPutA has minimal PRODH
activity (<3%) relative to the holoprotein. The DNA binding
activity of apoPutA is similar to that of wild-type PutA (KD

∼ 50 nM for the PutA-DNA complex) as previously
reported (11, 26). SPR analysis of apoPutA shows it binds
the lipid bilayer surface with aKD of 1.7 ( 0.8 nM (Table
2 and Figure S1). Upon reconstitution of PutA with normal

FIGURE 1: Ribbon drawing of dithionite-reduced PutA86-669.
â-Strands of theâ8R8 barrel are colored pink andR-helices blue.
HelicesR8 andR5a are highlighted in orange. The FAD cofactor
(green) and bound SO22- (gray/red) are drawn in CPK mode. The
dashed curves represent disordered residues. Selected residue
numbers are given.

FIGURE 2: Three views of the active site of dithionite-reduced
PutA86-669: (A) highlighting interactions with SO22-, (B)
conformation of FAD 2′-OH, and (C) nonplanar isoalloxazine. In
each panel, the red dashed lines denote electrostatic interactions
(hydrogen bonds, ion pairs) and the blue cage represents a simulated
annealingσA-weightedmFo - DFc electron density map contoured
at 3.5σ.
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FAD, enzyme activity is restored and DNA binding activity
remains fully functional. In addition, reconstituted PutA does
not bind to the membrane surface in the oxidized state (Table
2). In the presence of proline or dithionite, however,
reconstituted FAD-PutA binds tightly to the membrane in a
manner similar to that of wild-type PutA with aKD upper
limit of 0.01 nM for the PutA-lipid complex (Table 2,
Figure 4, and Figure S2) (13). Thus, regulation of PutA-
membrane binding is fully restored by reconstitution with
FAD.

Next, PutA was reconstituted with 5-deaza-FAD and as
anticipated was devoid of PRODH activity. The spectrum
of 5-deaza-FAD PutA is characterized by two main absor-
bance peaks at 401 and 350 nm as previously shown (18).
Reconstituting PutA with 5-deaza-FAD did not perturb the
DNA binding properties of PutA. SPR analysis of 5-deaza-
FAD-PutA revealed that PutA reconstituted with 5-deaza-
FAD does not interact with lipids in the oxidized state or
under conditions that have been shown to reduce the 5-deaza-
FAD analogue (Table 2 and Figure 4) (18). The N(5) position
was then probed by replacing Arg431 with Met. The PutA
mutant R431M has a higherKm (174( 32 mM proline) and
a lowerkcat (1.2 ( 0.06 s-1) for PRODH activity than wild-
type PutA (Km ) 100 mM proline andkcat ) 7 s-1) (27).

The DNA binding activity of PutA R431M is similar to that
of wild-type PutA. As observed with wild-type PutA, the
FAD cofactor in PutA R431M is reduced by dithionite and
proline (Figure S3). Reduction of PutA R431M, however,
fails to induce lipid binding (Table 2). Figure 4 shows a SPR
sensorgram of PutA R431M injected onto the lipid bilayer
surface in the presence of 5 mM dithionite. Clearly, the
N(5)-Arg431 interaction is critical for FAD reduction to
trigger PutA-membrane binding.

Cell-based reporter gene assays were then performed with
PutA R431M to test whether the lack of membrane binding
impacts the functional switching of PutA. Figure 5 shows
that both wild-type PutA and the R431M mutant repress
expression of thelacZ reporter gene by nearly 70% relative
to control cells (pUC18 empty vector). In cells containing
wild-type PutA, repression of thelacZ gene is relieved by
adding proline with 50% activation oflacZ expression
estimated at 0.28( 0.04 mM proline. Addition ofL-THFA

FIGURE 3: Stereoview of conformational differences between dithionite-reduced PutA86-669 and oxidized ligand-bound PutA86-669.
Reduced PutA86-669 with bound SO22- is colored white. Oxidized PutA86-669 with bound substrate analogueL-THFA is colored green.
Black dotted lines represent hydrogen bonds observed in both structures. Green dotted line represents the hydrogen bond between Arg556
and the 2′-OH group observed only in the oxidized enzyme. Orange dotted lines represent hydrogen bonds unique to the reduced enzyme.

Table 2: Equilibrium Constants of Binding of Full-Length PutA to
E. coli Polar Lipid Vesicles Determined on Biacore 2000a

KD (nM)

no reductant proline dithionite

apoprotein 1.7( 0.8 ndb no binding
reconstituted PutA no binding <0.01 <0.01
5-deaza-FAD-PutA no binding no binding no binding
PutA R431M no binding no binding no binding
2′-deoxy-FAD-PutA 0.5( 0.1 1.1( 0.3 no binding
PutA R556M 1.6( 0.3 1.0( 0.2 <0.01

a KD values were determined in HEPES-N buffer (pH 7.4) at 25°C.
Complete kinetic parameters are provided in Table S1 of the Supporting
Information. The concentrations of proline and dithionite used for the
analysis of each protein are described in Materials and Methods.b Not
determined.

FIGURE 4: SPR sensorgrams of reduced PutA proteins injected onto
an L1 chip coated withE. coli polar lipid vesicles. Sensorgrams of
(a) 100 nM reconstituted FAD PutA (5 mM dithionite), (b) 100
nM R431M (5 mM dithionite), and (c) 100 nM 5-deaza-FAD PutA
(50 mM dithionite). PutA proteins were injected at 60µL/min in
the presence of sodium dithionite in HEPES-N buffer (pH 7.4) with
arrows indicating the beginning and end of the protein sample
injection. No lipid interactions are observed with R431M and
5-deaza-FAD-PutA.
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to the medium does not increaseâ-galactosidase activity,
consistent with proline reduction of the FAD cofactor being
essential for tight PutA-membrane binding and PutA
functional switching (Figure 5) (13). In contrast to wild-
type PutA, proline has no affect onlacZ expression in cells
containing the PutA R431M mutant. Therefore, the failure
of FAD reduction to induce PutA R431M-membrane
binding correlates with the loss of proline-dependent tran-
scriptional activation of theputC:lacZ reporter gene in vivo.

Role of the FAD Ribityl 2′-OH Group. The FAD 2′-OH
group was examined by reconstituting PutA with 2′-deoxy-
FAD and replacing Arg556 with Met in the PutA R556M
mutant. PutA reconstituted with 2′-deoxy-FAD exhibits
kinetic parameters (Km ) 103 ( 11 mM proline andkcat )
4 ( 0.2 s-1) that are similar to those of wild-type PutA and
two main flavin absorbance peaks at 451 and 380 nm (Figure
S4). Reconstituting PutA with 2′-deoxy-FAD also did not
change its DNA binding properties. 2′-Deoxy-FAD-PutA,
however, is only partially reduced (54%) by 10 mM proline
under anaerobic conditions (Figure S4). Electrochemical
characterization of 2′-deoxy-FAD bound to a truncated PutA
protein (PutA86-630) similar to that used for the crystal-
lization studies confirmed a lower redox potential of the 2′-
deoxy-FAD cofactor. A reduction potential (Em) of -0.111
V (pH 7.0) was determined for 2′-deoxy-FAD-PutA86-630,
a value which is 35 mV more negative than that previously
reported for the normal FAD cofactor in PutA (Figure S5)
(26, 27). The Em for 2′-deoxy-FAD in solution is 13 mV
more negative than that of normal FAD in solution; thus,
the difference inEm between PutA-bound FAD and 2′-deoxy-
FAD is likely caused by altered protein-FAD interactions
(32). The more negativeEm value of 2′-deoxy-FAD PutA
relative to wild-type PutA indicates that interactions formed
by the 2′-OH group such as hydrogen bonds with FAD N(1),
the FAD 4′-OH group, and Gly435 help stabilize the anionic
hydroquinone state of PutA. It also suggests that a water
molecule is not able to replace the 2′-OH hydrogen bond
with the FAD N(1) position in PutA.

SPR measurements of 2′-deoxy-FAD-PutA revealed that
its membrane binding behavior resembles that of apoPutA.
Oxidized 2′-deoxy-FAD PutA binds to the lipid surface with
a KD of 0.5 ( 0.1 nM for the protein-lipid complex (Table
2 and Figure 6A). In the presence of proline, similar binding
is observed (Table 2). Because proline only partially reduces
2′-deoxy-FAD, the membrane binding behavior of 2′-deoxy-
FAD-PutA was also examined in the presence of dithionite
under anaerobic conditions. Surprisingly, no significant lipid
binding was observed in the sensorgrams (Table 2). We also
observed that sodium dithionite disrupts apoPutA membrane
binding (Table 2). Thus, the loss of 2′-deoxy-FAD-PutA-
lipid interactions in the presence of dithionite is not redox-
related but possibly due to weakened electrostatic protein-
membrane interactions.

The interaction of the 2′-OH group with R556 was then
examined using the matching PutA mutant R556M. The
PRODH catalytic turnover number of PutA R556M was
estimated to be∼1.4 s-1, while a lower limit of 1 M proline

FIGURE 5: Proline-dependent transcriptional activation of theputC:
lacZ reporter gene.â-Galactosidase activity fromE. coli strain JT31
putA- lacZ- containing theputC:lacZ reporter construct and either
pUC18 empty vector (9), pUC18-PutA (b), or pUC18-PutA
R431M ([) grown in medium supplemented with increasing
amounts of proline. Also shown is theâ-galactosidase activity from
cells containingputC:lacZ and pUC18-PutA grown in medium
supplemented with increasing amounts ofL-THFA (2). Bars
represent the standard errors of the mean from at least three
independent experiments. The solid curve is the fit of the increase
in â-galactosidase activity as a function of proline concentration
in cells containing pUC18-PutA to the equationPobs) Pmax× [pro]/
(Keq + [pro]).

FIGURE 6: SPR kinetic analyses of oxidized 2′-deoxy-FAD-PutA,
oxidized PutA R556M, and reduced PutA R556M binding toE.
coli polar lipids at 25°C in HEPES-N buffer (pH 7.4). Sensorgrams
of increasing concentrations of (A) oxidized 2′-deoxy-FAD-PutA
(12.5, 25, 50, 100, and 200 nM) and (B) oxidized PutA R556M
(6.25, 12.5, 25, 50, and 100 nM). (C) Sensorgrams of increasing
concentrations of PutA R556M (6.25, 12, 25, 50, and 100 nM from
bottom to top) in the presence of 5 mM sodium dithionite. For all
sensorgrams, the association phase (1) corresponds to injection of
the PutA protein at 60µL/min for 120 s and the dissociation phase
(2) corresponds to the flow of HEPES-N buffer at 60µL/min for
300 s. The data were fit by global analysis to a 1:1 Langmuir
binding isotherm. Signals from the control surface have been
subtracted.
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was estimated for theKm value. The large increase inKm

confirms previously reported X-ray crystallographic data for
PutA86-669 that suggested the primary function of Arg556
is to form ion pair interactions with the carboxylate group
of proline (5, 15). Consistent with the elevatedKm value,
high proline concentrations are required to reduce PutA
R556M which has a flavin absorbance spectrum similar to
that of wild-type PutA (Figure S6). Binding of PutA R556M
to theput intergenic DNA is similar to that of wild-type PutA
with an overallKD of 50 ( 8 nM for the PutA R556M-
DNA complex (data not shown). As observed with 2′-deoxy-
FAD-PutA, PutA R556M binds similarly to the lipid surface
under oxidizing conditions (Table 2 and Figure 6B) and in
the presence of proline (Table 2). However, sodium dithionite
induces tight membrane binding comparable to that of wild-
type PutA (Table 2 and Figure 6C) (13).

DISCUSSION

A redox mechanism for the regulation of PutA intracellular
location and function was first proposed by Wood (10). In
our study, two significant redox-linked structural changes
of the FAD cofactor were identified in the dithionite-reduced
crystal structure of PutA86-669. First, the reduced FAD
cofactor adopts a highly nonplanar conformation with a
bending angle about the N(5)-N(10) axis of 22°. Second,
the 2′-OH ribityl group forms new hydrogen bonds to the
N(1) position of the isoalloxazine ring, the ribityl 4′-OH
group, and Gly435, resulting in disruption of the R556
N(2)H-O(2′) FAD hydrogen bond that is observed in all
oxidized PutA86-669 crystal structures determined to date.
Also, in the structure of reduced FAD, there is decreased
contact surface area between Val433 and there face of the
FAD cofactor and consequently less support fromâ-strand
5. We hypothesize that these structural changes occur during
proline reduction of FAD in full-length PutA and have a
fundamental role in the functional switching mechanism of
PutA. Because the three-dimensional structure of full-length
PutA from E. coli is not yet known, insights into how
reduction of the FAD cofactor may affect the architectural
arrangement of the different PutA domains are limited at
this time.

The nonplanar structure of the reduced FAD cofactor in
PutA is commonly called the “butterfly” conformation. The
magnitude of the bend in the pyrazine ring of dithionite-
treated PutA86-669 is among the largest observed in
reduced flavins with the greatest bending angle for reduced
flavin being reported to be 34° in E. coli thioredoxin
reductase (31). The energetically favored bending angle in
reduced neutral flavin has been estimated to be 15° and 27°;
thus, the bend observed in the reduced FAD cofactor of PutA
appears to be within an energetically optimized range (33-
35). Previous electrochemical studies of PutA, however,
indicate reduced FAD is in the anionic form (27). Theoretical
studies based on models have suggested that the anionic form
of reduced flavin is less energetically favored to adopt a
nonplanar conformation than neutral reduced flavin (35).
Therefore, the intramolecular FAD 2′-OH-N(1) hydrogen
bond in the reduced state of PutA may help stabilize the
nonplanar conformation.

The second dominant feature in the active site of reduced
PutA86-669 involves the formation of a new hydrogen bond

network anchored by the FAD 2′-OH ribityl. The FAD 2′-
OH ribityl group is likely a key component in the functional
switching mechanism of PutA as indicated by our SPR study
of 2′-deoxy-FAD-PutA and PutA R556M. Since both
proteins lack the 2′-OH-Arg556 hydrogen bond and bind
lipids in the oxidized state, the 2′-OH-Arg556 hydrogen
bond functions as a constraint that prevents oxidized PutA
from binding to the membrane. However, this interaction
apparently is not part of the redox-activated molecular switch
that drives tight PutA-membrane associations. R556M,
which retains the 2′-OH ribityl hydrogen bond network of
the reduced enzyme (Figure 3), forms a tight protein-lipid
complex (KD < 0.01 nM) in the presence of dithionite (Figure
6C). In contrast, 2′-deoxy-FAD-PutA does not exhibit
membrane binding in the presence of dithionite. Therefore,
the hydrogen bond formed among FAD 2′-OH-N(1), 4′-
OH, and Gly435 in the reduced FAD cofactor must be critical
for inducing the tight membrane binding observed with
reduced PutA.

Our structural and biochemical data suggest a hypothesis
for how the 2′-OH ribityl group could serve a dual role in
PutA functional switching. As shown in Figure 3, the FAD
2′-OH ribityl group toggles between two secondary structure
elements on opposite sides of the barrel, theR8 andR5a
helices. In the oxidized enzyme, the 2′-OH ribityl hydrogen
bonds to Arg556 of theR8 helix, while in the reduced
enzyme, the 2′-OH ribityl forms a hydrogen bond with the
backbone N atom of Gly435 located on a loop between
â-strand 5 and theR5a helix. The result is the transfer of a
cofactor-protein hydrogen bond from helixR8 to theâ-R5a
loop in the reduced state. TheR8 andR5a helices are atypical
in the â8R8 barrel structure, implying a unique function in
PutA. Thus, the 2′-OH ribityl hydrogen bond network
involving Gly435 may help unleash tight membrane binding
in the reduced state. X-ray crystal structures of various
flavoenzymes show that ribityl hydroxyl groups of FAD
participate in a variety of structural and catalytically impor-
tant hydrogen bonds (15, 31, 36-41). Here, we report a new
example of the 2′-OH ribityl group acting as a molecular
switch that responds to electronic changes in the FAD
cofactor to control PutA-membrane binding activity. The
unique function of the FAD 2′-OH group uncovered in this
study further exemplifies the remarkable ability of the ribityl
moiety to play versatile roles in flavoprotein mechanisms.

Unlike the 2′-OH-Arg556 hydrogen bond, the FAD
N(5)-Arg431 interaction does not constrain oxidized PutA-
membrane binding activity; however, it has a profound
impact on the reductive activation of PutA-membrane
associations. The FAD N(5)-Arg431 hydrogen bond is
clearly pivotal for FAD reduction to trigger membrane
binding as reduced 5-deaza-FAD-PutA and PutA R431M do
not bind lipids. Furthermore, in vivo transcription assays with
cells containing wild-type PutA exhibit activation oflacZ
expression by proline, while in cells containing PutA R431M,
no proline-dependent increase inâ-galactosidase activity is
observed. Together, the SPR and reporter gene assays
demonstrate that the FAD N(5)-Arg431 hydrogen bond has
a critical role in the functional switching mechanism of PutA
which hinges on PutA-membrane associations. We at
present are not able to speculate about how signals are
transmitted beyond Arg431 to membrane-binding residues
since the PutA membrane-binding domain is not known.
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Molecular dissection of PutA, however, suggests a membrane-
binding domain is located in the C-terminal region of PutA
(unpublished data). Whether reductive activation of PutA-
membrane binding involves changes in the FAD N(5)-
Arg431 interaction is also uncertain. Reduction of the
PutA86-669 crystal elicited changes exclusively in the FAD
cofactor, with a similar distance (3.1-3.2 Å) between the
FAD N(5) and Arg431 NH(1) atoms in the oxidized and
reduced enzymes. Another caveat is that we have assessed
only structural differences between ligand-bound oxidized
PutA and reduced PutA. SPR has shown that ligand-bound
oxidized PutA exhibits lipid binding that is>300-fold weaker
than that of reduced PutA (13). Figure 5 indicates that the
membrane binding induced by nonreducing ligands (e.g.,
L-THFA) is not adequate for relieving PutA repression of
the lacZ reporter gene. Consequently, the ligand-bound
oxidized PutA86-669 structure may represent an intermedi-
ate conformation en route from the “off” to the “fully on”
reduced membrane-binding state. Even so, this study has
identified key FAD interactions involved in the reductive
activation of PutA-membrane binding activity.
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