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Flavin Redox State Triggers Conformational Changes in the PutA Protein from
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ABSTRACT. The regulation of proline utilization irEscherichia coliinvolves the proline-dependent
translocation of the PutA flavoprotein from the cytoplasm to a peripheral position on the membrane. In
the cytoplasm, PutA represses transcription of the proline utilizapat) genes while membrane-bound

PutA catalyzes the oxidation afproline to glutamate. The mechanism by which PutA switches from a
DNA-binding protein to a membrane-bound enzyme involves a proline-induced conformational change
that is characterized by the appearance of a 119-kDa fragment during limited proteolysis of proline-
reduced PutA. To establish whether the FAD redox state is responsible for the proline-induced
conformational change in PutA, we distinguished the effects that FAD reduction and proline analogue
binding have on PutA conformation by limited chymotrypsin proteolysis. Controlled potentiometric
proteolysis of PutA demonstrated that the formation of the 119-kDa band occurg&gfamf) value of
—0.058 V (pH 7.5), which is within 20 mV of th&y, value for FAD bound to PutA. The manipulation

of the Ey(conf) value by reconstitution of PutA with the FAD analogue, 5-deazaFAD, confirmed that the
conformational change observed in the presence of proline is solely dependent on the FAD redox state.
The proline analogue -tetrahydro-2-furoic acid.¢ THFA), failed to elicit the formation of the 119-kDa
fragment during chymotrypsin cleavage of PutA. Instead, a unique fragment of about 93-kDa was observed,
indicating that a distinct PutA conformer is stabilized byTHFA. Reduction ofL-THFA-complexed

PutA, however, regenerated the 119-kDa fragment showing that reduction of the FAD cofactor overrides
conformational changes induced byTHFA. Mapping of the protease susceptibility sites in PutA revealed
that the conformational changes caused by FAD reductiom-didFA binding are transmitted to domains
outside the proline dehydrogenase active site.

The PutA (proline utilization A) protein is a multifunc- FAD FADH,
tional flavoenzyme in bacteria that combines catalytic, { \ ~ / \
membrar_1e binding, and DNA bind_ing act?vities onto a _single W coo- N Ncoo-
polypeptide. FronEscherichia coli PutA is a polypeptide Ha H

of 1320 amino acids that purifies as a dimer of molecular

mass 293 kDa, with one noncovalently bound flavin adenine oxidative half-reaction, PutA associates peripherally with
dinucleotide (FAD) per monomerl). PutA catalyzes the the membrane where the PRODH domain catalyzes the
two-step oxidation of-proline to glutamate using discrete transfer of electrons from reduced FAD to an acceptor in
proline dehydrogenase (PRODH) ard-pyrroline-5-car- the respiratory chain to regenerate oxidized FAD-%).
boxylate dehydrogenase (P5CDH) domairis-§). The After hydrolysis of P5C, the P5CDH active site catalyzes
PRODH domain catalyzes the transfer of two electrons from the NAD-dependent oxidation gfglutamic acid semialde-
proline to FAD in the first step to generate!-pyrroline-  hyde to glutamate.

5-carboxylate (P5C) and reduced FAD. In a subsequent
H,0 + NAD*  NADH + H
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10.1021/bi0272196 CCC: $25.00 © 2003 American Chemical Society
Published on Web 04/16/2003



5470 Biochemistry, Vol. 42, No. 18, 2003

represses transcription of thgut regulon by binding to
promoter sequences in tpatcontrol intergenic DNA region
(1, 14). In the presence of proline, PutA shifts from the

Zhu and Becker

of PutA. To test whether the conformational change induced
by proline is regulated by FAD reduction, we performed
limited proteolysis of PutA by chymotrypsin under different

cytoplasm to the membrane activating transcription of the controlled potentiometric conditions. Our controlled poten-

put genes and proline oxidatio,(10, 15, 16).
Since proline reduces the FAD in PutA, the FAD redox

tiometric data explicitly show that the FAD redox state
switches PutA between two different conformers. Unexpect-

state has been proposed to govern the intracellular locationedly, a new conformational change was induced by com-

of PutA and thus its function (transcriptional repressor or
membrane-bound PRODH},(9, 15, 16). Wood 6) first

plexation of PutA to the proline analoguetetrahydro-2-
furoic acid {-THFA), demonstrating that substrate binding

proposed a FAD redox mechanism for regulating PutA after also influences PutA conformation. However, electrochemi-

observing that reducing conditions were essential for PutA
membrane associations)(In addition, proline reduction of
FAD bound to PutA and proline-induced Putfnembrane

cal reduction of.-THFA-complexed PutA showed that the
FAD redox state is the central modulator of PutA confor-
mational changes. Mapping of the chymotrypsin cleavage

associations occur at about the same midpoint, 0.1 mM sites revealed that FAD reduction exposes a region outside

proline (16). Surber and Maloyl(5) reported further evidence

for a redox dependent mechanism by showing that the

addition of an electron acceptor (2,3-dimethoxy-5-methyl-
1,4-benzoquinone) to proline-reduced PutA disrupts PutA

the PRODH domain to proteolysis.

MATERIALS AND METHODS
Enzymes and Chemicalall chemicals and buffers were

membrane associations presumably through reoxidation ofpurchased from Fisher and Sigma-Aldrich Inc. Chymotrypsin

the FAD cofactor 15). In contrast to PutAmembrane

(type VII) was purchased from Sigma-Aldrich. 5-DeazaFAD

interactions, the FAD redox state appears to have little was synthesized in the dark from 5-deazariboflavin using

influence on PutA-DNA binding affinity. PutA—DNA
binding studies have shown that proline elicits just a 2-fold
decrease in PUutADNA binding affinity (17). Also, in
potentiometric titrations of PutA complexed to et control
DNA, only a 2-fold difference in the overall DNA-binding

FAD synthetase as described except that sodium dithionite
and sodium fluoride were omitte@4). 5-Deazariboflavin
was a generous gift from M. Stankovich (University of
Minnesota, Minneapolis, Minnesota) and FAD synthetase
was purified fromCorynebacterium ammoniagenas pub-

affinity between oxidized and reduced PutA was determined lished @5). 5-DeazaFAD was separated from 5-deazaribo-

(18). Thus, the proline-induced switch in PutA intracellular
location and function appears to be primarily directed by
changes in PutAmembrane binding affinity. A similar FAD

flavin and 5-deazaflavin mononucleotide in the reaction
mixture on a Hamilton C-18 HPLC column using a linear
gradient of 5-95% methanol in 5 mM ammonium acetate,

dependent mechanism has been invoked for the transcrippH 3.0-3.5, at a flow rate of 2 mL/min for 60 min. The

tional regulator NifL inKlebsiella pneumoniaeNifL is a
flavoprotein in Azotobactervinelandii and K. pneumoniae
that represses the transcription of the nitrogen fixatiaf) (
genes by inhibiting the activity of the transcriptional activator
nitrogen fixation regulatory protein A (NifA) through Nift
NifA complex formation (9—21). The formation of the
NifL —NifA complex is favored when the NifL-bound FAD
is in the oxidized state?Q). In recent studies of NifL from
K. pneumoniagFAD reduction was proposed to alter the
intracellular location of NifL by promoting the binding of
NifL to the cytoplasmic membrane, consequently disrupting
NifL —NIifA interactions and activating the expressiomdf
genes 23).

The enhanced PutAmembrane associations induced by

efficiency of the enzymatic conversion of 5-deazariboflavin
to 5-deazaFAD was 80%. The 5-deazaFAD fraction was
lyophilized and stored at20 °C. Pyocyanine was prepared
by photooxidation of phenazine methosulfate. All experi-
ments utilized NanoPure water.

PutA Preparation.PutA holoprotein was expressed and
purified with a C-terminal hexahistidine tag by NiNTA
affinity chromatography and anion exchange chromatography
as reported previously26). The C-terminal hexhistidine tag
was retained after purification. Purified PutA holoprotein was
stored at—70 °C in 50 mM potassium phosphate (pH 7.5)
containing 10% (v/v) glycerol at 10 mg/mL. The concentra-
tions of oxidized PutA were determined spectrophotometri-
cally using an extinction coefficient of 12700 Mcm™! at

proline appear to be due to a concomitant conformational 451 nm and by the BCA method (Pierce) with bovine serum

change in PutA upon reduction of the FAD. Brown and
Wood (16) observed that PutA has different protease

albumin as the standard ).
Reconstitution of PutA with 5-DeazaFABuUtA apoprotein

susceptibilities in the absence and presence of proline,was prepared according to a method reported previoli§)y (

indicating a proline dependent conformational charig®. (

A 2 mL sample of purified PutA holoprotein was dialyzed

The conformational change caused by proline was shown tointo 1 L of 2100 mMsodium phosphate (pH 7.5) containing
be coincident with PutA binding to the membrane and proline 1 M potassium bromide for 24 h at’€ with three exchanges

reduction of FAD. As a result, it was proposed that the

of buffer. The PutA sample was then dialyzedoirit L of

change in PutA conformation observed by protease suscep50 mM potassium phosphate (pH 7.5) containing 10% (v/v)

tibility is critical for increasing PutA-membrane associations
and is driven by proline reduction of the FADRRG).
To further understand the mechanism by which PutA

glycerol for 24 h at 4°C with three exchanges of buffer.
The resulting PutA apoprotein was stored-af0 °C. In
preparation for the reconstitution of the PutA apoprotein,

switches from a transcriptional repressor to a membrane-lyophilized 5-deazaFAD was first resuspended in 50 mM
bound PRODH, our efforts are focused on distinguishing the potassium phosphate (pH 7.5), and the concentration of the
roles that proline binding and FAD reduction have in 5-deazaFAD solution was determined spectrophotometrically
regulating PutA. Herein, we describe the effects that FAD using a molar extinction coefficient of 11500 Mcm™ at
reduction and substrate analogues have on the conformatior899 nm @7). PutA apoprotein was then reconstituted with
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5-deazaFAD by incubating the apoprotein with a 10-molar ~ Controlled PontentiometryControlled potentiometric mea-
excess of 5-deazaFAD at'€ for 24 h followed by overnight  surements of PutA were performed under an argon atmo-
dialysis in 50 mM potassium phosphate (pH 7.5) containing sphere using a spectroelectrochemical cell with a 1.0 mL
10% (v/v) glycerol. Unbound 5-deazaFAD was then removed working volume and equipped with a gold working electrode,
by further dialysis with repeated exchanges of the same silver/silver chloride reference, and silver wire auxiliary
buffer. The concentration of the PutA apoprotein was electrodes. Potential measurements were recorded 4t 23
determined by the BCA method. The concentrations of with PutA in 50 mM potassium phosphate (pH 7.5) contain-
oxidized PutA reconstituted with 5-deazaFAD were estimated ing 10% glycerol and 5 mM EDTA. All potential values are
spectrophotometrically using a molar extinction coefficient reported relative to the normal hydrogen electrode and were
of 12870 Mt cm™ at 401 nm. The molar extinction determined in the reductive direction. Methyl viologen (0.1
coefficient of 5-deazaFAD bound to PutA was estimated by mM) and ferrocyanide (0.1 mM) were used as mediator dyes,
denaturing reconstituted PutA and determining the concen-while pyocyaninel, = —0.04 V, pH 7.5) (5«M) and indigo
tration of free 5-deazaFAD using the molar extinction disulfonate E,, = —0.109 V, pH 7.5) (23 uM) were used
coefficient of 11500 M* cm™! at 399 nm 27). The molar as indicator dyes. PutA concentrations were aroundi7
extinction coefficient reported for 5-deazaFAD bound to (1 mg/mL). In experiments with 5-deazaFAIPutA, media-
PutA is an average value from two separate determinationstors benzyl viologenE, = —0.362 V, pH 7.0) (1Q«M),
in which PutA was denatured in 6.5 M guanidinium chloride phenosafraninH, = —0.252 V, pH 7.0) (10uM), and
or 0.08% SDS. To estimate the molar ratio of 5-deazaFAD anthraquinone-2,6-disulfonaté{= —0.184 V, pH 7.0) (10
to PutA polypeptide, reconstituted PutA was denatured in uM) were also used. To monitor the progress of the
6.5 M guanidinium chloride (pH 6.5, 40 mM potassium reduction, the UV-visible spectra of FAD in PutA were
phosphate) and the spectrum was recorded from 600 to 250ecorded on a Cary 100 spectrophotometer in each experi-
nm. After subtracting the contribution of free 5-deazaFAD ment. The absorbance at 451 and 476 nm (isobestic point
from the spectrum, the total amount of PutA polypeptide for indigo disulfonate) were used to monitor the amount of
was determined using the predicted molar extinction coef- oxidized and reduced FAD and to help decide at which point
ficient for denatured PutA of 122562 Mcm™! at 278 nm to equilibrate the cell potential. The equilibrium of the system
in 6.5 M guanidinium chloride. The amount of 5-deazaFAD in the potentiometric measurements was considered to be
was determined using the molar extinction coefficient of achieved when the measured potential drift was less than 1
11500 Mt cmt at 399 nm for free 5-deazaFAD. Titration mV in 3 min; this was typically around 1 h. Once the
of 5-deazaFAD-PutA with proline was performed and potential was poised, chymotrypsin was tipped into the
analyzed as previously describedl8). The UV-visible solution and reacted with PutA for 1 h. The digests were
spectra of 5-deazaFABPUtA in the presence af THFA, terminated by opening the cell and adding PMSF and hot
proline, and sodium dithionite were recorded after a 10 min SDS buffer as described above. The denatured samples from
incubation of the reconstituted enzyme with each reagentthe controlled potentiometric limited proteolysis were frozen
(20 mM). Further decreases in the absorbance spectra ofat —20 °C until needed for SDSPAGE analysis. The
5-deazaFAD-PutA were not observed with proline or measured potentiaE]j for each limited proteolysis was an
sodium dithionite after 10 min of incubation. average of the potentials recorded before and after the
Limited Proteolysis.Limited proteolysis of PutA by  digestion. The measured potential drift was typically 20 mV
chymotrypsin was performed according to the method of during the 1 h chymotrypsin digest. The midpoint potential
Brown and Wood with slight modifications16). In all (Em) andn values were calculated from the Nernst equation
digests, PutA was first incubated with proling,THFA, (eq 1)
L-lactate, sodium sulfite, or sodium dithionite for 5 min prior
to adding chymotrypsin. PutA (1 mg/mL) was then reacted E = E,, + (0.059h) log([ox]/[red]) (1)
with chymotrypsin (1Qug/mL) for 1 h at 23°C in 50 mM
potassium phosphate (pH 7.5) containing 10% glycerol. The whereE is the measured (averaged) potential from each
digests in the presence of sodium sulfite and sodium digest andhis the number of electrons transferred. The 119-
dithionite were performed under an argon atmosphere afterkDa band was quantitated at each potential using the Kodak
all the solutions were first degassed separately with cycled Imaging Station 440CF to estimate the amount of oxidized
argon/vacuum. Sodium dithionite solutions were made fresh and reduced forms of PutA. Reoxidized PutA samples were
before each experiment in 0.1 M sodium pyrophosphate prepared by first fully reducing PutA then completely
buffer (pH 9.0). ProlineL.-THFA, L-lactate and sodium  reoxidizing PutA by switching the applied potential from
sulfite solutions were made in 50 mM potassium phosphate —0.8 V to +0.8 V and using ferrocyanide (0.1 mM) as a
(pH 7.5). The reactions were stopped by adding phenyl- mediator. Reoxidized PutA was then reacted with chymo-
methylsulfonyl fluoride (PMSF) (2 mM final concentration) trypsin far 1 h asdescribed above.
and hot SDS buffer at a 3:2 (v/v) ratio of SDS buffer/sample  Enzyme and Membrane Association AssayRODH
and then frozen until needed for SBBAGE analysis. The  activity of PutA was measured at 2% using dichloro-
samples were analyzed by SBBAGE using 7.5% or 15%  phenolindophenol (DCPIP) as the terminal electron acceptor
acrylamide separating gels. Products from the proteolysis of (1). One unit of PRODH activity is the quantity of enzyme
PutA were visualized with Coomassie Blue G-250 and that transfers electrons fromdmol of proline to DCPIP/
imaged using a Kodak Imaging Station 440CF. The molec- min at 25°C. Functional membrane association activity of
ular weight of the major protease products was estimated PutA was measured as essentially described at@by
from a plot of log molecular weight versus relative migration following the formation of a yellow complex between P5C
distance of the standard proteins. ando-aminobenzaldehdye at 443 nen< 2590 M~* cm™?)
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Ficure 1: Limited proteolysis of PutA by chymotrypsin. Purified ~0.101
PutA (1 mg/mL) was incubated for 5 min each with proline (5
mM), sodium dithionite (10 mM), and sodium sulfite (10 mM) in -0.12 " y
50 mM potassium phosphate (pH 7.5) followed by digestion with 0 2 40 6 50 100
chymotrypsin (10ug/mL) for 1 h at 23°C. The reactions were Percent 119-kDa Fragment

qguenched with PMSF and hot SDS buffer after 1 h. After complete . .

denaturation in SDS buffer, 18g of each digestion was loaded ~F'GURE 2: Cleavage of PutA by chymotrypsin under controlled

onto a 7.5% polyacrylamide denaturing gel for analysis. The gel Potentiometric conditions. (Top) PutA (1 mg/mL) was reacted with

was stained with Coomassie Blue to visualize the major products. Shymotrypsin (1Qug/mL) for 1 h at 23°C in 50 mM potassium

A molecular mass standard (STD) and purified PutA without Phosphate (pH 7.5) under fully oxidizing (Ox), reducing (Red), and

protease treatment are shown in the two left-hand lanes reoxidizing (Re-ox) conditions and under different poised redox
' potentials. About 1@g from each limited chymotrypsin digest was

in a 1 mLreaction volume3, 4). One unit of activity is the analyzed by denaturing gel electrophoresis (7.5% polyacrylamide)

. ) and visualized with Coomassie Blue. (Bottom) A plot of the
quantity of membrane vesicles that generatgsnbl of the percentage of the 119-kDa fragment observed during limited

chromogenic complex/min. Invertdd coli strain JT3IputA™ chymotrypsin digests of PuUtA at various measured redox potentials
membrane vesicles were prepared as reported by Abrahamrelative to the amount of the 119-kDa product formed under fully
son et al., frozen in liquid By and stored at- 70 °C until reducing conditions. The data are fit to a theoretical curve generated

needed 3). E. coli strain JT31putA~ was a generous gift ggt'gntt?; c':#e_rgsgszq\ljagozn ;_()” one redox center with a midpoint
from J. Wood (University of Guelph, Guelph, Ontario, ' '

Canada). _ , with PutA—membrane binding, it is thought that the 119-
N-Terminal Sequencing and Western analybfe major  pa hand is a signature of a functionally important confor-
products from chymotrypsin cleavage of PutA were separatédmational transition during proline reduction of FADE).

by SDS-PAGE and then transferred onto a Sequi-Blot poly- 14 jnitially test whether reduction of the FAD alone can
(vinylidene difluoride) (PVDF) membrane (Bio-Rad, @ jnqyce the formation of the 119-kDa band, PutA was digested
pore size) using a EBU-4000 Semi-Dry Electrophoretic \yiih chymotrypsin in the presence of sodium dithionite. The
Blotting SysFem (CBS:Scientific Company,. Inc., Der Mar, major fragments generated in the presence of sodium
CA) according to the method of Towbin et al2g). dithionite match the pattern observed in the presence of
N-Terminal amino acid sequencing of the immobilized proline (Figure 1). As a control, we also performed a
fragments on the PVDF membrane was then performed atchymotrypsin digest of PutA in the presence of sodium sulfite
the Protein Core Facility at Washington University (St. Louis, since oxidation of dithionite generates bisulfite. Figure 1
MO). For Western analysis, PutA protease products were ghows sodium sulfite did not cause the formation of the 119-
separated by SDSPAGE and electroblotted from the gel pa pand and that the protease fragments match those
onto an Immun-Blot PVDF membrane (Bio-Rad, 0 yenerated with oxidized PutA. Limited proteolysis of PutA
pore size). Colorimetric detection of C-terminal hexahistidine j;, the presence of dithiothreitol (1 mM) also generated the
tags in the fragments was then performed using a His-Tag 135 kDa and 111-kDa fragments demonstrating that the
Monoclonal Antibody Kit (Novagen) according to the gnhearance of the 119-kDa band is not due to disulfide bond
manufacturers recommendation. reduction in PutA (data not shown).
RESULTS To more carefully test the role of the FAD redox state
in influencing conformational changes in PutA, we per-
Redox Dependent Conformational Chang@sown and formed limited proteolysis of PutA by chymotrypsin at
Wood (16) showed that oxidized and proline-reduced PutA various poised redox potentials. A midpoint potential value
have different chymotrypsin protease susceptibilities, indicat- (En(E-FAD/E-FADH")) of —0.077 V (pH 7.5) for the
ing the presence of two PutA conformeds). The major reduction of FAD bound to PutA was determined previously
products of limited chymotrypsin proteolysis of oxidized from potentiometric titrations 26). Accordingly, limited
PutA are 135-kDa and 111-kDa fragments (Figure 1). proteolysis of PutA was performed at redox potentials poised
Digestion of proline-reduced PutA yields major products of near theE,(E-FAD/E-FADH") value of PutA. Figure 2 (top)
119-kDa, 111-kDa, and a 135-kDa remnant (Figure 1). shows the results of limited proteolysis of PutA by chymo-
Because the formation of the 119-kDa band is coincident trypsin at controlled redox potentials ranging fron31 to
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Proline = 4+ = = 4+ = = =
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Ficure 3: Effects of proline analogue binding on the protease
susceptibility of PutA. Purified PutA (1 mg/mL) was digested with
chymotrypsin (10ug/mL) in the presence-THFA (5 mM) and
L-lactate (5 mM) in 50 mM potassium phosphate (pH 7.5) for 1 h
at 23°C. PutA was also treated with chymotrypsin in reactions
containing 5 mML-THFA mixed with 5 mMc-proline and 5 mM
sodium dithionite. Chymotrypsin cleavage of fully reduced (Red)
and reoxidized (Re-ox) PutA in the presenceLeTHFA was
performed under controlled potentiometric conditions. The reaction

Biochemistry, Vol. 42, No. 18, 20035473

3 shows that limited proteolysis of THFA-complexed PutA
under a reducing environment generates only the 119-kDa
band with little evidence of the 93-kDa band. The formation
of the 119-kDa band upon electrochemical reduction of
L-THFA-complexed PutA indicates that FAD reduction
overrides the conformational change inducedLbyHFA
binding. The conformational change caused by electrochemi-
cal reduction of -THFA-complexed PutA was shown to be
reversible by electrochemical reoxidation of reduaed
THFA-complexed PutA followed by limited proteolysis,
which yielded the 93-kDa band.

5-DeazaFAD Reconstituted PufFo confirm that the FAD
redox state controls the proline-induced conformational
change in PutA, PutA apoprotein was prepared for recon-
stitution studies with 5-deazaFAD. Similar to that reported
earlier, PutA apoprotein exhibited3% of the PutA holo-
protein PRODH activity, and after incubation with FAD,
activity was fully restored (data not shownl@j. Upon
reconstitution of PutA apoprotein with 5-deazaFAD, the

products from the different digests were analyzed by denaturing PRODH activity increased te-5% of that of PutA holo-
gel electrophoresis (7.5% acrylamide), and the gels were stainedprotein. Therefore, the PRODH activity of 5-deazaFAD

with Coomassie Blue. The left-hand lane shows the migration of

molecular mass standards (STD) of 116 kDa, 97 kDa, and 66 kDa.

PutA is estimated to be-2%. Figure 4a shows the UV
visible spectra of FAD-PutA, PutA apoprotein, and PutA

—85 mV. The appearance of the 119-kDa is noticeable at reconstituted with 5-deazaFAD. The absorption maxima for

—36 mV and becomes significant a48 mV. At —85 mV,

5-deazaFAD-PutA are at 343 and 401 nm compared to that

an intense 119-kDa band is observed indicating nearly of 381 and 451 nm for FAD-PutA. A slight shoulder around

complete formation. A midpoint potential valuB.{conf))

415 nm is observed for 5-deazaFAD bound to PutA that

of —0.058 V (pH 7.5) was estimated for the formation of disappears upon denaturing PutA and subsequent release of
the 119-kDa band by monitoring the intensity of the 119- 5-deazaFAD (Figure 4a). The molar extinction coefficient
kDa band at the different measured potentials (Figure 2, for 5-deazaFAD bound to PutA was determined to be 12870

bottom). A Nernst plot gave a 28 mV slope for the

M~tcm1, which is slightly higher than the molar extinction

potentiometric measurement, which is near the theoretical coefficient for free 5-deazaFAD (11500 Mcm™1). On the

value of 29 mV for a two-electron transfer. TIg,(conf)
value is about 20 mV positive of thg,(E-FAD/E-FADH")
value for PutA. The PutA conformational transition observed
during reduction of FAD was shown to be reversible by
electrochemical reoxidation of fully reduced PutA followed
by limited proteolysis. Figure 2 (Top) shows that the 135-
kDa and 111-kDa bands indicative of oxidized PutA were
also the major products of a limited chymotrypsin digest of
reoxidized PutA.

Proline Analogue BindingThe proline analogue; THFA,
was used to test the role of proline binding on conformational
changes in PutAL-THFA is a competitive inhibitor of
PRODH activity in PutA Ki = 0.2 mM) that does not
undergo turnover and significantly perturbs the FAD absor-
bance spectrum upon binding to PutZ6). The dissociation
constants for the binding af-THFA to the oxidized and
reduced forms of PutA are 0.24 and 0.55 mM, respectively.
The main products of limited proteolysis of PutA by
chymotrypsin in the presence ofTHFA (5 mM) are shown
in Figure 3. Surprisingly, a93-kDa fragment appeared that

was not observed in digests with oxidized and reduced PutA.

L-lactate, another competitive inhibitor of PutK;(= 1.4
mM), also induced the formation of the distinct 93-kDa band.

basis of the denatured protein absorbance at 278 nm and the
amount of released 5-deazaFAD, reconstituted PutA contains
>0.9 mol of 5-deazaFAD per mole of polypeptide.

Figure 4b shows the results of chymotrypsin digests of
PutA reconstituted with 5-deazaFAD. In the absence of
proline, the 135-kDa and 111-kDa are the principal products.
In the presence of proline or sodium dithionite, the 119-
kDa band is observed, indicating that proline and sodium
dithionite are both capable of reducing the 5-deazaFAD
bound to PutA. Figure 4a shows the spectra of 5-deazaFAD
PutA in the presence of proline and sodium dithionite,
confirming that 5-deazaFAD is reduced. From the absorbance
spectrum, sodium dithionite generates a 10% further reduc-
tion of 5-deazaFADB-PutA relative to proline. An equilibrium
constant of~2 mM™* for the reduction of 5-deazaFAD
PutA by proline was determined which is almost 20-fold
lower than the equilibrium constant (36 miji for the proline
reduction of native PutA1g). This corresponds to a Gibbs
free energy difference of1.7 kcal mott. Upon complex-
ation of L-THFA to 5-deazaFAB-PutA, the 93-kDa band
appears as a product showing that PutA reconstituted with
5-deazaFAD binds-THFA similar to PutA holoprotein. The
binding of L-THFA to 5-deazaFAB-PutA is also evident

Thus, inhibitor binding to oxidized PutA promotes a new by the increased resolution in the visible spectrum of
PutA conformation. When PutA was subjected to limited 5-deazaFAD and the appearance of a shoulder at 421 nm. A
proteolysis in a 1:1 mixture of proline andTHFA, both more resolved flavin absorbance spectrum and a prominent
the 119-kDa and 93-kDa bands were observed, demonstratingshoulder at 474 nm are also observed in FAD-PutA upon
competition between proline andTHFA for the PRODH binding L-THFA (26).

active site (Figure 3). More interesting, however, is that the  Because the midpoint potential of free deazariboflavin
93-kDa band disappears upon reduction of the FAD. Figure is about 100 mV more negative than the midpoint potential
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Ficure 4: Reconstitution of PutA with 5-deazaFAD. Panel A: YV
visible spectra of 5-deazaFAEPUtA under the conditions used
for chymotrypsin digestion. (1) 5-deazaFAIPutA (5.8 M) in

the presence af-THFA (20 mM); (2) 5-deazaFABPutA (5.43
uM); (3) 5-deazaFAD (5.4&M) released after reconstituted PutA
was denatured with 0.08% SDS; (4) 5-deazaFARItA (6.5uM)

in the presence af-proline (20 mM); and (5) 5-deazaFAEPuUtA
(11.9uM) in the presence of sodium dithionite (20 mM). The UV
visible spectra of +-) FAD-PutA (20.2uM) and (---) PutA
apoprotein (69«M) are also shown. Panel B: Analysis of products
from limited chymotrypsin (1@g/mL) digests of PutA (1 mg/mL)
reconstituted with 5-deazaFAD by denaturing gel electrophoresis.
Limited digests of 5-deazaFABPuUtA were performed in 50 mM
potassium phosphate buffer (pH 7.5) at Z3in the presence of
20 mM proline, 20 mM sodium dithionite, and 20 mMMTHFA

and under different controlled redox potentials. After quenching
the digests, approximately 1@ of protein from each reaction was
loaded onto the denaturing gel (7.5% acrylamide). The two left-
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FiIcure 5: Separation and Western blot analysis of polypeptides
from chymotrypsin cleavage of PutA. (A) PutA (2 mg/mL) was
treated with chymotrypsin (10g/mL) in the absence and presence
of 5 mM proline fa 1 h at 23°C. The reaction mixtures were loaded
onto a denaturing gel (15% acrylamide) and visualized by staining
with Coomassie Blue. A molecular mass standard (STD) is shown
in the left-hand lane. (B) Limited digests of PutA (1 mg/mL) were
performed with oxidized PutA (lanes 1 and 4), proline-reduced PutA
(lanes 2 and 5), and THFA-complexed PutA (lanes 3 and 6) and
separated by denaturing polyacrylamide gel electrophoresis. The
molecular mass standards (STD) of 116 kDa, 97, kDa, and 66 kDa
and lanes 13 were stained with Coomassie Blue to visualize the
polypeptide fragments. Lanes-& were electrotransferred onto a
PVDF membrane, immunoblotted with a hexahistidine-tag mono-
clonal antibody, and visualized using a colorimetric assay.

oxidized to the reduced PutA conformer is occurring at a
lower potential than that observed for FAD-PutA (Figure
2). From the results in Figure 4, it is clear that tagconf)
has decreased from58 mV to a value of<—130 mV in
5-deazaFAD-PutA, validating that the formation of the 119-
kDa band observed in the presence of proline is controlled
by the FAD redox state. Thus, the reduction of the FAD is
the chief determinant of PutA conformational changes.
Mapping of Protease Cleage Sites To identify the
regions of the PutA polypeptide that are involved in
conformational transitions, we obtained the N-terminal amino
acid sequence of the major products of limited proteolysis
by chymotrypsin. The N-terminal amino acid sequences were

hand lanes show the migration of molecular mass standards (STD)compared to the known sequence of PutA to establish the

of 116 kDa, 97 kDa, and 66 kDa and 5-deazaFABUtA without
chymotrypsin cleavage.

of free riboflavin, we anticipated that a corresponding
shift in the midpoint potential for the conformational change
(Em(conf) = —0.058 V) would occur in PutA reconstituted
with 5-deazaFAD 29, 30). This was tested by limited
proteolysis of 5-deazaFABPUtA at potentials poised ap-
proximately 100 mV more negative than tkg(conf) for
FAD-PutA. Figure 4b shows that at130 mV, the 119-kDa
band is observed, but the oxidized pattern of the 135-kDa
and 111-kDa bands predominates. This is in contrast to
limited proteolysis of FAD-PutA, which at-85 mV, the
formation of the 119-kDa is nearly complete (see Figure 2).
Limited proteolysis of 5-deazaFABPuUtA at—150 mV and

origin of the fragments and the location of chymotrypsin
cleavage. We first identified the fragment that is cleaved by
chymotrypsin in the presence of proline, which results in
the disappearance of the 135-kDa band and the formation
of the 119-kDa band. PutA was subjected to limited
proteolysis by chymotrypsin in the absence and presence of
proline, and the products were analyzed by 15% SDS
PAGE. A band at~17 kDa was generated in the presence
of proline that was not observed in the absence of proline
(Figure 5a). Subsequent isolation and amino acid sequencing
of this band revealed a N-terminal sequence of SGAANES-
DE, locating its origin at Ser58 in PutA, and a chymotrypsin
cleavage site at Leu57. An N-terminal sequence of RIIGKS-
GEPLIR was obtained for the 119-kDa band, demonstrating

—200 mV significantly increases the production of the 119- that it begins at Arg234 in PutA. Thus, the fragment that is

kDa fragment, demonstrating that the transition from the

lost during limited proteolysis in the presence of proline
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Ficure 6: Map of polypeptides generated by chymotrypsin 0.05
cleavage of PutA. Polypeptides are shown in order of estimated
molecular weight by SDSPAGE and are shaded in gray with the 0.00
boundaries marked by N-terminal and C-terminal amino acids. The 0 10 20 30 40
box with the diagonal lines shows the location of the PRODH minutes

domain (261+612). The identities of the N-terminus for the 119,

111, 93, and 17 kDa fragments were determined by N-terminal
amino acid sequencing. The C-terminals of the 135 and 119 kDa
fragments were determined by Western analysis. (a) N-terminal

residue is predicted from the N-terminal amino acid sequence of ,,jine "4 mM o-aminobenzaldehyde, and inverted membrane
the 17-kDa peptide. (b) C-terminal residues are predicted from the yagicjes fromE. colistrain JT3JputA- (1004g membrane protein)
N-terminal amino acid sequence and the size of the polypeptides;">q mm Mops buffer (pH 7.5) at 25C. The time course for the

estimated by SDSPAGE analysis. reactions were monitored at 443 nm to determine the membrane-
. . associated PRODH activity of untreated PutA)( oxidized PutA
begins at Ser58 and ends near Asn233. The predictedyeated with chymotrypsin)(/---), and prolinei\a)éuced PUtA treated
molecular size of a Ser58-Asn233 fragment is 19.1 kDa, with chymotrypsin -+). The calculated specific PRODH activities
which is close to the estimated size of 17-kDa by SDS  of PutA and protease-treated oxidized and proline-reduced PutA
PAGE analysis. Because the 17-kDa peptide is generatedn the above assays were 0.08, 0.05, and 0.003 units/mg of
from the 135-kDa fragment, the 135-kDa fragment most MeMPrane protein, respectively.
likely has the same N-terminus beginning at Ser58 in PutA. tional association activities of PutA was determined to
The 111-kDa fragment was determined to have an N-terminal ascertain whether the removal of the region, Ser58-Asn233,
sequence of SGAANESDE positioned also at Ser58 in PutA. has any functional consequence. PRODH and membrane
The 93-kDa product generated by limited proteolysis of functional association assays were performed with PutA
L-THFA-complexed PutA was found to have an N-terminal samples that had been treated with chymotrypsin in the
sequence of TGKLVSTHN originating at Thr216 with a absence and presence of proline. PutA treated with chymo-
chymotrypsin cleavage site at Phe215. On the basis of thetrypsin in the absence of proline was assumed to be a mixture
N-terminal sequences of the 111-kDa and 93-kDa fragments,of the 135-kDa and 111-kDa products while PutA treated
the calculated molecular mass value of a Ser58-Phe215with chymotrypsin in the presence of proline was assumed
fragment is 17.2 kDa, which is similar to the estimated to a mixture of the 119-kDa and 111-kDa products. Thus,
difference of 18 kDa between the 111-kDa and 93-kDa the main difference between the protease-treated PutA
fragments. samples was the loss of the Ser58-Asn233 fragment in the
Next, Western blot analysis of the protease products waspresence of proline (see Figure 6). The decrease in PRODH
performed with hexahistidine tag antibodies to assess whichactivity of protease-treated oxidized and reduced PutA were
fragments had an intact C-terminus (Figure 5b). The 135- about 1.5-fold and 2-fold, respectively, relative to PutA with
kDa and 119-kDa bands were found to retain the C-terminal no protease treatment. Since the protease treatment of
hexahistidine tag while the 111-kDa and 93-kDa bands oxidized and reduced PutA diminishes PRODH activity
lacked the C-terminal end. Thus, the FAD redox dependentsimilarly, the removal of the Ser58-Asn233 fragment from
conformational change is occurring at the N-terminus of PutA PutA does not appear to affect PRODH activity. The Ser58-
while L-THFA binding induces changes at both the N- Asn233 region, however, was found to significantly influence
terminus and C-terminus of PutA. Since the 111-kDa and PutA membrane association activity. Figure 7 shows that the
93-kDa fragments vary in molecular weight according to membrane functional association activity of protease-treated
differences at the N-terminus and are both missing the reduced PutA is decreased by25-fold compared to
C-terminal hexahistidine tag, the 111-kDa and 93-kDa bands untreated PutA while cleavage of oxidized PutA by chymo-
most likely are cut in the same region at the C-terminus of trypsin decreases the membrane association by only about
PutA. On the basis of N-terminal amino acid sequencing and 2-fold. Thus, it appears that cleavage of PutA near Asn233
estimated molecular weights, the 111-kDa and 93-kDa destroys the ability of PutA to functionally associate with
fragments are both predicted to have a C-terminus endingthe membrane and that the Ser58-Arg233 region of PutA is
in the region of 10861100 of PutA. A plausible residue at critical for productive membrane binding. To evaluate
which chymotrypsin may cleave PutA in this region is whether the chymotrypsin cleavage sites in PutA are in
Phel088. The calculated molecular weights of Ser58- regions that contact the membrane, limited proteolysis of
Phel1088 and Thr216-Phe1088 fragments are 112.5 and 95.PutA was performed in the presence of membrane vesicles
kDa, respectively. The major products generated by chymo- (5 mg/mL membrane protein). The membrane vesicles did
trypsin cleavage of PutA are diagrammed in Figure 6. not occlude chymotrypsin from the cleavage sites in oxidized,
PutA—Membrane AssociationsThe effect that chymo-  proline reduced, or-THFA-bound PutA since the same
trypsin cleavage has on the PRODH and membrane func-protease products, namely the 119-kDa and 93-kDa bands,

FIGURE 7: Functional membrane association assays. PutA (1 mg/
mL) was digested with chymotrypsin (2@/mL) in the absence
and presence of proline (5 mM)rfd h at 23°C. Samples of
protease-treated PutA (10@) were then incubated with 60 mM
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were observed (data not shown). Apparently, the cleavagel220 as plausible membrane binding domaig®).(Thus,

sites that become accessible to chymotrypsin do not inti-

mately associate with the membrane.

DISCUSSION

we propose that two regions in PutA are critical for
membrane binding with one region contained in Ser58-
Asn233 and a second region located toward the C-terminus
of PutA. Attempts to purify and characterize a PutA protein
that lacks residues 5833 (e.g., PutA2661320) or residues

Browr_1 gp_d Wood16).proposed that the different proteas_e 1200-1320 (e.g., PutA:1200) have so far been unsuc-
susceptibilities of PutA in the absence and presence of proline ossful due to the insolubility of the engineered truncated

are controlled by the FAD redox stategj. Two key results
from our work support this model and show unambiguously
that the FAD redox state switches PutA between two
conformers. First, th&y(conf) value (0.058 V) determined

PutA proteins.

Mapping of the chymotrypsin cleavage sites reveals that
both the reduction of FAD and-THFA binding induce
protease susceptibility in the region of 21835 in PutA.

by the appearance of the 119-kDa product during controlled gy ,cyral insights into this region in PutA can be gained

potentiometric limited proteolysis varies from tkg value
(—=0.077 V) for FAD bound to PutA by only about 20 mV,
thus linking the conformational change in PutA with FAD
reduction. The conformational change caused by FAD

from recent X-ray crystallographic studies of PutA669.
PutA669 was crystallized with-lactate in the active site,
and its three-dimensional structure was solved to 2.0 A
resolution. PutA669 was observed to be an interlocked dimer

reduction was also observed to be reversible, demonstrating i, each subunit containing a dimerization domain (residues
that PutA is capable of switching between two different 87—138), a helix-turn-helix (HTH) motif (residues 137

conformers. Second, PutA reconstituted with 5-deazaFAD,
a FAD analogue with a midpoint potential more negative
than FAD by about 100 mV, requires a reduction potential
of <—130 mV to generate the 119-kDa fragment. This
manipulation of théey(conf) by altering the redox properties
of FAD bound to PutA confirms that the PutA conforma-
tional transition is controlled by the FAD cofactor.

Surprisingly, the nonreducing proline analogud,HFA,
elicits a new major 93-kDa product during limited proteolysis
by chymotrypsin. Thus, PutA complexed to proline analogues
is in a form that is distinct from the previously discovered
oxidized and proline-reduced PutA conformers. However,
limited proteolysis of -THFA-complexed PutA by chymo-

258), and gsos-barrel which comprises the FAD binding
and PRODH active sites (residues 26312) 33, 34). A
PutA mutant containing only the first 261 N-terminal residues
(PutA261) was shown to bind specifically to thet control
DNA, demonstrating that the DNA binding domain can
function separately from the PRODH domain. In the 437
258 region, 15 of the 120 residues were disordered indicating
possible sites of mobility. It is known that protease cleavage
sites are often associated with enhanced flexibility or local
unfolding of the protein and that limited proteolysis is
difficult in regions that have a more rigid structuBs). Thus,
both X-ray crystallography and limited proteolysis suggest
that the region around 213235 is flexible and likely to be

trypsin under reducing conditions regenerated the 119-kDajnvolved in conformational transitions. Because residues
band, demonstrating that FAD reduction is the principal 215-235 are not part of the PRODH domain, both FAD
modulator of PutA conformation. Because Brown and Wood reduction and substrate analogue binding initiate signals that
(16) have shown that limited proteolysis of the PutA evoke a conformational change outside the FAD active site.
apoprotein in the presence of proline yields the 135-kDa and From the X-ray crystal structure of PutA669 and the
111-kDa fragments, the conformational change induced by functional characterization of PutA261, it also appears that
L-THFA complexation to PutA requires FAD in the PRODH  the proline-induced conformational change involves residues
active site {6). An FAD analogue in the PRODH active  in the DNA binding domain. The fact thatTHFA binding
site is also adequate since the 93-kDa pI’OdUCt was Observe(éxposes a protease site in a second domain near the
by limited proteolysis of 5-deazaFAEPUtA in the presence  C-terminus of PutA further demonstrates that perturbations
of L-THFA. At this time it is unclear what the functional in the FAD environment are capable of inducing global
significance is of the PutA conformation caused by proline conformational changes that affect other functional domains
analogue or inhibitor binding. Gel-mobility shift assays have in PutA. The nature of the conformational change induced
shown that -lactate and-THFA do not disrupt PutA-DNA  py FAD reduction in PutA has been shown to involve an
binding, similar to that observed previously with proline or increase in the overall hydrophobicity of Put8)(
electrochemical reduction of FAD (data not showh) X7, Future investigations into how FAD reduction and sub-
18). Work is in progress to determine whethefactate or  strate analogue binding induce conformational changes in
L-THFA promote PutA-membrane binding. PutA will focus on active site residues implicated in substrate
Chymotrypsin cleavage of PutA in the presence of proline binding. Becausa-THFA and L-lactate cause the same
nearly abolishes PutA functional membrane association conformational change in PutA, analysis of the PRODH
activity, suggesting that residues located in the Ser58-Asn233active site complexed to-lactate should reveal important
peptide are critical for membrane binding. However, on the interactions that initiate conformational changes in PutA.
basis of previous work it seems unlikely that Ser58-Asn233 Three basic active site residues, Lys329, Arg555, and
is the only region in PutA that contains residues necessaryArg556, were found in the three-dimensional structure of
for membrane binding. PutA669, a truncated PutA protein PutA669 to bind the carboxylate group oflactate 84).
containing residues-1669, was shown to have PRODH and These basic residues are conserved in PutA from other
DNA binding properties comparable to those of PutA but organisms such as the soil microlBsadyrhizobium japoni-
lacks P5CDH and membrane binding activi8i). Ling et cum and are most likely critical for proline bindingZ2, 34,
al. (32) in their primary structure analysis of PutA identified 36). The importance of Arg556 is evident from a Arg556His
three hydrophobic regions 16070, 770-820, and 1205 PutA mutant isolated by random mutagenesis fr&n
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typhimuriumwhich was shown to haves0.25% PRODH
activity relative to native PutA and was severely defective
in membrane binding3{7). Residues Arg555 and Arg556
are part of helba8 of thefgos-barrel in the PRODH domain.
Interestingly, helixa8 contacts the 137258 region where
the conformational change occurs suggesting that leix
may be involved in transmitting signals out of the FAD active
site. The roles that Arg555 and Arg556 have in PutA confor-
mational changes will be explored to test this possibility.
In summary, this work underscores the key role of the
FAD cofactor in regulating PutA conformation. We have
shown explicitly that the FAD redox state is the chief
determinant of conformational changes in PutA. The dis-
covery of a new conformation induced hyTHFA and
L-lactate shows PutA has three different conformers: oxi-

dized, reduced, and substrate analogue bound. Because the?l-

protease susceptibility of proline and electrochemically
reduced PutA is identical, FAD reduction appears to be
responsible for the proline-induced binding of PutA to the
membrane as initially propose#, (L6). Future work will be
directed at investigating the influence of FAD reduction and
proline analogue binding on PutA membrane associations.
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