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ABSTRACT: Proline utilization A (PutA) fromEscherichia coliis a multifunctional flavoprotein that is
both a transcriptional repressor of the proline utilizatipat( genes and a membrane-associated enzyme
which catalyzes the 4-electron oxidation of proline to glutamate. Previously, proline was shown to induce
PutA—membrane binding and alter the intracellular location and function of PutA. To distinguish the
roles of substrate binding and FAD reduction in the mechanism of how PutA changes from a DNA-
binding protein to a membrane-bound enzyme, the kinetic parameters of-Rgwbrane binding were
measured under different conditions using model lipid bilayers and surface plasmon resonance (SPR).
The effects of proline, FAD reduction, and proline analogues on Pat@dmbrane associations were
determined. Oxidized PutA shows no bindinggocoli polar lipid vesicles. In contrast, proline and sodium
dithionite induce tight binding of PutA to the lipid bilayer with indistinguishable kinetic parameters and
an estimated dissociation constali) of <0.01 nM (pH 7.4) for the reduced PutAipid complex.
Proline analogues such aesTHFA andpL-P5C also stimulate PutA binding . coli polar lipid vesicles

with Kp values ranging from-3.6 to 34 nM (pH 7.4) for the PutAlipid complex. The greater PutA
membrane binding affinityX300-fold) generated by FAD reduction relative to the nonreducing ligands
demonstrates that FAD reduction controls PatAembrane associations. On the basis of SPR kinetic
analysis with differently charged lipid bilayers, the driving force for PutAembrane binding is primarily
hydrophobic. In the SPR experiments membrane-bound PutA did nophbirmbntrol DNA, confirming

that the membrane-binding and DNA-binding activities of PutA are mutually exclusive. A model for the
regulation of PutA is described in which the overall translocation of PutA from the cytoplasm to the
membrane is driven by FAD reduction and the subsequent energy differeBdekJ/mol) between PutA
membrane and PutADNA binding.

The multifunctional proline utilization A (PutA) flavopro-  dized by an electron acceptor in the membrane to regenerate
tein from Escherichia coliand Salmonella typhimuriunis oxidized FAD and complete the PRODH catalytic cyce (
both a transcriptional repressor and a membrane-associated0). Next, P5C is hydrolyzed tg-glutamic acid semialde-
enzyme {[—5). PutA regulates theput regulon, which hyde followed by a NAD-dependent oxidation to glutamate
contains the gengsutA andputP (Na'/proline transporter)  catalyzed by the PSCDH domaiB, (11).
that are transcribed in opposite directions fromghecontrol PutA has been most extensively studied frBncoli and
intergenic DNA (, 5—7). PutA represses transcription of S. typhimuriumFrom these bacteria, PutA is a polypeptide
the put genes by binding to specific sequences in g of 1320 amino acids with 91.3% sequence ideny PutA
control DNA region 2, 8). The enzyme action of PutA  from E. coli, the subject of this study, purifies predominately
coordinates stepwise proline dehydrogenase (PROBIRt) as a dimer with a molecular mass of 293 k. (The
A-pyrroline-5-carboxylate dehydrogenase (P5CDH) activi- PRODH- and DNA-binding domains of PutA have been
ties, allowing bacteria to utilize proline as a sole nitrogen identified by structural and biochemical characterization of
and energy source. The PRODH active site couples thetruncated PutA proteindP—14). The X-ray crystal structure
oxidation of proline to the reduction of noncovalently bound of a truncated form ofE. coli PutA containing residues
flavin adenine dinucleotide (FAD) to form!-pyrroline-5- 1-669 (PutA669) complexed to the competitive inhibitor
carboxylate (P5C)9). Reduced FAD is subsequently oxi- L-lactate was solved to 2.0 A resolutioh3}. The crystal

structure included residues-8812 of PutA669 and revealed
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that the PRODH domain is Bsas barrel comprised of  resonance (SPR) technology. SPR technology is well suited
residues 261612, with the FAD bound at the C-terminal to measure the interactions of macromolecules, because
ends of thes-strands of the barrel. The DNA-binding activity —association and dissociation of protein to the immobilized
of PutA involves N-terminal residues—#47 which also lipid on the surface of the sensor chip can be monitored in
appear to be important for PutA dimerization as truncation real time 3—26). Kinetic measurements of PutA binding
mutants (e.g., PutA85) that lack these residues purify as a to the model lipid bilayers clearly show that FAD reduction
monomer 14). Primary structure analysis predicts that the alone regulates PutAmembrane binding, proving Wood’s
P5CDH domain includes residues 650130 while the original redox-dependent hypothesl®), Our work strength-
location of the membrane-binding domain is still unknown ens previous studies which proposed that the disruption of
(5). the PutA-DNA complex in the cytoplasm and therefore
The availability of proline governs the intracellular location activation of theput genes are due to favorable binding of
of PutA and whether PutA functions as a transcriptional reduced PutA to the membrang5( 16, 21). Surprisingly,
repressor or a membrane-bound enzyi@ (5—18). The L-THFA and other ligands also induce membrane binding,
general model is that, in the absence of proline, PutA but the membrane associations appear to be insufficient to
accumulates in the cytoplasm and represses transcription ofmneaningfully perturb the PutADNA complex. Altering the
the put regulon while in the presence of proline, PutA overall charge of the lipid surface has no effect on proline-
associates with the membrane. Because proline reduces FADreduced PutA-membrane binding, suggesting that PatA
the FAD redox state is thought to have a key role in membrane interactions are mainly hydrophobic. We believe
regulating PutA. A redox-dependent mechanism for PutA that the described experimental system closely mimics
membrane binding was first proposed by Wood after cellular PutA-membrane interactions and provides unique
observing enhanced steady-state kinetics of membrane asinsights into the regulation of PutA function.
sociation with proline and with NADH and-lactate under
anaerobic conditions1Q). A redox mechanism was also MATERIALS AND METHODS
implied from sedimentation experiments in which PutA

binding to membrane vesicles and reduction of PutA-bound ChemicalsE. coIi_poIar lipid extracts, phosphatidylglyc-
FAD were shown to occur at similar concentrations of proline €"0! (PG), and 1,2-dioleoyrrglycero-3-ethylphosphocholine

(16). Surber and Maloy have also reported that PutA (EDOPC) were pu.r.cha.sed from Avant Pplar Lipids Inc. and
membrane binding is dependent on proline reduction of FAD used W'thOUt purification. 3-[(3-Cholamidopropyl)dimeth-
from studies with PutA fronS. typhimuriunusing synthetic ~ Y!/ammonio]-1-propanesulfonate (CHAPS) was purchased

lipid vesicles and sucrose step-gradient centrifugatig, (  7om Novachem Biochem Corp. The L1 sensor chip and
Corresponding with the aforementioned studies, Brown and PUffers for preparation of the surface were from Biacore AB

Wood showed that PutA undergoes a conformational change(Piscataway, NJ)oL-PSC was synthesized as previously
in the presence of proline that is coincident with PutA described and quantitated usingaminobenzaldehydey,

membrane bindingl@). Thus, proline induces a conforma- 28). The 21-bp synthetic oligonucleotide-5TTGCGGT-
tional change in PUtA that is critical for enhancing Puta 1 SCACCTTTCAAA-3 and its complement were purchased

membrane associations. from Integrated DNA Technologies. The fluorescently
We seek to dissect the roles that proline binding and FAD labeled 21-bp oligonucleotide was purchased from LI.'COR’

reduction have in switching the intracellular location and Inc. The 21-bp duplex DNA was prepared by anneallmg the

function of PutA. Previously, controlled potentiometric complementary oligonucleotides in buffer (10 mM Tris, pH

proteolysis of PutA showed that FAD reduction is the chief 8.0, 50 _mM NaCl, 1 mM EDTA) by first heating at 9%
determinant of conformational changes in Pui®)( How- for 5 min and then_graduallly cooling the sample to room
ever, substrate analogues that do not reduce FAD, such adémperature. Thputintergenic DNA (419 bp) was prepared

L-tetrahydro-2-furoic acid (THFA), also induce a conforma- as Qescribed previﬂuslﬁ usiggﬁgenomig Drl:lA frdEIn coli
tional change, but the resulting structure is distinct from strain JT31 Z0). A ot er bullers and chemicais were
reduced PutA19). Thus, three different conformers of PutA purch_ased from Fisher Scientific or Sigma-Aldrich Inc. All
have been identified which correspond to oxidized Puta €XPeriments used NanoPure water.
(conformer 1), substrate analogue bound PutA (conformer Preparation of PutA and Lipid VesiclesPutA was
2), and reduced FAD (conformer 3). In addition to confor- overexpressed from the pET14b-PutA construcEincoli
mational studies, we have shown that substrate binding andstrain BL21(DE3) pLysS and purified as previously described
the FAD redox state have little influence on PutBNA for wild-type PutA 9). The N-terminal hexahistidine tag
interactions. The dissociation constant of the PubNA was retained after purification. Size exclusion chromatog-
complex increases by only 2-fold in the presence of proline aphy (Superdex-200 column) was then used to separate the
or upon reduction of the PutA-bound FARQ). The nominal dimeric and monomeric forms of PutA. The dimeric form
influence of FAD reduction on PutADNA affinity is was collected and used for all of the experiments. Subsequent
consistent with previous studies that have shown that proline@nalysis of the PutA dimer by size exclusion chromatography
dehydrogenase activity and membrane binding are necessarghowed that the PutA preparation remained in the dimeric
for the induction ofput gene expressiorlb, 17, 21, 22). form. The concentration of PutA was determined using the
In this report, we distinguish the impact that substrate BCA method (Pierce) with bovine serum albumin as the
binding and FAD reduction have on PutAnembrane standard and spectrophotometrically using a molar extinction
associations. The effects of proline, FAD reduction, and coefficient at 451 nm of 12700 M cm™* (20).
ligand binding to the PRODH active site on the kinetics of  In this work small unilamellar vesicles (SUVs) of various
PutA—membrane binding are explored using surface plasmonphospholipids were used to prepare model bilayer membrane
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surfaces on the L1 sensor chip. The phospholipids were control DNA and 21-bp duplex DNA were added to the PutA
received as chloroform solutions. To prepare lipid vesicles, samples at final concentrations of 300 nM and M,

the lipid solutions were dried by carefully flushing witb N respectively, prior to injection. To test the effect of FAD
gas and resuspended in 10 mM HEPES containing 150 mMreduction alone, 10 mM sodium dithionite was added to the
NaCl at pH 7.4 (HEPESN buffer) to a concentration of 20  PutA sample under anearobic conditions. Unlike proline-
mM lipid. The lipid suspensions were then subjected to 10 reduced PutA, PutA reduced with dithionite is readily
freeze-thaw cycles and stored frozen in liquid nitrogen. reoxidized in the presence of ait;§ < 0.5 min), which
Upon thawing, the lipid suspension was diluted 100-fold with necessitated careful anaerobic techniqua®. (The PutA
HEPES-N buffer to a final concentration of 0.2 mg/mL, sample was first made anaerobic by applying several cycles
except EDOPC lipid, which was prepared at a final concen- of argon and vacuum. Next, sodium dithionite was added to
tration of 0.1 mg/mL. SUVs of all phospholipids were the PutA sample under a nitrogen atmosphere in a glovebox
prepared by passing the lipid suspension through a 100 nm(Belle Technology). Reduced PutA samples were then placed
polycarbonate filter 30 times using a LiposoFast microex- in a vial and sealed by a rubber cap to keep PutA in the
truder. This extrusion technique has been shown to generateeduced state. The running buffer was also made anaerobic

unilamellar vesicles from a variety of phospholipido);
EDOPC, a cationic analogue of phosphatidylcholine, also

by applying several cycles of argon and vacuum. During the
Biacore experiment, the HEPESI running buffer was

forms stable unilamellar vesicles and has been used previ-continuously flushed with nitrogen to prevent oxygenation

ously to study peptidemembrane interaction8Q, 31). All

SUVs were prepared fresh on the day of the experiment.

The lipid vesicles were visualized by electron microscopy

of the buffer.
In all kinetic experiments, 12QL of the PutA samples
was injected at a flow rate of 60L/min. The association

(Hitachi, Japan) and shown to have an average diameter ofand dissociation phases were monitored for 120 and 300 s,

100-200 nm.

Immobilization of Lipid Vesicles on the L1 ChiputA
lipid vesicle binding experiments were performed on a
Biacore 2000 instrument at 28C in the Genomics Core
Facility in the Center for Biotechnology at the University
of Nebraska. HEPESN buffer was used as running buffer

respectively. Different flow rates from 20 to @0/min were

also used to confirm that there were no mass transfer effects
during the kinetic experiments. After each protein injection,
PutA and the lipid vesicles were removed from the L1 surface
by applying 60uL of CHAPS at 30uL/min. For the
simultaneous PUtADNA and PutA-membrane binding

in all SPR experiments. The L1 sensor chip was washed with experiments, slower flow rates from 5 to 20/min were

20 mM CHAPS at 3QcL/min for 2 min prior to loading any
lipid vesicles. Previously, Erb et al. demonstrated that lipid

used to allow enough time for PutA to bind to the DNA or
to the membrane.

vesicles loaded onto a L1 sensor surface fuse together to The sensorgrams of PutAipid associations were ana-

form a lipid bilayer 32). For the lipid vesicles made from

lyzed by Biaevaluation 4.1 software. Changes in refractive

E. coli polar extracts, the sensor surface was coated with 40index due to buffer changes were subtracted prior to kinetic

uL of lipid vesicles at 5uL/min. For PG and EDOPC lipid
vesicles, the sensor surface was coated with 15 angd 10
of lipid vesicles at 30uL/min, respectively. After being
coated with lipid vesicles, the surface was washed with 10
mM NaOH which was injected at a flow rate of G./min

analysis. Global fitting to a 1:1 Langmuir PutAnembrane
binding model

PutA + membrane> PutA—membrane

was used to calculate all of the kinetic and equilibrium

for 1 min to wash away multilayer and loosely immobilized - yinqing constants. The association and dissociation phases
vesicles on the sensor surface. The total response units (RU}¢ tne binding reaction are described by the equations:

for the lipid vesicle loading after NaOH washing was about
4500, 6000, and 1000 RU for tHe coli polar lipid extract,
EDOPC, and PG, respectively. Finally, 40 of fatty acid
free BSA (0.1 mg/mL) was injected at a flow rate:B/min

to block possible nonspecific proteifipid interactions. The

response observed from the BSA injection was about 1200
and 100 RU for reference and lipid vesicle coated sample
flow cells, respectively. In addition to the aformentioned c
surface preparation, the surfaces were tested prior to eachb

PutA-binding experiment by injecting 660L of BSA (0.1
mg/mL) at 30uL/min followed by an identical injection of
HEPES-N buffer. For a well-prepared reference cell, BSA
and buffer injections cause response signals5fRU.
Surface Plasmon Resonance Analys$tsitA (13.7 uM
dimer) in 10 mM HEPES buffer with 50 mM NaCl (pH 7.4)
was diluted to appropriate concentrations using HEPES
buffer. All buffers were degassed and filtered by passing
through a 0.22um filter prior to binding experiments. The
effects of L-proline, L-THFA, L-lactate, andbL-P5C on
PutA—lipid binding were tested by adding the ligands to the
PutA sample at a final concentration of 5 mM for 15 min
prior to injection. To form the PutADNA complexes put

R = [K,C/(k,C + kIR o1 — & (TR0 Ry
R= Roekd(t—to)

where R is the time-dependent response uri,is the
association rate consta,is the dissociation rate constant,

is the concentration of analyt®ma.x is the theoretical
inding capacityio is the time at the start of the association
or dissociation phase, and Rl is the refractive index change
of the bulk samples. The dissociation const&a was
calculated from the equation:

Kp = ky/ky

DNA Binding AssaysThe binding of PutA to the 21-bp
oligonucleotide duplex DNA was analyzed by gel mobility
shift assays using a synthetic oligonucleotide that iasn8-
labeled with IRdye-700 (LI-COR, Inc.). The gel-shift assays
were performed as previously described except that HERES
buffer was used to mimic the conditions of the SPR
experiments 14). Calf thymus competitor DNA (10@g/
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Ficure 1: SPR sensorgrams showing proline- and ligand-induced Pligid binding. Panel A: Sensorgrams of PutA (20 nM) in the
oxidized state (a) and in the presence of 5 mM proline (b) binding to a lipid bilay&r obli lipid polar extracts. The arrows indicate the
beginning and end of the protein sample injection. In sensorgram a, the rapid change in response units (RU) at the injection start point is
due to a refractive index change of the sample, not by protein binding to the lipid bilayer. The RU returned to the initial value after the
injection of the sample was complete. Panel B: Oxidized PutA (80 nM) in the presence of 5TiWA (O), 5 mM L-lactate [0), and

5 mM bL-P5C €) was injected at 6@L/min for 120 s onto a L1 chip coated with. coli polar lipid vesicles. The dissociation phase was
observed by the flow of HEPESN buffer at 60uL/min for 300 s.

500

A

400

300

200

Response (RU)

100

0 100 200 300 400 0 100 200 300 400
Time(s) Time (s)

Ficure 2: SPR sensorgrams of the association and dissociation kinetics of proline and sodium dithionite reduedipifuifding.
Panel A: From bottom to top, increasing concentrations of PutA (2.5, 5, 10, 20, and 40 nM) in the presence of 5 mM proline{(NEPES
buffer, pH 7.4) were injected onto a L1 chip coated withcoli polar lipid vesicles. Panel B: From bottom to top, increasing concentrations
of PutA (2.5, 5, 10, 20, and 40 nM) in the presence of 10 mM sodium dithionite (HERBSuffer, pH 7.4) were injected onto a L1 chip
coated withE. coli polar lipid vesicles. The association phase (a) corresponds to the injection of PutAubfrgid for 120 s, and the
dissociation phase (b) corresponds to the flow of HEPESuffer at 60uL/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.

mL) was added to the binding mixtures to prevent nonspecfic (Figure 1A). Clearly, proline promotes PutA binding to the
PutA—DNA interactions. The PutADNA mixtures were lipid vesicles. Furthermore, after injection of PutA with
separated using a polyacrylamide (8%) native gel &4  proline is complete and the dissociation phase begins, no
and visualized with a LI-COR Odyssey imager as described significant decrease in the sensorgram signal is observed.

(14). This unique sensorgram suggests that the proline-dependent
binding of PutA on the lipid bilayer is nearly irreversible or
RESULTS the dissociation rate is too slow to be detected by SPR.
Proline-Dependent Membrane BindiriEhe phospholipid The kinetics of PutA-lipid binding in the presence of

bilayer model system was first tested by assessing PutA proline were determined by measuring the senorgram
lipid interactions in the absence and presence of proline. response with a series of PutA concentrations ranging from
Previously, proline was observed to cause about a 2-fold 2.5 to 40 nM (Figure 2A). Because proline was kept in excess
increase in PutAmembrane binding in sedimentation and to PutA and proline-reduced PutA reacts slowly with air
sucrose step-gradient centrifugation experiments using in- (ty2 ~ 125 min), the FAD cofactor remained in the reduced
verted membrane vesicle§5, 16). Sucrose step-gradient state during the entire kinetic analys0). A global fit of
assays also showed that proline induces PutA binding to the binding data with a 1:1 Langmuir isotherm by the Biacore
synthetic lipid vesiclesl(). Thus, it is apparent that proline  evaluation software was used to estimate the kinetic con-
induces PutA-membrane binding and that association is stants. The associatiok,and dissociatiorkg) rate constants
generally comprised of proteirphospholipid interactions.  were determined to be 1.40.2) x 1® M~1stand 10—

Our initial SPR experiments with. coli polar lipid vesicles 1071° s71, respectively. An upper limit for the apparent
confirmed these earlier results but showed a more striking equilibrium dissociation constankKg) for the PutA-lipid
proline induction of PutA-membrane binding than was complex is thus<0.01 nM (Table 1). Since the limit d{y
previously described. Figure 1A shows that, in the absencevalues measured by Biacore 2000 is~40the proline-

of proline, PutA generates no repsonse, indicating that dependent binding of PutA to the lipid bilayer is considered
oxidized PutA does not bind to the lipid bilayer surface. After to be irreversible; thus, the appard€g has only a relative
the injection of PutA is complete, the sensorgram responsemeaning for this specific studg8). Attempts to release PutA
returns to the intial value. In stark contrast, a large responsefrom the lipid surface by injecting an artifical electron
was observed for PutA in the presence of 5 mM proline acceptor such as phenazine methosulfate (5 mM) onto the



PutA—Membrane Binding

Table 1: Kinetic and Equilibrium Binding Constants of PutA
Binding to E. coli Polar Lipid Vesicles Determined on Biacore
2000

supplement  ky(M~ts™) kq (s79) Ko (NM) %2
none no binding

L-proline 1.4 ¢0.2)x 16 <10°© <0.01 0.8
L-THFA  2.3(&0.32)x 10* 7.8 (£0.93)x 10* 34+05 1.4
L-lactate 2.840.13)x 10* 3.1 (*0.22)x 104 11+05 0.6
bL-P5C 7.040.4)x 100 2.50.6)x 104 3.6+0.7 3.3
sodium 1.7 #0.14)x 1® <1078 <0.01 1.1

dithionite

aKinetic constants were determined in HEPES buffer (pH 7.4)
at 25°C.

surface of the PutAlipid complex were unsuccessful.
Therefore, PutA appears to be trapped on the lipid bilayer
even under oxidizing conditions.

Effects of Ligand Binding and FAD Reduction on PdtA
Membrane InteractionsVe next sought to distinguish the
effects of ligand binding (PutA conformation 2) and FAD
reduction (PutA conformation 3) on PutAnembrane bind-
ing. To mimic substrate binding, we complexed PutA with

Biochemistry, Vol. 43, No. 41, 2004.3169

are evident. First, ligand-induced Puthipid binding dis-
plays reversible behavior with a noticeable dissociation phase
once the injection of the PutAligand complex is complete.
Second, theKp values (3.6-34 nM) of the PutA-lipid
complex in the presence of ligands®i800-fold higher than

the upper limit of theKp value (<0.01 nM) estimated for
the PutA-lipid complex in the presence of proline (Table
1).

To study how reduction of FAD affects PutAnembrane
binding, we performed SPR experiments under anearobic
conditions in the presence of 10 mM sodium dithionite.
Figure 2B shows that reduction of the PutA-bound FAD by
sodium dithionite promotes PutA binding to the lipid bilayer
surface. Interestingly, the lipid-binding behavior of PutA in
the presence of sodium dithionite appears to be similar to
that observed in the presence of proline (Figure 2). The
kinetic parameters for PutAlipid binding in the presence
of dithionite and proline are indistinguishable (see Table 1).
In addition, after injection of dithionite-reduced PutA is
complete, no dissociation of PutA is observed from the lipid
surface. The reoxidation of dithionite-reduced PutA with air-

L-THFA, a nonreducing substrate analogue and a competitiveSaturated buffer hag, ~ 5 min; thus, dithionite-reduced

inhibitor of PRODH activity in PutA Ki = 0.2 mM) (34).

PutA is anticipated to readily oxidize upon injecting air-

We also tested other nonreducing compounds such as théaturated HEPESN buffer. However, no significant dis-

competitive inhibitor sodium-lactate Ki = 1.4 mM) and
the product of proline oxidation, P534). In these experi-
ments, PutA was incubated with 5 mMTHFA, L-lactate,
and DL-P5C for 15 min prior to injection onto the lipid

sociation of PutA was observed under conditions predicted
to reoxidize lipid-bound PutA. The close similarities of the

PutA—membrane-binding properties in the presence of
proline and dithionite demonstrate that FAD reduction alone

bilayer surface. Figure 1B shows representative sensorgram&an induce PutAlipid binding.

of PutA—lipid binding in the presence of each molecule.
Each of the ligands induced PutAnembrane binding. The
kinetic parameters of PutAlipid binding in the presence of

PutA Binding to Differently Charged Lipid§UVs pre-
pared fromE. colipolar lipid extracts are negatively charged
overall with about a 6:2:1 ratio (67%:23%:10%) of zwit-

each ligand were measured as described above and aréerionic PE lipid, negatively charged PG lipid, and negatively

summarized in Table 1. The estimatig values for the
PutA—lipid complex in the presence efTHFA, L-lactate,
andpL-P5C varied by 10-fold within the range of 3:84

charged cardiolipin, respectively. To study the role of
phospholipid charge in PutAlipid binding, we prepared
bilayer surfaces that were either negatively charged (PG) or

nM. Thus, complexation of substrate/product analogues andpositively charged (EDOPC). Lipid binding of proline-

inihibitors promotes analogous PutA binding to the lipid

reduced PutA was observed with both of the differently

bilayer. However, marked differences in the lipid-binding charged lipid bilayers. Figure 3A shows the sensorgram of
properties of PutA in the presence of ligands and proline proline-reduced PutA binding to positively charged EDOPC

120 120

-~ A el b i i b
;D‘ 80 a - o - -
3 , —
g 40
e -
3 — s
£ 9o 0
0 100 200 300 400 200 300 400
4
2
Zo0
2
-4 A T T T
0 100 200 300 400 0 100 200 300 400
Time (s) Time (s)

Ficure 3: Sensorgrams of PutA binding to positively charged lipid vesicles. Panel A: Sensorgrams of proline (5 mM) reduced PutA
(10, 20, 40, 80, 160 nM, bottom to top) injected onto a L1 chip coated with EDOPC lipid vesicles. Panel B: Sensorgrams of oxidized PutA
(20, 40, 80, 160, 320 nM, bottom to top) injected onto a L1 chip coated with EDOPC lipid vesicles. For all sensorgrams, the association
phase (a) corresponds to the injection of the PutA sample aLBfiin for 120 s, and the dissociation phase (b) corresponds to the flow

of HEPES-N buffer at 60uL/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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Table 2: Kinetic and Equilibrium Binding Constants of PutA Binding to Different Lipid Vesfcles

PutA and lipid surface ka(M~1s71) ki (s™) Kp (nM) Vi
proline-reduced PutA

E. colilipid 1.4 (+£0.14)x 10 <106 <0.01 1.6

PG lipid 4.2 @0.43)x 10¢ <1078 <0.01 0.3

EDOPC lipid 1.3¢0.04)x 10° <106 <0.01 0.8
oxidized PutA

E. colilipid no binding

PG lipid no binding

EDOPC lipid 4.9 (£0.29) x 10¢ 1.5 (+0.48)x 1074 3.1+0.9 1.6

aKinetic constants were determined in HEPHES buffer (pH 7.4) at 25°C.

lipids. The lipid binding of proline-reduced PutA to the

negatively and positively charged lipids is characterized by
similar Kp values (see Table 2) and no significant dissociation
of PutA from the lipid surface. Thus, it appears that proline-
reduced PutA-membrane binding is primarily hydrophobic

in nature and is not significantly influenced by electrostatic
interactions. Hydrophobic interactions with the membrane

Response (RU)

are also suggested by previous detergent partitioning studies 100 (‘) 00 1000 1500
that demonstrated that the relative hydrophobicity of PutA Time (s)
increases upon FAD reductiod, 21). 60

In contrast, oxidized PutAmembrane interactions are 3 ? A -
highly dependent on the overall charge of the lipids. As 3 ¥
previously observed with lipid vesicles frof. coli polar 2 2
extracts, oxidized PutA did not bind to a negatively charged 2 10 ;
lipid bilayer. However, oxidized PutA was observed to bind E 0ot aywmndot ‘-%\fm
to the positively charged lipids. Figure 3B shows the -10 I 2 i
sensorgram of oxidized PutA binding to the positvely charged -20

0 50 100 150 200 250 300 350

lipid surface. The association of oxidized PutA with the lipids

displays reversible binding behavior withkg value of 3 Time ()

. - - ) Ficure 4: Effects of DNA binding on PutA membrane associations.
nM estimated for the oxidized PutAlipid (EDOPC) com Panel A: Oxidized PutA (100 nM) in the presence of sodium lactate

plex. The kinetic parameters of oxidized PutA binding to (5 mm) was injected onto a L1 chip coated wh coli polar lipid

the different lipid vesicles are summarized in Table 2. PutA vesicles (arrows 1 and 2). The lipid-bound PutA was then washed
is an acidic protein with an isoelectric point below pH 7.0; with HEPES-N buffer at 60uL/min for 180 s (arrows 2 and 3),
thus, the binding of oxidized PutA to the positively charged followed by injection ofputcontrol DNA (419 bp, 20 nM) (arrows
L . .3 and 4). The rapid change in RU at the beginning of the injection
!Ipld su_rface appears to be influenced by electr_ostatlc of DNA is due to the refractive index change of the DNA sample,
interactions, which were further explored by evaluating the not to PutA-DNA binding. The RU returned to the initial value
influence of divalent cations. after the injection of the DNA sample was complete. Panel B:

. . Sensorgrams of the PutA (10 nMpligonucleotide (1.8uM

Dlvale_nt cations ,SUCh_ as @:‘aar_ld Mg usgally play a compleg (upper trace) and t%e Put,g) (%0 rvut contgol pr)tN,g\
key role in the physiological function of proteimembrane (300 nM) complex (lower trace) injected onto a L1 chip coated
associations and can alter the surface charge of the membranwith E. coli polar lipid vesicles in the presence of 5 mM proline
(35, 36). Because oxidized PutA interacts with positively (arrows 1 and 2).
charged lipids, we studied how Mg may affect PutA-
membrane interactions by measuring kinetic parameters of PutA—Membranevs PutA-DNA Binding PutA—DNA
PutA—lipid binding at different M§" concentrations. At ~ and PutA-membrane binding were reported to be mutually
Mg2* concentrations 0k0.1 mM, both oxidized PutA and  exclusive by Muro-Pastor et al. on the basis that a PutA
proline-reduced PutA were observed to associate with lipid DNA complex was not observed in gel mobility shift assays
vesicles fromE. coli polar extracts (data not shown). At when proline-reduced PutA was incubated simultaneously
concentrations of Mgy >1 mM, however, only proline-  with put control DNA and membrane vesicle$7j. Sedi-
reduced PutA bound to the lipids. The binding of oxidized mentation experiments also showed that in the presence of
PutA to the lipids is highly influenced by Mg, indicating proline theput control DNA remained in the soluble fraction
a strong dependence on electrostatic interactions. At low and did not precipitate with the PutAnembrane complex
concentrations, Mg ions probably alter the negatively (17). We sought to explore this further by testing whether
charged surface of the membrane, creating favorable elec-PutA complexed with the lipid bilayer could binmiit control
trostatic interactions between oxidized PutA and the mem- DNA. Figure 4A shows the immoblization of PutA onto the
brane. At higher and perhaps more physiologically relevant lipid vesicles in the presence oflactate. Different concen-
Mg?t concentrations (i.e.~1—2 mM), the Mg" ions trations of theput control DNA region (419 base pairs) from
interfere with oxidized PutAmembrane ionic interactions. 10 to 40 nM were then injected ag&./min for 15 min. No
Thus, under favorable ionic conditions oxidized PutA as- binding reponse was observed with thet control DNA
sociates with the lipids. since after the DNA injection the sensorgram returned to
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PutA (nM)
0 50 100 200 400

= =1 | JPutA-DNA
- ! H 1' ! ‘courtnplex

Duplex DNA s ¥ i
@1bp) > Wil
Ficure 5: Gel mobility shift assay of the oligonucleotide binding
site complexed with PutA. IRdye-700-labeled 21-bp duplex DNA
(5 nM) and varying concentrations of PutA-{@00 nM dimer)
were incubated in binding mixtures (HEPEN buffer, pH 7.4)
containing 10Q«g/mL nonspecific calf thymus DNA at 2TC for
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PutA—DNA oligonucleotide complex3>90% of the PutA

is bound to the DNA. Figure 4B (upper trace) shows the
sensorgram of the PutADNA oligonucleotide complex
injected at 5uL/min onto the lipid surface for 2 min. In
contrast to the PutADNA complex withput control DNA,

the PutA-DNA oligonucleotide complex associates with the
lipid bilayer. However, if the order of binding is reversed,
that is, when PutA is immobilized on the lipid surface prior
to DNA complexation, lipid-bound PutA is not able to bind
the 21-bp oligonucleotide (data not shown). Thus, the DNA-
and membrane-binding sites do not overlap but instead are
physically contrained when complexed to that control
DNA or the membrane.

DISCUSSION

FAD Reduction Actiates PutA-Membrane BindingThe
effects of substrate binding and FAD reduction on PutA

20 min. The complexes were separated using a nondenaturingmemprane interactions have been evaluated separately for

polyacrylamide gel (8%).

the intial value of lactate-bound PutA immobilized on the

lipid surface (Figure 4A). The same result was also obtained

with PutA bound to lipids in the presence of proline (data

not shown). The order of binding was then reversed by first

complexing PutA with DNA followed by injection of the
PutA—DNA complex onto the lipid bilayer surface in the

presence of proline. Figure 4B (lower trace) again shows no
response in the sensorgram upon applying the proline-

reduced PutA-DNA complex onto the lipid surface. Thus,

the order of binding events does not influence the inability

of PutA to associate concurrently with that control DNA

and the membrane. These results agree with the previou

conclusion from gel mobility shift assays and further
demonstrate that PUtADNA and PutA-membrane binding
are mutually exclusivel(7).

the first time. By SPR analysis we have defined quantitatively
the role of substrate binding and FAD reduction in modulat-
ing PutA—membrane interactions. The membrane binding
induced by proline and dithionite reduction of PutA have
the same kinetic parameters (see Table 1), demonstrating that
PutA—membrane interactions are controlled by FAD redox
signaling. These results confirm previous studies which
proposed that FAD reduction is required for PutA
membrane associationsl(q; 15, 16, 21). Nevertheless,
membrane binding is also induced by complexation of PutA
with nonreducing ligands such asTHFA, L-lactate, anaL-
P5C. The membrane-binding behavior of PutA in the

soresence of these ligands, however, is reversible and

considerably weaker witKp values>300-fold higher than
that estimated for the reduced Puthpid complex. In
previous studies by Woodp-lactate and NADH were
observed to promote PutAmembrane association under

_The inability of PutA to bind the DNA and membrane anaerobic conditions1(). The induction of membrane
simulatenously may indicate that recognition of a second pinding was explained by reduction of PutA either directly
macromolecule is not physically possible once PutA is bound or via the respiratory chain. Our results provide an alternative

to the membrane or to thgut control DNA. PutA has been
shown to have multiple DNA-binding sites and bend plog
control DNA, suggesting the formation of a mulitmeric
PutA—DNA complex (8). Thus, the membrane-binding
domain(s) of PutA could be constrained in the Pu4f2NA

explanation and show that the binding of lactate to the
PRODH domain induces PutAmembrane associations.
Similar toL-lactate K; = 1.4 mM),p-lactate K; = 2.1 mM)

is a competitive inhibitor of PRODH activity in PutA and
would also be anticipated to bind to the PRODH active site

complex and not accessible to the membrane. Likewise, and induce PutAmembrane bindingy.

membrane-bound PutA would constrain the DNA-binding

A distinguishing characterteristic of reduced PutA

domain of PutA and prohibit DNA recognition. On the other memprane binding is that the dissociation rate is beyond the
hand, the DNA-binding and membrane-binding domains of |gwer limits of the SPR analysis. Consequently, PatA

PutA may overlap. The DNA-binding site of PutA is located
in N-terminal residues 147 while the location of the
membrane-binding region is still unknowmd4.

To explore possible mechanisms of exclusive PUDNA
and PutA-membrane binding, we tested whether PutA
complexed with a 21-bp duplex oligonucleotide binding site
(5-TTTGCGGTTGCACCTTTCAAA-3) could associate
with the membrane. Gel mobility shift analysis in Figure 5
shows that PutA binds specifically to the 21-bp duplex DNA,
forming a low-mobility complex upon increasing the con-
centration of PutA in the binding reactions. The P4iANA
complex is estimated to haveky value of <200 nM in
HEPES-N buffer. To form the PutA-DNA complex, 10
nM PutA was incubated with 1.8M oliognucleotide DNA
for 15 min. On the basis of the upper limit for thg of the

membrane binding in the presence of proline appears to be
irreversible. Even under conditions anticipated to oxidize
membrane-bound PutA, dissociation of PutA from the
membrane was not observed. The data support Wood's
previous suggestion that PutAnembrane associations are
irreversible because under oxidizing conditions they did not
detect soluble PutA protein in equilibrium with membrane
vesicles harboring endogenous Putl,(16). Irreversible
PutA—membrane binding would explain how PutA remains
membrane-bound during catalysis, when it is presumably
cycling between redox states with high (reduced) and low
(oxidized) affinity for the membrane. However, since we
have no direct evidence of the FAD redox state during the
SPR experiments, it is possible that when PutA is im-
mobilized on the membrane surface, FAD is inaccessible and
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remains in the reduced state regardless of the oxidizing [PutA ,)* Ligand] *Membrane
environment.

The nature of PutA-membrane interactions appears to be
largely hydrophobic on the basis of the SPR experiments
with differently charged lipids. Upon FAD reduction,
proteir—-membrane binding is likely to be promoted by
interactions between hydrophobic region(s) of PutA and the
lipid bilayer. Indeed, a conformational change that increases
the overall hydrophobic nature of PutA has been proposed
to be a mechanism by which the affinity of PutA for the
membrane is enhanced upon reduction of FAB, (6, 21).
Surber and Maloy have also shown that proline dehydroge-
nase activity can be reconstituted with lipid vesicles contain-
ing ubiquinone and cytochrontgo, indicating that PutA-
membrane association involves primarily protelipid
interactions and is not dependent on other membrane proteins
(15). A potential membrane partner for PutA is the Na
proline transporter PutP. PutP has been extensively charac-
terized, and a method for reconstituting PutP into proteo- FIGURE 6: Thermodynamic model for how FAD reduction and
posomes has been developed by Jung -89, We {81 Pdng [eguate Pun Iueceluy locaten e bneler
have be'gun ex'pl'orlng j[he binding Qf prollne-reduced PutA energy cF))f PutA—DFI)\IA binding and midpoint potentiaE(n{values
to E. colipolar lipid vesicles reconstituted with PutP. So far are from ref20, which were determined in 70 mM Tris buffer
using SPR analysis, however, we have not detected any(pH 7.5) at 20°C.
relative increase in the binding of PutA to PutP proteolipo-
somes, which is consistent with proteilipid contacts being membrane-binding domains in the corresponding PutA
largely responsible for PutAmembrane associations (data DNA and PutA-membrane complexes. Alternatively, since
not shown). solution continuously flows over the lipid surface in the SPR

A useful parallel for our studies on PutA is pyruvate experiments, the PutAmembrane binding reaction is not
oxidase fronE. coliin which reduction of the FAD cofactor  fast enough to distrupt the PutADNA complex equilibrium
also enhances membrane associatidPgruvate oxidase in bulk solution.
catalyzes the thiamin pyrophosphate (TPP) dependent oxida- To test whether the DNA- and membrane-binding domains
tion of pyruvate to acetic acid and carbon dioxide and the of PutA overlap, we repeated the experiments using a single
subsequent reduction of ubiquinone in the cytoplasmic oligonucleotide binding site from th@ut control DNA
membrane40). Pyruvate or chemical reduction of the FAD region. Again, PutA immobilized on the lipid surface did
cofactor in the presence of TPP exposes a lipid-binding site not bind the DNA, signifying that membrane binding
in the C-terminal domain of the enzyme that enables pyruvate prevents access of the oligonucleotide to the DNA-binding
oxidase to associate with the membradg&—{45). Because =~ domain. However, reversing the order of binding events
lipid binding is dependent on TPP, it is thought that changes elicited the binding of the PutAoligonucleotide complex
in the FAD binding domain upon reduction are signaled to to the lipid surface (Figure 4B). These results suggest that
the C-terminal region of pyruvate oxidase via the TPP the DNA- and membrane-binding regions are sufficiently
binding site 45). Communication between the FAD domain separated so that the binding of a 21-bp oligonucleotide to
and the C-terminus is evident from spectroscopic studies, PutA does not interfere with membrane binding. We cannot
which show that the removal of the C-terminus decreasesexclude the possibility, however, that secondary PtDNA
the hydrophobic character of the FAD environme#6)( contacts occur immediately outside the 21-bp region which
Thus, similar to that proposed for PutA, changes in the FAD could interrupt PutA-membrane associations.
redox site result in an overall conformational change thatis Regulation of PutA Intracellular LocationUntil now,
conducive for membrane binding and converts a soluble quantitative data describing PutAnembrane binding have
flavoenzyme into a hydrophobic membrane-bound enzyme not been available to provide details concerning the distribu-
(42, 43, 45, 47). tion of PutA between the DNA and the membrane. On the

Membrane and DNA Binding Are Exclusi PutA must basis of the SPR kinetic analysis of Putfembrane binding
switch between a transcriptional repressor and a membraneand previous PutADNA-binding studies, a model for how
bound enzyme to upregulate proline utilization in bacteria; the intracellular location and function of PutA is regulated
thus, it seems unlikely that properly functioning PutA would by proline reduction of FAD is described in Figure 6. The
bind simultaneously to the DNA and the membrane. Even mechanism of PutA translocation from the cytoplasm to the
so, we explored this possibility. SPR analysis with the entire membrane in Figure 6 assumes that the PtDAIA complex
put control DNA illustrated that PutA exclusively interacts does not bind to the membrane, which is supported by our
with the DNA and the membrane. Changing the order of work and previous observation$7). When PutA is in the
the binding events had no effect as PutA complexed to eitheroxidized state (conformer 1), an equilibrium exists in the
the put control DNA or the membrane was unable to cytoplasm between PutA, DNA, and the PatBNA com-
recognize an additional macromolecule in the SPR experi- plex (Kpox ~ 45 nM) (20). Upon reduction of PutA-bound
ments (Figure 4). The exclusive macromolecular binding FAD (conformer 3), the equilibrium of PutA, DNA, and the
seems to be caused by inaccessibility of the DNA- or PutA—DNA complex Kprea~ 100 nM) still exists, but now

AG = -43 ~ 49 k)/mol

Cytoplasm

AG = -41 kJ/mol

PutA,\*DNA ==——= PutA,,, + DNA

E,=-86 m\’][le E,=-76 mV” Ze

PutA .4 *DNA 5=———= PutA ., + DNA
AG = -39 kJ/mol

Membrane

* AG < -63 kJ/mol

PutA, ., *Membrane
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uncomplexed reduced PutA will strongly associate with the
membrane Z0). The large energy difference-4 kJ/mol)
between PutA-membrane and PutADNA binding subse-
quently distrupts the PutADNA equilibrum in the cyto-
plasm. As a result, the PutADNA complex dissociates,
generating more reduced uncomplexed PutA that can bind
to the membrane. Since the PutBNA complex cannot
bind the membrane directly, PutA must first dissociate from
the PutA-DNA complex before binding to the membrane.
Therefore, the translocation of PutA to the membrane will
depend on the dissociation rate of the P4ANA complex.

The surprising results with nonreducing ligands such as
L-THFA and L-lactate evoke the question of what physi-
ological impact does ligand binding have on PutA macro-
molecular associations? The estimated energy differen8e (
kJ/mol) between PutAmembrane and PUtADNA binding
in the presence of ligands seems minor compared to that
generated by proline. The lack of a significant driving force
for PutA binding to the membrane relative to PaetBNA
binding predicts that nonreducing ligands are much less
influential in regulating PutA than proline. Furthermore,
PutA—membrane binding is reversible in the presence of
ligands, implying that the PutAmembrane associations are
in equilibrium with the PutA-DNA complex. Thus, nonre-
ducing ligands have only a limited effect on the intracellular
location and function of PutA.

From this study and previous work, it is clear that
reduction of FAD bound to the PRODH active site of PutA
elicits global conformational changes that direct PutA

membrane associations. Oxidized PutA is the nonmembrane-

binding form (conformer 1) while reduction of FAD gen-
erates the membrane-binding form (conformer 3). Ligand-
bound PutA which has a distinct conformation (conformer
2) is also capable of binding the membrane, but the
association is much weaker relative to PutA conformer 3.
X-ray crystallography of PutA669 and more recently PutA86
669 has revealed detailed structural information of PutA
conformer 2 and the PRODH active site complexed with
L-THFA, L-lactate, and acetatd). Important ionic bond
interactions are formed between the carboxylate group of
each ligand and Arg555, Arg556, and Lys32B)( Since
these ligands all generate the same conformation of PutA,
the carboxylate group is the minimal element required to
induce PutA conformation 2. Therefore, other molecules with
carboxylate groups that can bind to the PRODH active site
such as pyruvic acid(; = 3.3 mM) are predicted to generate
PutA conformer 29). The mechanism for how carboxylate
binding to the PRODH active site affects PutA conformation
is not known, but since residues Arg555 and Arg556 are
part of helixa8 of the fsas barrel in the PRODH domain,
helix 0.8 most likely is involved in transmitting signals out
of the FAD active site. Work is ongoing to discover the
molecular interactions that are critical for generating the
different conformers of PutA and how PutAnembrane
associations are controlled.
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