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ABSTRACT. The multifunctional PutA flavoprotein regulates proline utilizationBacherichia coliby
switching from a cytosolic DNA-binding protein to a membrane-bound enzyme with proline dehydrogenase
(PRODH) andA*-pyrroline-5-carboxylate dehydrogenase (P5CDH) activities. The transformation of PutA
from a transcriptional repressor of the proline utilizatipnt{ regulon to a peripheral membrane associated
enzyme is mediated by a proline-dependent conformational change. Previously, limited proteolysis of
PutA indicated that the conformational change involves a flexible domain of unknown function (residues
141-262) which is nearby the FAD-binding and PRODH active sites (residues@B3. Here, we
extend our understanding of the proline-dependent conformational change in PutA by investigating the
intrinsic Trp fluorescence spectroscopic properties of a truncated PutA protein which contains residues
86—601 (PutA86-601) and only four Trp residues. The addition of proline to wild-type PutAG®l
decreases Trp fluorescence by 36%, indicating a substantial conformational change. An apparent rate
constant of 0.59t 0.06 s was determined for the fluorescence change by stopped-flow fluorescence
measurements. The limiting rate constant for proline reduction of the FAD cofactor in PutA i 633

s1, demonstrating that FAD reduction precedes the conformational transition observed by Trp fluorescence.
The nonreducing ligand-tetrahydro-2-furoic acid mimics the decrease in Trp fluorescence induced by
proline, indicating that both FAD reduction and ligand binding contribute to the observed conformational
change in PutA86601. W194 and W211, which are located in the flexible domain, were replaced by
Phe in the PutA86601 mutants W194F, W211F, and W194F/W211F to determine which residue is
involved in the observed fluorescence change. Analysis of the PutB@6 mutants indicated that W211

is the primary molecular marker of the conformational change caused by proline. Altogether, this work
shows that the switching of PutA from a transcriptional repressor to a membrane-bound protein involves
W211 in a flexible domain near the PRODH active site and occurs on a time scale thadifold

slower than the turnover number of PutA.

The catabolism of proline to glutamate in Gram-negative domains in PutA. The dehydrogenation of proline to P5C in
bacteria such agscherichia coliand Salmonella typhimu-  the PRODH active site involves reductive and oxidative half-
rium depends on the multifunctional PutA (proline utilization reactions. In the reductive half-reaction two electrons from
A) flavoenzyme which has two catalytic functions. The proline are transferred to the FAD cofactor, while in the
enzymatic functions are performed by discrete proline oxidative half-reaction two electrons are transferred from
dehydrogenase (PRODHnd P5C dehydrogenase (P5CDH) reduced FAD to an acceptor in the electron transport chain.

Thus, PutA is peripherally membrane associated during
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Ficure 1: Modeling of the crystal structure of PutA8669
complexed withL-lactate (1TJ1). Residue numbers are shown to
indicate the different domains. The yellow domain {8810) is a
helical arm that wraps around th#o barrel. The blue domain
consists of residues 14262 and contains regions that are poorly
resolved. The dashed curve indicates the disordered residues (188
241) that are not observed in the structure including W194 and
W211. Limited proteolysis studies have also shown that the blue
domain contains highly flexible regions, namely, residues—215
235. Theplo barrel is shown in green/red (residues 2681) with
helix 8 labeled as8. Helices positioned after the barrel are shown
in purple. The FAD cofactor is highlighted in yellow, and also
shown are residues W438 (top) and W396 (bottom). This illustration
was drawn with UCSF Chimer&0Q).

sible for controlling expression of thgutA andputP genes
which are transcribed in opposite directior?s 4—7). The
putPgene product is the high-affinity Nigproline transporter
(8).

PutA from E. coli, the subject of this study, purifies
predominantly as a dimer with a molecular mass~@&93
kDa and one FAD molecule per suburi®).(The proposed
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the presence of proline, transcription of tpat genes is
activated by the movement of PutA to the cytoplasmic
membrane where it performs the oxidation of prolidé-

17). Proline appeatrs to have little influence on PuiANA-
binding affinity; however, proline significantly promotes
PutA—membrane associations4 16, 18—20). Recently, the
impact of ligand binding and FAD reduction on PutA
membrane associations was determined by kinetic measure-
ments of PutA binding to model lipid bilayers using surface
plasmon resonance2@. Nonreducing ligands such as
L-THFA were observed to stimulate PutAnembrane bind-
ing, but the membrane-binding affinity generated by proline
and FAD reduction was 300-fold greater, demonstrating
that FAD reduction drives PutAmembrane binding20).
Thus, the regulation of PutA intracellular location and
function is redox-based as first proposed by Wobs).(The
increase in PutAmembrane binding affinity coincides with

a proline-dependent conformational chant@ 21). Limited
proteolysis of PutA revealed that proline and FAD reduction
induce protease susceptibility near R234 which is in the
poorly structurally resolved region near the PRODH active
site 21). Nonreducing ligands such asTHFA also generate

a new protease site near S22@); Therefore, perturbations

in the PRODH domain such as ligand binding or FAD
reduction trigger conformational transitions in a nearby
flexible domain. However, similar to how FAD reduction
generates greater membrane-binding affinity relative to
nonreducing ligands, controlled potentiometric proteolysis
has demonstrated that FAD reduction is the chief determinant
of PutA conformational changegl).

The X-ray crystal structure of PutA8@69 and previous
proteolysis studies of full-length PutA indicate that the region
involving residues 188241 is flexible and is involved in
conformational transitions that are necessary for switching
PutA from a DNA-binding protein to a membrane-bound

organization of the functional domains in PutA is based on enzyme 10, 21). Here, we seek to exploit W194 and W211
primary sequence analysis, molecular dissection, and threedn this region and develop intrinsic Trp fluorescence as a
dimensional structures. The DNA-binding domain of PutA spectroscopic tool for investigating the redox regulation of
is located in N-terminal residues-#7 and most likely isa  PutA structure and function. Intrinsic Trp fluorescence is an
ribbon—helix—helix motif (9). X-ray crystal structures (2-0 extremely useful probe for reporting protein conformational
2.1 A) of a truncated PutA protein containing residues-86 dynamics as shown in the recent study of the tetracycline
669 (PutA86-669) bound with the competitive inhibitors repressor and the well-characterized dihydrofolate reductase
L-lactate K 1.4 mM), acetate {j = 30 mM), and from E. coli (22, 23). In this study, we use a truncated form
L-tetrahydro-2-furoic acid (THFA)K; = 0.2 mM) have of PutA containing residues 8601 (PutA86-601) which
provided a structural framework for the PRODH active site was designed to mimic the known structural region of PutA
(10, 11). Figure 1 shows a ribbon drawing of PutA8669 (88—610) and has been previously characteriz&t). (Wild-
complexed withL-lactate. The PRODH domain includes type PutA86-601 has comparable steady-state parameters
residues 263610 and is comprised of Bsag barrel with and FAD redox properties to PutA, purifies as a monomer,
the FAD bound at the carboxyl termini of tifestrands of and as anticipated lacks DNA-binding activig4}. PutA86-

the barrel. Also, residues 8840 form a threex-helix arm 601 was chosen for this study because it contains only four
that packs tightly against one side of the barrel, while residuesTrp residues: W396 and W438 in the PRODH domain and
141-262 form a domain of unknown function that includes W194 and W211 in the flexible domain. As shown in Figure
a three-helix bundle and a poorly resolved region, namely, 1, W396 is between3 andf4 of theSsog barrel while W438

residues 188241 (11). The P5CDH domain is predicted by
primary sequence analysis to include residues—68(B0

stacks against the adenine of the FAD cofactor in the
PRODH active site. W194 and W211, however, are located

while the location of the membrane-binding domain appearsin the flexible domain previously identified by limited

to involve residues at the C-terminal regiat?(13).

The regulation oputgenes is dependent on the availability
of proline and involves PutA intracellular compartmentaliza-
tion. In the absence of proline, PutA accumulates in the
cytoplasm and represses transcription of ploeA/P genes
by binding to theput control intergenic region 7, 14). In

proteolysis, suggesting that these residues are effectively
positioned to report on conformational changes in PutA.
Consistent with this model, the Trp fluorescence of wild-
type PutA86-601 decreases by 36% upon the addition of
the substrate proline. Stopped-flow kinetic measurements
show that the maximum rate for proline reduction of the FAD
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cofactor is >200-fold faster than the observed rate of 10% glycerol and 2 mM EDTA. Free FAD was then
decrease in Trp fluorescence, consistent with the PRODH completely removed from the protein preparations by ap-
active site mediating the proline-induced quenching of Trp plying the proteir-FAD mixtures onto a Bio-Gel P6 column
fluorescence. Replacement of W194 and W211 with Phe by (Bio-Rad) equilibrated with 50 mM potassium phosphate (pH
site-directed mutagenesis reveals that W211 is the main7.0) containing 10% glycerol and 1 mM EDTA. PutA
reporter of the proline-induced conformational change in proteins were concentrated using an Amicon ultrafiltration

PutA86-601. cell with 30 kDa molecular mass cutoff, frozen in liquid
nitrogen, and stored at70 °C. The C-terminal &His tag
MATERIALS AND METHODS was retained after purification of each protein. The purity

. . of each protein was estimated to be above 95% as judged
Materials.All chemicals and buffers were purchased from by SDS-PAGE analysis (data not shown).

Fisher Scientific and Sigma-Aldrich, Inc. Bicinchoninic acid
(BCA) reagents used for protein quantitation were obtained
from PierceE. colistrains XL-Blue and BL21(DE3) pLysS
were purchased from Novagen. The vector pET23b (Strat-
agene) was used for expression of full-length PutA and the
truncated PutA proteins as C-terminal ldis-tagged proteins
(24). Sequence-specific synthetic oligonucleotides for site-

directed mutagenesis were purchased from Integrated DNAand guantitating the amount of released FAD using the molar

Technolog!es. - ) extinction coefficient of 11.3 mMt cm™! at 445 nm for free
Preparation and Purification of Truncated Wild-Type PUtA  FAp (13). The reported molar extinction coefficients for
and Mutant Proteinsinitially in this work, the truncated  id-type PutA86-601 and the Trp mutants in Table 2 are
PutA protein used for the steady-state fluorescence measurene ayerage values from two independent determinations. The
ments and the site-directed mutagenesis studies was PUtA86 mo|ar ratio of FAD to wild-type PutA86601 and the mutant
6Q1_. Later,_ however, another truncated PutA protein con- polypeptides was assessed by comparing the total amount
taining residues 86630 (PutA86-630) was used for the o released FAD to the total amount of denatured polypeptide
stopped-flow kinetic studies, which was originally designed a5 described previousiyL9).
to facilitate crystallization studies. PutA8630 has 29 Steady-State Kinetic Measuremeritichaelis-Menten
additional C-terminal residues but still has only four Trp parameters, and Vi) for PRODH activity of wild-type
residues. Steady-state fluorescence measurements of PUtA86 p,1aA86-601 and mutants W194F, W211F, and W194F/
630 show that Trp fluorescence decreases in the presency211F were determined in 100 mM MOPS buffer (pH 8.0)
of proline by the same amount as that observed with 4; o50¢ py varying proline concentration. PRODH activity
PutA86-601. Thus, conclusions from the rapid reaction 45 measured using dichlorophenolindophenol (DCPIP) as
kinetics with PutA86-630 can be applied to the steady-state 5 terminal electron acceptor and phenazine methosulfate as
data described for PutA86501. a mediator (proline:DCPIP oxidoreductase assay) as previ-
PutA86-630 was prepared from the Puk85 construct  ously described1{@). One unit of PRODH activity is the
in pET23b 0). A BanHlI site was incorporated at amino acid  quantity of enzyme that transfers electrons fromnol of
codon 631 of theputAA85 gene.BanHI digestion then  proline to DCPIP per minute at 2&. Assays were initiated
removed the corresponding PutA amino acid codons631 by adding enzyme and were performed in triplicate. The
1320, resulting in PutA86630. The PutA86-630 construct kinetic parameterK,, and k.., were estimated by linear
in pET23b was confirmed by nucleic acid sequencing. The regression analysis of the initial reaction velocity vs proline
mutants W194F, W211F, and W194F/W211F were engi- concentration using the Michaefi#lenten equation and
neered in PutA86601 in pET23b using QuickChange site- |ineweaverBurk plot analysis 75).
directed mutagenesis and the following oligonucleotides:  Fluorescence and UVVisible Spectroscopic Measure-
W194F, 3-CAGCAACGGTAACTTTCAGTCACACAT- ments.Steady-state fluorescence studies were performed at
TGGTCGTAGC-3, and W211F, 5GTTAATGCCGCCAC- room temperature in a Perkin-Elmer LS 50B spectroscope
CTTTGGGCTGCTGTTTACTGGC-3and the correspond-  (Perkin-Elmer), fitted with a 450 W xenon arc lamp, using
ing complement for each oligonucleotide. All of the mutant 6 nm slits for both excitation and emissigh 1 cmexcitation
constructs were confirmed by nucleic acid sequencing.  and emission path length quartz cell was used for all of the
Full-length PutA and PutA86601 were purified as  fluorescence measurements. The intrinsic Trp fluorescence
described previously2(, 24). Truncated PutA86630 and of each protein was measured by recording the emission
mutant PutA86-601 proteins were overexpressed as C- spectra from 300 to 500 nm with a fixed excitation
terminal 6x His-tagged fusion proteins . colistrain BL21- wavelength of 295 nm and averaging three scans. For
(DE3) pLysS under the control of the T7 promoter as measuring FAD fluorescence, emission spectra were recorded
described previously except that expression was induced withfrom 480 to 580 nm with a fixed excitation wavelength of
IPTG at 25°C for 3 h @4). Purification of the proteins 450 nm. For each experiment, protein was diluted to a final
followed a protocol previously described for PutA8601 concentration of 1uM in 3 mL of 50 mM potassium
using N#" NTA affinity chromatography (Novagenp4). phosphate buffer (pH 7.5) with 10% glycerol. Fluorescence
After elution from the Nt NTA affinity column, fractions guenching experiments were performed by adding proline
containing PRODH activity were pooled, incubated with a or THFA to the protein solution at a final concentration of
10-fold molar excess of FAD, and then dialyzed overnight 5 mM, equilibrating for 5 min, and then recording the Trp
at 4°C in 50 mM potassium phosphate (pH 7.3) containing and FAD emission spectra. Spectra were corrected for

The concentration of each PutA protein was determined
by the BCA method and spectrophotometrically using the
estimated molar extinction coefficients of the main FAD
absorption band near 450 nm for wild-type PutA8®1 and
each Trp mutant (see Table 2). The molar extinction
coefficients were estimated as previously described by
precipitating each protein with 5% trichloroacetic acid (TCA)
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dilution after each experiment. UWisible titrations of of substrate. The reported concentrations of enzyme and
PutA86-601 with proline were performed as describad)( substrate in the stopped-flow experiments are after mixing.
The titration data were analyzed as previously described The dependence of the rate of FAD reduction and Trp
assuming the formation of a reduced PutRA5C complex fluorescence quenching on proline concentration was deter-

(eq 1) @4, 19). mined by varying proline concentration from 0 to 700 mM.
. Observed rate constants were obtained by fitting the data
PutA,, + proline< PutA.;—P5C (1) with either a single-exponential or a double-exponential

equation using nonlinear least-squares regression and Spec-

The effect of pH on the fluorescence properties of wild-  trakinetics software. The average of 10 individual reaction
type PutA86-601 and its mutants W194F, W211F, and transients was used for the data analysis in each experiment.
W194F/W211F was determined at room temperature from The apparenkma, andKgq for proline reduction of the FAD
pH 5.8 to pH 9.5 using a mixed buffer system in place of cofactor were determined by fitting the data to eq 5, where
the potassium phosphate buffer and consisted of 20 mM eachy . and knax are the observed and maximum apparent rate
of MES, HEPES, TAPS, and PIPES. As before, each protein constants, respectivelyis the concentration of proline, and
was diluted to a final concentration of AM in 3 mL of Kq is the dissociation constant of the enzynseibstrate
mixed buffer equilibrated at different pH values. The pH of complex (eq 5).
each sample was measured before and after the experiment,
and the average pH value was reported. The pH dependence Kops = KnaX/(Kg + X) (5)
of the fluorescence for oxidized wild-type PutA8601 and
the mutant W194F was fit to eqs 2 and 3, respectively, where RESULTS
Flonsis the observed relative fluorescence intensity ARd

is the change in fluorescence intensity. Equation 2 describes  pygjine-Induced Changes in Trp Fluoresceniceprevious
a single ionization with a limit at low pH (i), and eq 3 stydies, full-length PutA was shown by limited proteolysis
describes two ionizations with limits at low pH (fl) and {9 undergo distinct ligand- and redox-dependent conforma-
an intermediate plateau region (k). tional changes21). Both reduction of the flavin and ligand
. . binding cause increased proteolytic susceptibility in a region
_ H—pKa H—pKa ; o :
Flobs= Fliim + [(AFI x 1077 P9)/(1+ 10°7P9)] (2) toward the N-terminus containing residues 2P85. Non-
H - reducing ligands such asTHFA also increase protease
Flops= (Fljmg x 10 4+ 107"l )/ susceptibility in the C-terminal region around residues 3080
(100H + 10—pKa1) + [(10_pKaZAFI)/(1OOH + 1O_pKaz)] A3) 1100. To further explore the FAD-d_ependent cqnformational
changes near the PRODH domain, we studied the small
Stern-Volmer fluorescence quenching experiments were construct PutA86:601 by fluorescence spectroscopy. Be-
performed by adding 0.630.2 M acrylamide to 1uM cause PutA86601 contains only four Trp residues compared
oxidized or proline-reduced wild-type PutA8601 and to full-length PutA, which contains 13 Trp residues, the
mutants W194F, W211F, and W194F/W211F in 50 mM KP intrinsic Trp fluorescence signal should disclose information
buffer and 10% glycerol, pH 7.5. The Trp fluorescence was about conformational changes in PutA8&1. To test
measured as described above. The Stdfwimer equation ~ Whether proline induces intrinsic fluorescence changes, Trp
(eq 4) was used to analyze the quenching of the Trp fluorescence was recorded before and after the addition of
fluorescence in whicko andF are the fluorescence intensi- ~ proline (5 mM) to PutA86-601, which at 5 mM fully
ties in the absence and presence of the quencher, [Q] is theeduces the FAD cofactor. As shown in Figure 2 (panel A),
concentration of the quencher, acrylamide, dqgdis the proline quenched the intrinsic Trp fluorescence in PutA86

Stern-Volmer quenching constant (eq 4). 601 by~36% at pH 7.5. The emission maximuikkay of
the Trp fluorescence signal, however, did not change,
Fo/F =1+ K [Q] 4 indicating that the average microenvironment of the Trp

residues remained relatively constant upon the addition of

Rapid Reaction KineticsStopped-flow multiple wave-  proline (see Table 1). As anticipated, the fluorescence signal
length absorption studies were performed on an Applied at 525 nm (excitation wavelength at 450 nm) from the FAD
Photophysics spectrophotometer (SX.MV18) equipped with cofactor in PutA86-601 is also quenched by proline,
a photodiode array detector and X-SCAN software (Applied indicating binding of proline to the active site and reduction
Photophysics Ltd.). The temperature of the mixing chamber of FAD (data not shown). Equilibrium constants of 4.2 and
was maintained at 25- 1 °C and was controlled by a 5.1 mM proline were estimated for the quenching of Trp
circulating water bath. The absorption spectra of the mixed and FAD fluorescence in PutA8®01 by titrating the
solution were scanned in the range of 300 nm. In single enzyme with proline (Figure 3). Also shown in Figure 3 is
wavelength studies, proline reduction of FAD was followed a proline titration of the FAD cofactor in PutA8601
by monitoring the decrease in absorbance at 451 nm.followed by UV-visible spectroscopy. Reduction of the
Stopped-flow measurements of Trp fluorescence emissionFAD cofactor as observed by the decrease in absorbance at
at >320 nm were monitored using an excitation wavelength 451 nm is characterized by an equilibrium constant of 4.3
of 295 nm and a cutoff filter to block fluorescence signals mM~! proline which matches that determined for Trp
<320 nm. In the stopped-flow experiments, full-length PutA, fluorescence quenching (Figure 3). Therefore, the observed
PutA86-630, and substrate solutions were equilibrated in Trp fluorescence quenching in PutA8601 by proline must
50 mM phosphate buffer, pH 7.5. The stopped-flow reactions be due to a conformational change mechanism involving the
were initiated by mixing the enzyme with an equal volume FAD-binding site. In addition, adding proline to PutA86
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Ficure 2: Fluorescence emission spectra of wild-type PutA861 (panel A) and mutants W194F (panel B), W211F (panel C), and
W194F/W211F (panel D). These emission spectra were each recordedMtcbncentration in the absence (solid line) and presence
(broken line) of 5 mM proline in 50 mM potassium phosphate buffer (pH 7.5) ukipgs 295 nm. Insets: Fluorescence pH profiles of
wild-type PutA86-601 and mutants W194F, W211F, and W194F/W211F in the absence (solid circles) and presence (open circles) of
proline. The fluorescence emission intensity (FI) of each PutA8®BL protein (1uM) was measured at 340 nm usingi = 295 nm in a

mixed buffer system containing 20 mM each of MES, PIPES, TAPS, and HEPES from pH 5.8 to pH 9.8Catf28 wild-type PutA86-

601 and mutant W194F the data from the plot of FI vs pH were fit to egs 2 and 3, respectively, to yi€ldvalye of 8.5+ 0.4 for
wild-type PutA86-601 and [, values of 6.0+ 0.6 and 9.0+ 0.3 for W194F.

Table 1: Fluorescence Properties of Wild-Type PutA861 and tively. Proline reduction of FAD under rapid reaction
Trp Mutants conditions was first characterized for full-length PutA. Figure

i _ 4 shows the photodiode array scans from 300 to 700 nm of
€MmISSION  op decrease  ratio of L .
relative  Wavelength i To" Trpto FAD FAD reduction in PutA by 100 mM proline. These are the
fluorescence Max @ema)  fluorescence fluorescence first stopped-flow kinetic traces reported for PutA and show

intensity nm (AF340nm) decrease that no semiquinone intermediate is formed during proline
enzyme (RFI) —Pro +Pro withPro  AFzs/AFsps reduction of PutA, consistent with a hydride transfer mech-
wild type 100 338 337 36 19.2 anism (@0). An averaged observed rate constant of £.6
W194F 69 337.5 337.5 45 17.6 3.1 s from 10 reaction transients was determined for proline
wgig 143? ;’??8255 g’gg 1270 5_'53 (100. m.M) reduction of 'the FAD cofactor in PutA by
W211F monitoring the decrease in absorbance at 451 nm (Figure 4,

inset). Next, proline reduction of FAD in the truncated
601 apoprotein induces5% decrease in Trp fluorescence construct PutA86:630 was characterized in order to compare

relative to the holoprotein, demonstrating that the FAD rates of FAD reduction with rates of Trp fluorescence

cofactor is necessary for the conformational change observedchanges. For these rapid reaction kinetic studies PutA86
by Trp fluorescence. 630 was used instead of PutA8601. Multiple wavelength

To determine whether substrate binding induces fluores- Scans of PutA86630 upon mixing with proline showed a
cence quenching, PutA8&01 was titrated with.-THFA, profile of FAD.reductlorj S|.mllgr to thqt op§erved for fuII-.
a nonreducing proline analogue. Figure 3 showsuHEtFA length PutA (Flgure 4), |nd|cat|ng no S|gn|f|ca}nt changes in
binding to PutA86-601 also quenches Trp fluorescence with the mechanism of FAD reduction by proline (data not
an equilibrium constant of 5.0 mM. The decrease in Trp shown). The observed rate constant for FAD reduction
fluorescence elicited by-THFA is approximately 35% and ~ (AAusinn) in PutA86-630 by proline (100 mM) was esti-
shows that both ligand binding and proline reduction of the mated to be 57.6& 4.8 s'* (Figure 5A), which is about 7-fold
FAD cofactor contribute to the observed proline-induced higher than PutA at the same proline concentration. The
changes in Trp fluorescence, consistent with earlier limited faster rate constant for FAD reduction observed with
proteolysis studies of full-length PutA which showed that PutA86-630 is consistent with the higher steady-state
L-THFA binding and FAD reduction increase proteolytic turnover number for PutA86630 (25 s?) relative to PutA
susceptibility in the same domaigl). (7.5 s (13). The rate of FAD reduction in PutA8630

Stopped-Flow KineticsTo further characterize the ob- was also investigated under different proline concentrations
served Trp fluorescence change in the presence of proline,as shown in Figure 6. The rate of FAD reduction displays a
rapid reaction kinetics coupled with UWisible and fluo- hyperbolic dependence on proline concentration (Figure 6).
rescence spectroscopy were performed to assess the rates #rom the fit analysis a limiting rate constant for FAD
flavin reduction and Trp fluorescence quenching, respec- reduction in PutA86-630 was estimated to be 132t55.9
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Ficure 3: Proline and.-THFA titrations of wild-type PutA86-
601 monitored by fluorescence and BVisible spectroscopy. The
effect of proline @) andL-THFA (@) on Trp fluorescenceif, =

295 nm,Aem = 340 nm) and prolineA) on FAD fluorescencett

= 450 nm Aem= 525 nm) was analyzed by plotting the normalized
change in fluorescence intensityFlo,d AFliy) VS log concentration
(mM) of proline orL-THFA. Fluorescence emission was recorded
at 340 nm fex = 295 nm) for wild-type Put86601 (1u«M) during
titrations with proline (6-600 mM) and.-THFA (0—600 mM) in

50 mM potassium phosphate buffer with 10% glycerol (pH 7.5) at
23 °C. The protein solution was allowed to equilibrate for 5 min
after each proline or-THFA addition prior to recording the
fluorescence intensity. Reduction of the FAD cofactor by proline
in PutA86-601 (12.9uM) was monitored by recording the UV
visible spectrum of PutA86601 after each addition of proline and
measuring the decrease in absorbance at 451 nm. The normalize
fraction of the oxidized FAD cofactor remaining & (AAbSy,d
AAbs)] after each addition of prolindl) is plotted vs log proline
concentration (mM). Best-fit analysis of the proline titration data
was performed assuming the formation of a reduced PRBC
complex while the_.-THFA titration data were fit to a single-site
binding isotherm. Equilibrium constants estimated from the best
fits are 4.2 and 5.1 mM proline for the changes in Trp and FAD
fluorescence, respectively, 4.3 m¥proline for the reduction of
the FAD cofactor monitored at 451 nm, and 5.0 mM-THFA

for the changes in Trp fluorescence inducedibyHFA.

3

Normalized changes in fluorescence intensity
(e, A, A) and fraction of oxidized FAD (M)

s 1 with a dissociation constankg) of 114.64 17.3 mM
proline. These results show that FAD reduction is not rate
limiting during steady-state turnover.

Next, the rate of the Trp fluorescence quenching was
determined for PutA86630. No decrease in Trp fluores-
cence was observed upon mixing PutA830 with buffer
alone (Figure 5B, curve 1). Figure 5B (curve 2) shows the
trace of fluorescence changes=a820 nm AF- 3200 for
PutA86-630 with 100 mM proline. An apparent rate
constant of 0.59+ 0.06 s?! for the decrease in Trp
fluorescence was determined from the fit analysis. The
observed rate constant for Trp quenching is nearly 100-fold
slower relative to FAD reduction at 100 mM proline,
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Ficure 4: Rapid reaction kinetics of PutA with proline in 50 mM
potassium phosphate buffer, pH 7.5, at°5 PutA (10uM) and
proline (100 mM) were rapidly mixed and monitored by stopped-
flow multiwavelength absorption using a photodiode array detector
and X-scan software (Applied Photophysics Ltd.). The first
spectrum was recorded at 1.3 ms after the initial mixing event, and
the subsequent reaction was monitored for 25 s. For clarity, only
selected spectra are shown. Curvesl4: 0.0013, 0.0525, 0.104,
0.155, 0.257, 0.308, 0.411, 0.557, 0.751, 1.010, 2.370, 4.190, 5.510,
and 12.68 s. Inset: Typical stopped-flow kinetic trace of the change
in absorbance at 451 nm upon rapidly mixing PutA (@) with
proline (100 mM) in 50 mM potassium phosphate buffer at pH
7.5. The solid line is the best fit of the experimental data to a double-
exponential model. The rate constants obtained from the fitting are
kobs1= 9.8 4 0.2 s71 (87% amplitude) an#t,ps;= 1.05+ 0.04 st
(513% amplitude).

700

conformational change, W194 and W211 in PutA&®1
were replaced by Phe residues in the mutants W194F,
W211F, and the double mutant W194F/W211F. W194 and
W211 were chosen because these residues are in the region
of PutA (residues 188241) where increased protease
susceptibility was detected in the presence of proline.
Furthermore, the other two Trp residues, W396 and W438,
are located in the PRODH domain, and W438 is clearly
involved in FAD binding (see Figure 1). The UWisible
spectra and kinetic properties of wild-type PutAg&®1 and

the PutA86-601 mutants W194F, W211F, and W194F/
W211F are shown in Figure 7 and summarized in Table 2.
No significant changes in the UWisible spectra of the
PutA86-601 mutants W194F, W211F, and W194F/W211F
were observed relative to wild-type PutA8601 except for
relatively higher molar extinction coefficients at 375 and 449
nm in the mutant W194F/W211F. The molar extinction
coefficients of the main FAD absorbance band for the
PutA86-601 proteins ranged from 12.9 to 15.0 mim™*
(Table 2). All of the mutants generally exhibited lower FAD
incorporation (around 0:50.6 mol/mol of polypeptide)
relative to that of wild-type PutA86601 (0.8 mol of FAD/

indicating that FAD reduction precedes the observed decreascmo| of po|ypept|de) The Steady-state kinetic parameters for

in Trp fluorescence. Furthermore, Figure 6 shows that the
rate of Trp fluorescence quenching in PutA8&0 is
independent of proline concentration from 2.5 to 700 mM

wild-type PutA86-601 and the mutant proteins are also
summarized in Table 2. Each of the Trp mutants h&s,a
value comparable to that of wild-type PutA8601; however,

proline, which demonstrates that the observed fluorescencethe k., values are lower, especially for the PutA8601

change in PutA86630 is a much slower process relative to
FAD reduction and that FAD reduction is not rate-limiting
in the conformational change. The amplitude of the fluores-

mutant W194F/W211F, which haska, value that is about
40-fold lower than wild-type PutA86601. From these data,
it appears that the W211F mutation has the largest impact

cence change was also constant over this range of prolinegn k.,

concentration.

Spectroscopic and Steady-State Kinetic Properties of
PutA86-601 Trp MutantsTo determine which Trp residues

The intrinsic Trp fluorescence spectra of the PutA86
601 mutants W194F, W211F, and W194F/W211 are shown
in Figure 2 (panels BD) and summarized in Table 1. The

are involved in the observed fluoresence decrease andemission spectra of the oxidized wild-type PutAg8®1 and
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Ficure 5: Rapid reaction kinetics of proline-dependent reduction of FAD and Trp fluorescence changes in-fagB88anel A: Stopped-

flow kinetic trace of the change in absorbance at 451 nm upon rapidly mixing Put3®® (10uM) with proline (100 mM) in 50 mM
potassium phosphate buffer, pH 7.5, at°®5 The solid line is a best fit of the experimental data to a double-exponential model. The rate
constants obtained from the fitting akgs; = 53.8+ 6.1 s (88% amplitude) andtyps,= 4.8+ 2.4 s1 (12% amplitude). The distribution

of the residuals from the fit is shown below. Panel B: (Curve 1) Stopped-flow kinetic trace of Trp fluorescence erorm following

the rapid mixing of PutA86630 (10uM) with 50 mM potassium phosphate buffer (pH 7.5) alone. (Curve 2) Stopped-flow kinetic trace
of the changes in Trp fluorescenee320 nm upon mixing PutA86630 (10uM) with proline (100 mM) in 50 mM potassium phosphate
buffer, pH 7.5, at 25C. The experimental data were fit to a single-exponential decay modekyitir 0.59+ 0.06 sL. The distribution

of the residuals from the fit is shown below.
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FiIGURE 6: Dependence of the observed rate constag) for FAD Wavelength (nm)
reduction @) and changes in Trp fluorescend®@)(of PutA86- Ficure 7: UV—uvisible spectra of wild-type PutA86601 and Trp

630 on proline concentration. Put8630 (10uM) was mixed with mutant proteins. The U¥visible spectra of wild-type PutA86
varying concentrations of proline{¢00 mM) in 50 mM potassium 601 (—), W194F ¢ - +), W211F (- - -), and W194F/W211F (- -)
phosphate buffer (pH 7.5) at 2&, and the changes in UWisible were each recorded at a concentration of /4@ in 50 mM
absorbance and fluorescence emission were monitored at 451 nnpotassium phosphate buffer, pH 7.5, at°Z3

and >320 nm, respectively. The rate constants at the different

proline concentrations were determined from theoretical double- 1 1< 5. Spectroscopic and Kinetic Properties of Wild-Type
exponential fits of the decrease in absorbance at 451 nm and single ;1as6-601 and Trp Mutant Enzymes

exponential fits of the change in Trp fluorescen®). The average

rate constant from 10 kinetic traces for the decrease in absorbance €1
at 451 nmkqpss plotted vs proline concentration. The data are fit Amax(NM) (MM~tem™) Keat KealKin
to eq 5 to yield a limiting rate constant of 1336 s™* for proline enzyme 1 2 1 2 (mM) ) (sTMY

reduction of FAD and a dissociation constaiig)(of 114.6+ 17.3

mM proline. ©) The average rate constant from 10 kinetic traces W"\‘;v?’gf:; 3377% ‘115510 11%% 11%% 55%2 igi 8'2 i;‘g
for the decrease in Trp fluorescence plotted vs proline concentration. W211F 377 449 119 134 589 4402 68
W194F/ 375 449 12.8 150 324 0.5+0.02 16

W211F

mutant enzymes shown in Figure 2 exhibit broad fluores- _ : . _ _
cence emission maximagma,) ranging from 337.5 to 342.5 & Parameters were estimated by best-fit analysis to the Michaelis
nm. A 4.5 nm red shift illgmaxWas observed in the mutant Menten equatior? Values from ref21

W211F relative to wild-type PutA86601, indicating that

W211 may have a slightly more hydrophobic microenvi- diminished by 31% and 87%, respectively, relative to wild-
ronment than the average environment of all the Trp residues.type PutA86-601 (Figure 2). The nearly abolished Trp
The fluorescence intensity of the PutA8601 mutants  fluorescence of the PutA8&01 mutant W194F/W211F
W194F, W211F, and W194F/W211F relative to wild-type demonstrates that W396 and W438 contribute weakly to the
PutA86-601 clearly shows a disproportionate contribution overall relative intrinsic Trp fluorescence and that fluores-
to the intrinsic Trp fluorescence by W211. The decrease in cence from these Trp residues is significantly quenched by
relative fluorescence intensity by the W211F substitution interactions in the protein such as W438 with the adenine
indicates that W211 contributes50% of the total fluores- ~ moiety of the FAD cofactor.

cence signal. The mutants W194F and W194F/W211F were Proline-induced fluorescence quenching of the PutA86
characterized by relative fluorescence intensities that are601 Trp mutants was then characterized by steady-state
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fluorescence measurements in the presence of 5 mM proline DISCUSSION
at which concentration proline fully reduces the FAD
cofactor in each of the mutant proteins. Figure 2 shows that, Proline availability governs whether PutA functions as a
in the mutants W194F, W211F, and W194F/W211F, proline DNA-binding protein or a membrane-bound enzyme. The
induces relative decreases in fluorescence intensity of 45%,mechanism by which proline promotes Putfembrane
20%, and 17%, respectively. Because the mutant proteinsbinding is redox-based, involving a global conformational
vary somewhat in FAD incorporation, we also evaluated the change in the enzymel§, 20, 21). To further characterize
ratio of the decrease in Trp fluorescence to FAD fluorescence conformational transitions in PutA and to develop a spec-
(AF340AFs35) to compare the impact of each Trp mutation troscopic tool for analyzing how changes in the PRODH
on proline-dependent fluorescence changes. As summarizedictive site are transmitted out of the FAD-binding domain,
in Table 1, the ratios aA\Fz40/ AFs,s for wild-type PutA86- we explored the intrinsic Trp fluorescence properties of PutA.
601 and W194F are similar with values of 19.2 and 17.6, Intrinsic fluorescence studies with the full-length PutA
respectively. However, theAFs;,/AFsys values for the polypeptide (144 kDa) are not feasible due to the presence
mutants W211F and W194F/W211F are 2-fold lower. Thus, of 13 Trp residues and proline inducing only about a 10%
W211 appears to be mainly responsible for the observeddecrease in Trp fluorescence (data not shown). From previous
fluorescence quenching and therefore is the primary markerlimited proteolysis studies, however, it is evident that critical
of the FAD-dependent conformational change in PutA86 regions involved in the proline-dependent conformational
601. change include the PRODH active site (residues-Z&10)
Although proline induces a substantial decrease in fluo- and a nearby flexible domain (14262) of unknown
rescence intensity, no shift itkmax Was observed for wild-  function @1). Accordingly, a truncated PutA protein that
type PutA86-601, W194F, W211F, and W194F/W211F contains both domains (i.e., PutA8601 or PutA86-630)
upon the addition of proline, indicating that the overall and only four Trp residues was used instead of full-length
microenvironments of the Trp residues do not change (seePutA to examine proline-dependent conformational changes
Table 1). To test whether any changes in solvent accessibility by intrinsic Trp fluorescence. Proline elicited a 36% decrease
accompany proline reduction of FAD, we measured the in the Trp fluorescence of PutA8&01, indicating a
quenching of Trp fluorescence by acrylamide in wild-type substantial conformational change. The nonreducing ligand
PutA86-601 and mutants W194F and W211B6). The | -THFA also caused a similar decrease in Trp fluorescence,
Stern-Volmer constantsKs,) for acrylamide quenching of  confirming that the PutA conformation is sensitive to both
Trp fluorescence were fairly high for the oxidized enzymes, |igand binding and FAD reduction in the PRODH active site.
;a?gi?/ﬂrow;i?é Mv\tit(hWi(l)dr;;[ yi?i)’r?t'iig:é\/vllgﬁﬁl’ aiﬂd Site-directed mutagenesis was used to identify the main
’ ( ) y Shg gest( ) reporter group of the fluorescence changes in PutA&BL.

Ksv values observed in the presence of proline (data not

shown). Thus, significant changes in solvent accessibility do Thg \)/(\;Ar%écrystal s:rufctt#re oft_PutA_S(BGtS)) ShOIW S;.TatWV\féZG

not account for the observed proline quenching of Trp an are part ortne active sfiens arret while :

fluorescence. and W211 are located in a region that is not resolved in the
structure {1). Because W194 and W211 are located in a

Effect of pH on Trp Fluorescenc&he observation that . . oo
the proline-induced decrease in fluorescence intensity of flexible domain, we chose to make Phe substitutions at these

: itions. Steady-state fluorescence measurements of the
wild-type PutA86-601, W194F, and W211F was not due POS! :
to solvent accessibility changes or alterations in the polarity PUA86-601 mutants W194F and W211F revealed important

of the microenvironment suggests that Trp fluorescence is Insights into the Trp fluorescence properties and structural

quenched by another mechanism perhaps involving a side-fransitions of PutA86:601. First, in the absence of proline,

chain group of a nearby residue. In an attempt to identify it is apparent that together W194 a_md W211 contribute over
pH-sensitive quenching groups, we measured Trp fluores-80% Of the total Trp fluorescence in PutA8601. Clearly,
cence of oxidized and proline-reduced wild-type PutA86 the intrinsic fluorescence of W396 and W438 is substantially
601, W194F, W211F, and W194F/W211F as a function of duenched. The fluorescence of W438, for example, is most
pH ranging from 5.8 to 9.5. The insets to Figure 2 show the likely degrea_sed by interactions with the adenine moiety of
pH dependence of the Trp fluorescence intensity for each FAD, which in the X-ray crystal structure of PutA8669
protein in the absence and presence of proline. In the oxidizediS stacked upon the indole ring of W438 withi8.9 A (11).
state, the fluorescence intensity of wild-type PutA®1 A potentially strong quenching group of W396, however, is
and W194F generally increases at the higher pH values bynot readily apparent. Considering that W194 and W211 are
10-20% while the intrinsic fluorescence of W211F and responsible for most of the Trp fluorescence in PutA86
W194F/W211F is basically pH independent. The pH- 601, it seemed plausible that the conformational change
dependent increase in the intrinsic fluorescence of oxidized observed by intrinsic fluorescence changes is reported by
wild-type PutA86-601 and the mutant W194F is described these residues. After examining the proline-dependent fluo-
by pK, values of 8.5+ 0.4 and 9.0+ 0.3, respectively. In rescence changes of the mutants W194F and W211F, W211
the presence of proline, all of the proteins exhibit pH- was determined to be the primary reporting group. The
independent Trp fluorescence. The weak pH profile of W194F mutant has properties similar to wild-type PutA86
PutA86-601 fluorescence indicates that the quenching 601 with a comparativeFz.AFs;s ratio of ~18 while the
mechanism does not involve a clear pH-dependent compo-W211F mutant displays a significantly diminished proline-
nent. However, the different pH profiles of Trp fluorescence dependent fluorescence change withRg./ AFsys ratio of

for the oxidized mutants W194F and W211F do ascribe the ~9. Thus, W211 is highly sensitive to proline binding and
slight pH sensitivity of PutA86-601 fluorescence to W211.  FAD reduction in the PRODH active site.
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Apparently, changes in the microenvironment polarity and helix appears to bridge the PRODH and flexible domains,
solvent accessibility of W211 do not accompany the con- thus potentially mediating ligand binding and conformational
formational transition since negligible changes in the fluo- changes in PutA (see Figure 1). A residue that is well
rescence emission wavelength or Stevfolmer constants  positioned to sense changes in the FAD redox state is R431
were observed in the presence of proline. Instead, thewith the NH1 atom 2.9 A from the N(5) position of the FAD
observed decrease in Trp fluorescence in the presence o{10). The impact of these residues on the kinetics of PutA
proline may involve a quenching group from a nearby residue conformational changes and membrane binding will be the

or a backbone amide. Studies have implicated amide groupsfocus of future studies.

as effective quenchers of Trp fluorescence via an electron

transfer mechanism with the amide serving as the acceptorACKNOWLEDGMENT

(27—29). In this case, local electric field effects can have a
significant impact on whether an amide group will be an
effective quencher28, 29). The presence of differently
charged groups near the indole ring of Trp and the amide
group strongly influences the charge transfer mechar2§n (
Thus, the quenching of Trp fluorescence observed in the
presence of proline could be due to a closer positioning of
W211 with an amide acceptor group or a change in the local
electric field that enhances charge transfer.

The apparent rate constaki) determined for the proline-
dependent conformational change is about 10-fold slower
than the turnover number for PRODH activity in PutA,
indicating that the conformational change is not part of the
catalytic cycle. Instead, it is part of a regulatory pathway
that directs the association of PutA with the membrane.
Scheme 1 illustrates that in proline:DCPIP oxidoreductase
assays reoxidation of the reduced FAD cofactor occurs during
steady-state turnover (7.5%% before the slower conforma-
tional change (0.5978; E-FAD,eP — E*—FAD,) can
occur. Proline-reduced PutA reacts sluggishly with &ig (
~ 120 min), and presumably ubiquinone is the physiological
electron acceptor for PutAlf). Consequently, PutA is
expected to remain in the proline-reduced state on a longer
time scale in vivo, allowing for the slower structural
transformation of PutA into the membrane-binding conformer
(E*—FADeP). Once membrane-bound, PutA completes the
catalytic cycle by transferring electrons from the reduced
FAD cofactor to the electron transport chain systentof
coli. Thus, the conformational change is not only required
for directing PutA to the membrane for transcriptional
activation of theput genes but is also necessary to complete
the oxidative half-reaction of the initial catalytic event. Once
PutA is peripherally bound to the membrane, the conforma-

tional change is no longer necessary as most likely PutA

remains membrane associated during subsequent turnovers.
Therefore, the conformational change is only required for
mediating the initial proline-dependent translocation of PutA.
Future work will exploit the intrinsic fluorescence proper-
ties of PutA86-630 to determine how the PRODH active
site transmits signals to the nearby flexible domain, specif-
ically W211. Analysis of PutA669 and PutA8&69 struc-
tures complexed with nonreducing ligands has provided some
insights. For example, R556 which makes critical ion pair

interactions with the carboxylate group of the substrate is 13

located on thex8 helix of thefsag barrel (L0, 11). The a8

12.
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