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Proline metabolism is known to be involved in mam@jlular processes such as
cell signaling, cellular redox balance, and cetvawal. One of the enzymes involved in
proline catabolism, proline utilization A, playg@e in oxidizing proline to glutamate in
a two-step oxidation pathway involving enzymes ipldehydrogenase (PRODH) and
A'-pyrroline-5-carboxylate dehydrogenase (P5CDH).

Intermediate P5C/GSA has been shown to use ammategular channel to move
from the PRODH active site to the P5CDH active sita phenomenon called substrate
channeling. In this work, one of the main objeesiwas to learn more about the channel
usage. Chapter 2 demonstrates that making musatitong the channel can impede
passage of intermediate, and helps describe howaeé&&sses the PSCDH domain.

A second objective was to gain understanding of #teicture-function
relationship of the DNA-binding domain of trifunatial PutAs. Chapter 3 discusses how
a chimera enzyme was created by attaching the DiNAig domain of a trifunctional
PutA to a bifunctional PutA in order to make anifiitll trifunctional PutA. These
results help to better understand how the DNA-igdiomain orientation is important
and provide clues that more residues from the DiNAHhg domain may be necessary

for DNA-bindingin vivo.



Chapter 4 explores a new ubiquinone analog, andiges kinetic evidence
suggesting it is a substrate for the PRODH domaiAdditionally Geobacter
sulfurreducens was kinetically characterized and was shown totsateschannel.

Collectively, this dissertation aims to provideuather understanding of usage of
the substrate channel in proline oxidation and gimsiinto the structure-function

relationship of trifunctional PutAs and functiorsatitching.
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CHAPTER 1

Introduction: Substrate Channeling in Prol
Metabolism
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Note: Much of this chapter has been publishedrasiaw article: “Substrate channeli
in proline metabolism.” Arentson BW, Sanyal N, BecPF.Front Biosci. 2012 Jan
1;17:37588. Frontiers in Bioscience granted permissioruf® in dissertatio



INTRODUCTION

It is well known that proline metabolism has imianit roles in carbon and
nitrogen flux and protein synthesis. Proline melsbohas also emerged as a relevant
pathway in other processes such as cell signateltylar redox balance, and apoptosis
(1-3). Proline homeostasis is important in human diseahere inborn errors in proline
metabolism are thought to lead to neurological aysfions such as schizophrenia and
febrile seizures, as well as errors in systemic amendetoxification and developmental
disorders such as skin hyperelastic#y7j. Recently it was shown that mutations
disrupting proline biosynthesis are linked with geooid features and osteopenia that are
part of the autosomal recessive cutis laxa syndri@mnén bacteria and plants, proline
metabolism is responsive to various environmertakses such as drought, osmotic
pressure, or ultraviolent irradiation leading tolpre accumulation as a survival
mechanismd-11). Overall proline has become a very important inalite that is
thought to be involved in many cellular processes.

Fundamental to understanding the roles of prahegabolism in various
processes is knowledge of the relevant enzymesnaatianisms used to maintain proper
proline homeostasis. In this chapter, the uniqupeet of substrate channeling in proline
metabolism will be explored. Insights into the mhaling mechanisms of enzymes
responsible for the catabolism and biosynthesgaline are helping to reveal the many
roles of proline within the cell. Reviewed here #re structural and kinetic data that
support substrate channeling of PSC/GSA arglutamyl phosphate in the proline
catabolic and biosynthetic pathways, respectivEhe data indicate that both

intermediates are channeled, which increases fiogeety of proline metabolic flux.



PROLINE METABOLIC ENZYMES

Proline Catabolism

The catabolic and anabolic reactions of prolineainelism are shown in Figure 1.
The catabolic pathway generates glutamate fronfioilneelectron oxidation of proline,
which occurs in two catalytic stepkE2). In the first step, proline dehydrogenase
(PRODH; EC 1.5.99.8) uses a flavin adenine dindddeqFAD) cofactor as an electron
acceptor to remove two electrons from proline, egimdy the intermediata-pyrroline-5-
carboxylate (P5C). P5C then undergoes a non-ertaymalrolysis, which opens the
ring structure and generates glutamatemialdehyde (GSA). Pyrroline-5-carboxylate
dehydrogenase (P5CDH; EC 1.5.1.12) next removestlddional electrons from GSA
using nicotinamide adenine dinucleotide (NABo complete the conversion of proline to
glutamate 12).

The PRODH and P5CDH enzymes involved in the oxaahatif proline are highly
conserved in both eukaryotes and prokaryotes, itfet th whether they are fused into a
bifunctional enzyme called proline utilization AUtR). As reviewed by Tanner,
PRODH enzymes can be divided into three branchgsr@2) (3). One branch
consists of monofunctional enzymes, where the PR@BHP5CDH domains are found
as separate enzymes. The other two branches coméafRODH and PSCDH domains
on a single PutA polypeptidd3). Originally it was thought that all prokaryotesntain
bifunctional PutAs, and that all eukaryotes contamnofunctional enzymes. However, it
is now known that Gram-positive bacteria generatigtain monofunctional enzymes,

thus limiting PutAs to Gram-negative bacterdd)(
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Figure 1. Reactions of the proline metabolic pathway. Indhbolic pathway, proline
is converted to glutamate via a four electron o@heprocess. Proline dehydrogenase
(PRODH) performs the first oxidative step, resugjtin the intermediate pyrroline-5-
carboxylate (P5C). P5C is subsequently hydrolypeglutamater-semialdehyde (GSA),
which is then further oxidized by P5C dehydrogen(@&CDH) to generate glutamate. In
Gram-negative bacteria, PRODH and P5CDH are fusgetiher on a bifunctional
enzyme called proline utilization A (PutA). Prolinaabolism begins with
phosphorylation of glutamate lyyglutamyl kinase (GK) to generageglutamyl
phosphateytGP).y-GP is reduced by-glutamyl phosphate reductase (GPR) to GSA ,
which cyclizes to form P5C. P5C is then reducegrtdine via pyrroline-5-carboxylate
reductase (P5CR). In higher eukaryotes such asspdand animals, GPR and GK are

fused together in the bifunctional enzyme pyrroltnearboxylate synthase (P5CS).
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Figure2. Phylogenetic treef PutA/PRODH/P5CDH enzymes. Proline catab
enzymes are divided into three branches: brarafidlbranch 2 PutAs at
monofunctional PRODH/P5CDH. The monofunctionainofacan be further subdivids

into bacterial and eukaryotic PRODH/P5CDH. Figadepted from {5).



PutA Family

As mentioned above, PutAs are divided into two binas. Branch 1 PutAs
includea, B, y proteobacteria, while branch 2 is composed of Gnagative
cyanobacteriaj ande proteobacteria, and corybacteriubd), Normally branch 1 and
branch 2 PutAs share sequence identities of legs30%, suggesting significant
diversity between brancheis). Based on amino acid sequence and domain
organization (Table 1 and Figure 3), branch 1 aaddh 2 can be further subdivided into

five different subfamilies 1A, 1B, 1C, 2A, and 2BjJ. Branch 1A and 2A are composed

Table 1. PutA subfamily organization and charasties*

Subfamily Phylogenetic  Functional Functional Representative  Oligomeric

Branch Designation Domains Member State
1A 1 Bifunctional ??588: BjPutA Tetramer
1B 1 Bifunctional P5F():RI)D(I)—|D2TD RcPutA Monomekr
1C 1 Trifunctional %'EEDZR?B EcPutA Dimer
2A 2 Bifunctional F;IR;(CD:B: GsPutA Dimet
2B 2 Bifunctional P5F():RI)D(I)—|D2TD HpPutA Dimef

*Table adapted fromilp).

'Data described in Chapter 3 of this thesis.
*Dr. John Tanner, personal communication.

of minimalist bifunctional PutAs that only conta®iRODH and P5CDH, ranging in size
from 980-1100 amino acid residud®). Bradyrhizobium japonicum PutA (BjPutA, 999
AA) is a branch 1A example from literature that bagn characterized both structurally
and kinetically and will be the focus of ChapterBranch 1B and 2B consist of long

bifunctional PutAs that contain an additional ~1&8idue C-terminal domain (CTD)



1 47 228 572 656 1106 1320
1 172 465 547 999
1 327
P5CDH TtP5CDH
1 516

Figure 3: Domain mapping of PRODH and P5CDH frE. coli (EcPutA) B.
japonicum (BjPutA), andT. thermophilus. In PutAs, the PRODH and P5CDH doma
are connected by a linker regicL). Trifunctional PutAs such as EcPualso have a
DNA binding domain D). TtPRODH and TtP5CDH are separate enzy
(monofunctional) in the Gra-positive bacterial. thermophilus. Figure adapted fror

(17).
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of unknown function. Long bifunctional PutAs norigacontain between 1100-1200
residues15). Rhodobacter capsulatus PutA (RcPutA, 1127 AA) is a representative PutA
from branch 1B and will be the focus of ChapteB3anch 1C consists of trifunctional
PutAs that contain the PRODH, P5CDH, and CTD, beitdgstinct from all other PutAs
by the addition of a DNA-binding domain at the Naténus. Trifunctional PutAs are
generally 1300-1400 residues in lengtB)( The DNA-binding domain is composed of a
ribbon-helix-helix (RHH) domain that interacts witie put control region and will be
discussed shortlyl8, 19). E. coli PutA (EcPutA, 1320 AA) is a highly studied member
of the trifunctional PutA subfamily. As previoustyentioned, eukaryotes and many
Gram-positive bacteria express PRODH and P5CDHparate enzymes. Typically
monofunctional PRODHSs are between 200-600 amindsaerhile monofunctional
P5CDHs are 400-600 residues. The evolutionaryrgarece from bifunctional PutA to
monofunctional PRODH and P5CDH is of interest dusubstrate channeling between
the active sites of PutAs. Substrate channelingdsett monofunctional enzymes would

necessitate functional PRODH-P5CDH interactionsciiiave not yet been reported.

Structural Characterization of PutAs

Currently, only one three-dimensional structura éll length PutA has been
published--the minimalist bifunctional PutA froBrnadyr hizobium japonicum (BjPutA)
(PDB ID 3HAZ) (20). However, the full-length structure of a secomdimalist PutA
from Geobacter sulfurreducens (PDB ID 4F9l) has been deposited in the ProteiraDat
Bank. The X-ray crystal structure of BjPutA prostithe first structural details about

domain organization and overall arrangement of ButAruncated EcPutA structures



have also been solved of the PRODH domain of EcPRDB ID 1K87, 1TJ2, ITIW,
1TJO, 3ITG), but the entire structure of a trifuacal PutA remains elusivl-24).
Additionally, the RHH DNA binding domain was solvby solution NMR
(Pseudomonas putida, PDB ID 2JXI, 2JXG) and X-ray diffractiorie( coli, PDB 1D
2GPE, 2RBF)Z5-27). Though a full length trifunctional structureegonot exist, small-
angle X-ray scattering (SAXS) was used to deterree3-dimensional molecular
envelope of ECPutA2g8). Additionally, several structures of monofunc@ PRODH
and P5CDH exist, including PRODH frofmer mus thermophilus (2G37) and
Deinococcus radiodurans (PDB ID 4H6R)and P5CDH from human (PDB ID 3V9G),

mouse (PDB ID 3V9J), antl thermophilus (PDB ID 1UZB) 9-32).

Crystal structures of BjPutA and EcPutA both shbevPRODH active site is
located within a distorted§)s barrel, where thee face of a non-covalently bound flavin
is packed against the barrel, leaving shiace accessible for substrate binding and
catalysis (Figure 420, 22). As mentioned, trifunctional PutAs also contaiDNA-
binding domain composed of a RHH domain that presithe point of dimerizatior2).
The P5CDH active site is found at the interfacevieen a Rossmann-like NADinding

domain and the activity domain that provides thlgtc cysteine Z8).

While the active site domain folds are thoughtéacbnserved throughout the
PutA superfamily, the oligomeric structures are curiserved. Within branch 1A, the
oligomeric state of minimalist PutAs BjPutA ahegionella pneumophila (LpPutA) are

tetrameric and dimeric, respectivelyp( 20). In branch 1B, SAXS data suggests RcPutA
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Figure4: PRODH active site from EcPutA (residue«-669) coordinating prolin
analog L-tetrahydro-2droic acid (THFA). Thereface of flavin is shown packed agai
the Ba)s barrel, exposing thsi face to substrate catalysis. R556 is an actieersgidue
known to coordinate the carboxyl group of prolioe ¢atalysis. Flavin is colored
yellow, THFA in green, and R556 in yellow. Blacaghed lines represent hydrog

bonds between R556 and THFA and flavin. Figure gerd using PDB code 1TIW ai

PyMOL (23).
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is a monomer, while branch 1C representative EcRugAdimer 28). However, early
evidence suggests more parity within branch 2epeesentatives of subfamilies 2@.(
sulfurreducens) and 2B H. pylori) are both dimers (Tanner, personal communication)

(15).

A B-hairpin extending from the NADbinding domain may provide some clues
about the oligomerization state in PutAs. PHeairpin, along with a C-terminglstrand
form a point of dimerization through domain swapiar minimalist PutAs, as well as
all other aldehyde dehydrogenasgs)( However, in long bifunctional and trifunctional
PutAs, multiple sequence alignments indicateptairpin is truncated or nonexistent
(16). Due to this truncation, it is unlikely that denization through domain swapping
occurs in long bifunctional PutAs and trifuncatibRatAs. This has been verified in
trifunctional PutAs, which dimerize though the Ridbimain as well as the long

bifunctional PutA member RcPutA, which is monomédescribed in Chapter 3).

Trifunctional PutAsand Functional Switching

Early work onSalmonella typhimurium revealed that PutA is a membrane bound
flavoprotein and also a negative regulator ofgtieoperon 83, 34). Later, it was shown
that PutA interaction with thput control region was abolished by two conditionsewh
proline and either an electron acceptor or membwasepresent or when the flavin was
reduced by dithionite36). Around the same time, work on tBecoli PutA enzyme
indicated functional switching from a DNA-boundtstéo a catalytically active,
membrane bound state occurred via a redox depentsaitanism36). Parallel with this

observation were chymotryptic digestiongeotoli PutA (EcPutA) in the presence and
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absence of proline that revealed different digespiatterns37). Therefore, it was
hypothesized that the binding of proline in theserece of a flavin electron acceptor
induces a conformational change and, under thesditams, PutA becomes more
hydrophobic leading to enhanced membrane assatiatid catalysis3b, 38).
Membrane association and DNA-binding were showpetdwo mutually exclusive
events that are dependent on environmental prtdireds. When proline levels are low,
PutA remains in the cytoplasm where it interacthwheput control region and represses
expression oputA andputP (a high affinity Pro/Nasymporter) genes9). When
proline levels increase, PutA associates with teenbbrane where it becomes
catalytically active 9). The conformational change was shown to be sivier, as
catalytically active enzyme could be re-oxidized #ose its ability to interact with the
membrane40). Thus, the interaction between the DNA-bindignain and th@ut
control region is dependent on environmental peolavels, linking transcription to

metabolism.

Alongside proteolysis experiments, structural exick also supports both global
and redox-dependent conformational changes in PatA-ray crystal structure of the
PRODH domain of EcPutA treated with sodium dithienmevealed structural changes in
the flavin adenine dinucleotide (FAD) cofactor. elisoalloxazine ring of the FAD was
observed to be bent 22° along the N(5)-N(10) axigreas the ring is planar when the
FAD is oxidized. In addition, the ribityl chain wastated and a new hydrogen bond
network was formed between ribityl hydroxyl growgml the surrounding residues in
PutA (41). Similar changes in the flavin and the surrongdiydrogen bond network are

also seen when inactivating the PRODH domain viiéhrhechanism-based inhibitor N-
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propargylglycine (PPGY4). The conformational change in the ribityl moiegused by
dithionite is thought to help inititate global confnational changes in PutA that
ultimately leads to functional switching between ®Bnd membrane binding. Recently
it was reported that tH&8-a.3 loop of the PRODHp()s barrel domain of EcPutA is part
of the electrostatic network disrupted upon flargduction, and may be involved in
propagating the flavin redox state to the periph@e@mbrane binding domaid2).
Mutating f3-a3 loop residue D370 to alanine or asparagine discufunctional
switching, allowing EcPutA to associate with themieane in the presence and absence
of proline @2). Crystal structures of the mutants reveal naiant changes in thg3-
a3 loop region or within the PRODH domain, concluygthat the mutants disrupt the
flavin redox signal transmission to peripheral ozgi of PutA. It should be noted that
outside the33-a3 loop region, little else is understood regardiog the conformational

change radiates from the reduced flavin to theakttite enzyme43).

Proline Biosynthesis

Proline biosynthesis from glutamate involves theeeymatic steps (Figure 1).
The initial two steps are catalyzedpglutamyl kinase (GK; EC 2.7.2.11) apd
glutamyl phosphate reductase (GPR; EC 1.2.1.41)u§ds adenosine-5'-triphosphate
(ATP) to generate-glutamyl phosphate, which is subsequently redige@PR using
nicotinamide adenine dinucleotide phosphate (NAD#H)roduce GSALR2). GSA next
cyclizes to P5C, which is a crossroads intermedrat in principle, can be converted
not only to proline, but also to ornithine or bdolglutamate via PSCDHLR). The

reduction of P5C to proline is catalyzed by P5Quotase (P5CR; EC 1.5.1.2), while the
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production of ornithine from P5C requires ornithareinotransferase (OAT; EC
2.6.1.13), an enzyme that is important for balagp@ellular nitrogen levelslp).

In bacteria and lower eukaryotes such as yeasta@KGPR are discrete
monofunctional enzymes. In animals and plants@Keand GPR domains are fused
together into the bifunctional enzyme P5C synt{B&€S) (Figure 5). The GK and
GPR domains are well conserved in lower eukaryatesbacteria. The GK domain is
normally between 250-450 residues in length witiNaterminal amino acid kinase
(AAK) domain. In bacteria, GK contains a C-termipakudo uridine synthase and
archaeosine-specific transglycosylase (PUA) domlmich has no known functiod4).

It has been suggested, however, that the PUA domajnenable bacterial GK to have a
gene regulatory roledb). The structures of GK enzymes framcoli and

Campylobacter jgjuni have been solved (PDB ID 2J5T, 2AK@%). E. coli GK is
composed of an N-terminal catalytic domain madefugight nearly parallgl-sheets
sandwiched by two layers of three and fatrelices. It is connected by a linker region
to the PUA domain, which contains a distinctpveandwich 46).

GPR typically contains 400-500 residues and camsisan N-terminal Rossmann
fold domain for NADPH binding, a catalytic domaand an oligomerization domain at
the C-terminus47). The X-ray crystal structure of GPR frothermotoga maritima
reveals that the catalytic domain hasiffharchitecture with a five-stranded parapel
sheet (PDB ID 10204{). To date, no complete structure of bifunctioRaCS has been
reported. However, the structure of the isolatedR@Bmain (PDB ID 2H5G;
unpublished) from human P5CS is available. Thedagyme of the proline biosynthetic

pathway, P5CR, ranges from 400-500 residues irthegugd has a conserved N-terminal
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Figure5: Domain mapping of monofunctiongiglutamyl phosphate reductase (ECGPR)
andy-glutamyl kinase (EcGK) enzymes frdacoli and bifunctional pyrroline-5-
carboxylate synthase (P5CS) fréfomo sapiens. M, putative mitochondrial signaling
peptide BD, binding domain for glutamate and AT®, oligomerization domain, and
PUA, pseudo uridine synthase and archaeosine-speaifisglycosylase domain with no

known function in EcGK. Figure adapted frof).
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Rossmann fold for NADPH binding. Several crystalctures of P5SCR have been
determined including the human form (PDB ID 2GRA3)( Human P5CR has an active
site cleft made of an 8-strandggheet sandwiched lwhelices on either side and

oligomerizes to form a decameric structure of dsré8).

INTERMEDIATES OF PROLINE METABOLISM

The P5C/GSA ang-glutamyl phosphate intermediates of proline mdtafyoare
appreciably labile and reactive. Figure 6 shovagxes of undesirable fates that can
occur with these intermediates. The instabilityhaf intermediates implies substrate
channeling may be important for maintaining effintiproline metabolic flux. The
intermediate shared by the catabolic and biosyittipathways, P5C/GSA, has been
shown to inhibit other enzymes, react with metabsjiand act as a signaling molecule.
GSA has been reported to inhibit glucosamine-6-phate synthase frofa coli,
cytidine 5'-triphosphate synthase, and the amidsfierase domain of carbamoyl
phosphate synthetag#9-51). Additionally, P5C forms adducts with other nimibtes
such as pyruvic acid, oxaloacetic acid, and acetoaacid 62). P5C can also react with
pyridoxal phosphate in patients with type Il hygelimemia. Type Il hyperprolinemia is
characterized by elevated plasma levels of P5C/@G&Ato deficient PSCDH activity
(53). The high levels of PSC/GSA generates inactdauats with pyridoxal phosphate,
leading to lower amounts of functional vitamin BBpatients (Figure 6b2). P5C also

acts as a signaling molecule in eukaryotes antbisght to induce apoptosis by
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increasing intracellular reactive oxygen speches §5). Altogether, it seems that
controlling levels of free P5C/GSA would be beniafic

The reactive intermediate in proline biosynthésis-glutamyl-phosphate. The
carbonyl phosphate group is susceptible to nuciéogtttack, resulting in the
spontaneous cyclization g¢fglutamyl-phosphate into 5-oxoproline as shownigufe 6
(56, 57). It has been suggested that 5-oxoproline isuaatexin. Interstitial injection of
5-oxoproline into rats produces behavioral and ogatthological effects that resemble
Huntington’s diseasé8, 59). The instability ofy—glutamyl phosphate seems to

necessitate its channeling between GK and GPR glprivline biosynthesis.

OVERVIEW OF SUBSTRATE CHANNELING

Rationalefor Substrate Channeling

Substrate channeling is a phenomenon where theigrofione reaction is
transported to a second active site without equailibg into bulk solventg0). Three
mechanisms of substrate channeling have been defime of which are reviewed by
Miles et al. (61). The most common form of substrate channeliriscwhen a cavity
exists within a protein that sequesters the intérate from solvent, allowing for a means
of travel between active site8l). To date, several enzymes are known to utihiese
intramolecular tunnels, with the classic exampladéryptophan synthasé®). The
second form of channeling does not use intramadeaalvities; rather, electrostatic
residues on the surface of the enzyme guide teenn&diate from the first active site to
the second active sitéY). Dihydrofolate reductase-thymidylate synthasegiex

stands as the common example for this form of chlamn 63). A third form of
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channeling exists in protein complexes such asyayeudehydrogenase, which uses
cofactor lipoic acid to transfer substrate to nuldtiactive sites without contacting solvent
(64).

Substrate channeling has been proposed to be agyants in the cellular
environment for several reasons, as outlined bydDssad others@Q, 65). First and
foremost it increases the efficiency of couplecttieams both by preventing the loss of
intermediates to diffusion and by decreasing ttaimie between active sites. This allows
the steady-state flux through the coupled stefetattained more rapidl¥Q).

Secondly, it prevents labile intermediates fromay@tgy and reacting with other
metabolites or enzymes within the c&@0). Third, channeling segregates intermediates
that may require a specific environment (e.qg., fgHetain structure or reactivity.
Channels can provide an environment that faciktaie equilibrium step that normally
would be unfavorable in the bulk solution. Finalthanneling limits intermediates from
being siphoned out into competing reactions orypays €0).

All of the benefits listed above are not necesgaelevant for every channeling
system. In the proline catabolic pathway, changetihP5C/GSA may be most critical
for making the hydrolysis of P5C to GSA more fa\adeaat physiological pH. The
P5C/GSA equilibrium is highly pH depended9). GSA is favored only below pH 6.5
due to protonation of the pyrrolinium ring, whidhcilitates the hydrolysis of P5C to
GSA. Thus, one benefit of channeling between PR@DB#HP5CDH would be to
increase th@Kj, of the pyrrolinium species above pH 6.5, makinghilgdrolysis of P5C
to GSA more favorable at physiological pH. If wdyooconsider the P5C/GSA hydrolysis

step, substrate channeling is likely more critficalthe proline catabolic pathway than for
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proline biosynthesis, since P5C formation is fadaaephysiological pH. In the proline
biosynthetic pathway, protecting the highly lab#eylutamyl phosphate would be a clear

benefit of substrate channeling between GK and GPR.

Kinetic Approachesto Test for Substrate Channeling

Different strategies have been devised to examimethver channeling occurs
between enzymes. Before reviewing the evidenceubstrate channeling in proline

metabolism, a short description of various expenitaemethods is described here.

Transient Time Estimation

A common strategy to test for channeling is to eatd whether there is a lag time
in reaching steady-state formation of the finaldarct in a coupled assay. Figure 7 shows
substrate (S) being converted to the final prodBgtvia the coupled action of two
enzymes (E1 and E2). The lag time or transient,tifa@ ), is the time preceding the
build-up to steady-state formation of the finalgwot using the substrate of the first
enzyme 66). If no channeling occurs,should be equal to the ratio I§f/Vax Of the
second enzyme. If the observed lag time is shdrtar theK/Vinax ratio, then it infers
that the intermediate is transferred between tlagraas, E1 and E2. The extent of the
observed lag time may vary among different changediystems with a shorter transient
time being interpreted as more efficient transfecleanneling §7). Along with steady-
state assays, pre-steady state measurements cdeatsade to evaluate the lag time

prior to product formation.
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Figure 7: Strategies for examining substrate channeling.T@ansient time analysis of
coupled reaction involving two enzymes, E1 andd@ch convert substrate S in
product P. A trapping agent can also be used tavfesther intermediate | is releas
into bulk solvent during the reaction. (B) Inactivatioinone of the enzyme pairs by «
directed mutagenesis. If channeling occurs, adeiagtive E2 would disrupt the acti
E1-E2 complex resulting in lower steé-state activity. (C) Testing channeling
bifunctional enzymes. Inactivation of the indivildamains results in monofunctior
variants that can only catalyze the coupled renctia a diffusion mechanism. TI
mixture of monofunctional variants is thus a -channeling controlrigure adaptedrom

(17).
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Trapping the Intermediate

The effect of a reagent that specifically trapsithermediate species (I, Figure 7)
on the kinetics of product formation can also bedu® evaluate channeling. For
example po-aminobenzaldehyd®{AB) which reacts with P5C to form a yellow complex
can be used as a trapping agent for the PRODH 2@6®HR coupled reactiorn-AB
would be anticipated to decrease the overall ratgubamate formation if no channeling
occurs, while in a channeling systerAB would have a negligible effect on the reaction
kinetics. Using a third enzyme that competes &2Hor the intermediate can also be an

effective strategy to test for substrate channeling

| nactive Mutants

Another useful tool is to generate active site migaf the two enzymes being
studied (Figure 7B). In the case of suspected alamgnpartners, an active site mutant
(e.g., E2) would be expected to compete with itszeaounterpart for interaction with
the cognate enzyme (E1). If channeling occurs,ragtlie inactive E2 mutant in amounts
excess to that of native E2 would decrease prdduaciation. If no channeling occurs,
adding the inactive E2 mutant to the coupled enzgssay would have no effect on the
rate of product formation. This strategy was effedy used to rule out channeling
between aspartate aminotransferase (AAT) and mdédtedrogenase (MDHES).

If the channeling involves two enzyme active sitest are covalently linked,
active site mutants can be used to generate ammeling control. Figure 7C illustrates
that combining active site mutants of E1 and Eater®a mixture of monofunctional

enzyme variants that can only generate produch défusion mechanism. The transient
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times of the native enzyme and the mixed enzymiantr can then be compared to
distinguish between channeling and non-channeliaghanisms. This strategy was used

recently to demonstrate channeling in bifunctidpadA.

Designing Fusion Proteins

Two active sites that are in close proximity cametimes exhibit kinetic
behavior that resembles direct channel®@).(One strategy for distinguishing between
active channeling and proximity effects is to chatite relative orientation of two active
sites, which is important for interacting enzymé®) (A polypeptide linker can be
engineered to covalently link the two enzymes wadhous degrees of flexibility and in
different orientations@Q). If the enzymes are truly channeling, changdablénorientation

of the active sites will have a dramatic effectlo@ kinetics of production formation.

CHANNELING OF P5C/GSA

The oxidation of proline to glutamate is catalyamedonsecutive reactions by
PRODH and P5CDH (Figure 1). Avoiding release of FB&A into bulk solvent during
proline oxidation may be beneficial due to the cluadnproperties of P5SC/GSA as
discussed in the previous section. Evidence fanokling P5C/GSA has recently been
shown for bifunctional PutA from BjPutA. Srivastastzal. reported a 2.1 A resolution
crystal structure of BjPutA (999-residue polypepjithat reveals an interior channel
connecting the PRODH and P5CDH active sites (PDBHAZ) (24). Figure 8 shows a
structural model of BjPutA, which purifies as a hadimer. Both PRODH and P5CDH
domains contribute to the formation of the chanwih the two active sites separated by

a distance of 41 A. The connecting channel apdeastart at thei face of the
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Figure8: Structure of dimeric BjPutA shown in ribbon repeatation. The PRODH

domain (red) and the PSCDH domain (orange) of @actomer are connected by a
linker region (green). Active site residues (Arg46§s792), FAD and NADare
displayed as stick$-flap of each protomer is colored as magenta. Thstsate channel
of each BjPutA protomer is shown as blue surfabgs Mmodel was made using PyMol

and PDB 3HAZ.
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isoalloxazine ring of FAD and end at the catalglysteine (Cys792) of the P5SCDH
domain (Figure 8). Within the channel, the centrality is lined by fifteen basic residues
(Lys and Arg) and seventeen acidic residues (GtuAsp), imparting a hydrophilic
nature to the channel. Each of the PutA protorhassan individual channel connecting
the PRODH and P5CDH active sites.

Interestingly, the dimeric structure of BjPutA seeto be critical for sealing the
channel and minimizing access to bulk solveng-#ap protrudes from the P5SCDH
domain {3 strand residues 628-646, 977-989) from one prot@me forms
intermolecular interactions with the P5CDH domdiithe@ second protomer (Figure 8).
This B-flap is structurally conserved irhermus thermophilus PSCDH (PDB ID 1UZB,
residues 163-174,506-516) as well as a class hathbedehydrogenase isolated from
sheep liver (PDB ID 1BXS, residues 147-159, 486}498, 72). Thus, in BjPutA, th@-
flap not only helps stabilize dimer formation bsiaiso important for sealing the central
cavity.

Along with these structural features of channelkigetic evidence for
channeling was also reported for BjPutA by Sriveat al. (24). Different experiments
have provided strong evidence for channeling. Fingt amount of P5C released into
bulk solvent was quantitated by usig@minobenzaldehyd®+{AB) as a trapping agent.
P5C anb-AB react to form a yellow complex that can be ntorgéd at 443 nm7@). In
the absence of NAD the PSCDH domain is inactive and leads to sigaift release of
P5C into the bulk solvent, as detected by yellomglex formation. In the presence of
NAD™, however, the PSCDH domain is active, resultingigmificantly lowero-AB-P5C

complex formation, as the majority of P5C is come@iinto glutamate?é). The apparent
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fraction of P5C that is channeled in BjPutA from®BRH to P5SCDH was estimated to be
0.7 by these measurements.

Substrate channeling in BjPutA was also examineddbtimating the transient
time to reach steady-state turnover of the secamgnee, P5SCDH, using proline as a
substrated4, 74, 75). With native BjPutA, steady-state formation of NA (product of
the P5CDH reaction) occurred without any apparegtime 24). The absence of a lag
time in the approach to steady-state indicatestsatbschanneling. A non-channeling
control was also analyzed using active site mutahBjPutA that lack PRODH
(R456M) and P5CDH (C792A) activity4). The R456M mutation inactivates PRODH
but does not impair PSCDH activity, whereas the Z¥thutation inactivates PSCDH
but does not impair PRODH activity. The mixturettoése monofunctional variants was
used as a non-channeling control as described abotlEs non-channeling control, P5C
formed by the C792A variant must diffuse out intékosolvent and bind to the R456M
variant before NADH is formed. In the assays witl hon-channeling variants, a lag
time of about seven minutes for NADH formation wehservedZ4). The observed lag
time was similar to the theoreticalalue calculated from the independent PRODH
activity and P5CDH kinetic parameters. An examplthese steady-state assays is
shown in Figure 9. Figure 9 illustrates the cla#fetence in the kinetic behavior of
native BjPutA and the non-channeling control. Wittive BjPutA, NADH formation is
observed without a lag time, while with the mixediants a lag time of around 6.5
minutes is observed. The results from these assaysonsistent with a substrate
channeling mechanism in BjPutA. Kinetic profilesnaitive BjPutA and the mixed

variants were also compared by rapid-reaction ldasetnder anaerobic, single-turnover
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[NADH] (uM)

Time (min)

Figure 9: Example of transient time analysis of BjPu®&eady-state formation of
NADH using proline as a substrate by native BjP(gdlid black curve) and an
equimolar mixture of monofunctional variants R458~Nd C792A (solid grey curve).
The mixture of the monofunctional variants sern&sa aon-channeling control. The
dotted line represents the extrapolation useddomating the lag-time. Native BjPutA
shows no apparent lag in NADH formation, while @ feme of about 6.5 min is observed
for the non-channeling control. The dashed linelayeg the grey curve of the non-
channeling control reaction was simulated usingkthetic parameters of PRODH and
P5CDH as described previously and the followingagigm: [NADH] = vit + (va/Vo)Km(€

v2Ukm _ 1) (76). Assays were performed at pH 7.5. Figure adajobed (17).
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conditions. Rapid mixing of native BjPutA and priigenerated NADH with no
apparent lag time. For the non-channeling variani) s lag time for NADH formation
was observed after mixing the enzymes with prolifikese results show native BjPutA
efficiently channels P5C/GSA.

Evidence for channeling in PutA has also been tegdromSalmonella
typhimurium PutA (StPutA). Similar to EcPutA, StPutA contathe N-terminal DNA
binding domain and is thus trifunctional. Maletyal. demonstrated that the PSCDH
domain shows a 14-fold greater steady-state pramuof NADH using P5C generated
endogenously from proline by PRODH, as comparesktmenously added P5C7). In
addition, they showed exogenous P5C was unablenpete against endogenous P5C.
Due to a lack of structural information on trifuleetal PutAs, it is not clear whether a
channel similar to that characterized in BjPutAséxi Future structural and kinetic
experiments will need to be performed to fully adrthe channeling mechanism in

trifunctional PutAs.

CHANNELING OF y-GLUTAMYL PHOSPHATE

As mentioned previously, channeling of the interrat)-glutamyl phosphate
would be beneficial because of its instability. @haling ofy-glutamyl phosphate is also
implicated by the fusion of GK and GPR in bifunc@ P5CS. Kinetically speaking, data
has existed for over forty years suggesting thaimplex forms between bacterial GK
and GPR in order to conceablutamyl-phosphate from solvert§, 79). A typical assay
to measure GK activity is to add hydroxylamine glovith the substrates, glutamate and

ATP. Hydroxylamine reacts with the prodgetjlutamyl phosphate to makeglutamyl
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hydroxamate, which can be measured at 5357%&n (Multiple groups have documented
that GK activity is dependent on the presence dRQEK is inactive or exhibits very
low activity in the absence of GPR, suggesting Gfequired for GK activity36, 57,

78, 80, 81). It was found that a 10:1 GPR:GK ratio was nsagsto obtain maximal GK
activity, indicating that a GK/GPR complex formghvexcess GPRB8(). To test for a
complex, Smithet al. tried incubating different ratios of bacterial GKd GPR, then
looked for co-elution of the enzymes by chromatpbsa@0). Both proteins eluted
separately meaning either a complex does not farcomplex formation is transient and
is dependent on substrate binding. Other work sstjtgg a GK-GPR complex includes
assays which contained GK and GPR, but lacked NADPRé¢icofactor necessary for
GPR activity 67). In this case the GPR enzyme was inactive,ttsiilli activated GK.
GK has also been shown to be activated by incubatith GPR mutants, further
demonstrating that GK activation by GPR does nguire GPR activity §2). Other
experiments that have explored GK/GPR interactinclside Cheret al., whocreated a
mutant GK/GPR fusion protein that was able to queduce proline, making the hdst
coli strainmore resistant to osmotic stre88)( While this work does not support
channeling directly, it does show that enhancirgpfoximity of two active sites can
significantly increase the efficiency of a metabglathway 83).

Structural data supporting channeling is not diyeztailable for GK and GPR
enzymes&4). Figure 10 shows the individual structure€otoli GK (EcGK) andT.
maritima GPR (TtGPR). Marco-Mariet al. modeled a possible interaction between
monofunctional GK and GPR, showing GPR in both penoand closed conformation,

depending on the binding status of the substre (The model shows a tetrameric form
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Glutamate

Figure 10: Structures of GPR from. maritima (TmGPR) and GK fronk. coli (EcGK).
EcGK is shown as a dimer with one monomer showsuiface representation and the
other monomer as a ribbon cartoon illustration.t@&hate is shown as spheres in the
substrate binding pocket, which is solvent accéssibnly one monomer of GPR (open
conformation) is shown, which contains three dosaiNADPH binding domain
(yellow), catalytic domain (blue) with the catatyttysteine shown in spheres, and the
oligomerization domain (black). The solvent-expogkdamate binding pocket of GK
suggests that theglutamyl phosphate intermediate would be accesstGPR in a
potential GK-GPR complex. A GK-GPR complex in whibe catalytic domain of GPR
is aligned with the glutamate binding pocket of G& been proposed and modeled by
Marco-Marinet al (46). Models shown here were made using PyMol and PLIBS 2

(EcGK) and 1020 (TmGPR). Figure adapted frdm).
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of GK from E. coli complexed with a dimer of GPR from maritime (46). In solving
the crystal structure EcGKlarco-Marinet al. noted that GK was well suited for
channeling46). They suggested that channeling is possibleeiiGK and GPR active
sites are positioned so that the active site aystef GPR is able to react witkglutamyl
phosphate while still bound at the GK active si#kecomplex as described would allow
for a favorable environment and timely transfey-glutamyl-phosphate to the second
active site thereby preventing cyclization to 5qmadine @6). Additionally it has been
suggested that leucine zipper motifs found in tikes®@d GPR domains of plants, as well
as the GK and GPR enzymes of some bacteria arereador a functional complex
(85). The leucine zipper of plant P5CS may help witgomerization or it may be an
artifact of evolution. Several domain swappingemmpents have shown that leucine
Zippers mediate protein-protein dimerization inaybtic and prokaryotic enzymes.
Thus, the leucine zippers in bacterial GK and GRB/mes and plant P5CS may support

a possible channeling comple86}.

SUMMARY

As presented in this chapter, there is solid ewadesf substrate channeling in
proline metabolism, particularly in the catabolatipyvay where structural and kinetic
evidence both exist. However, there are many aundishg questions left to answer such
as must P5C use the channel to access the P5CD&irddmow does exogenous P5C
enter the cavity, and where does the hydrolysis ateur. To help answer these
guestions, Chapter 2 of this dissertation will liertexplore the substrate channel by

making bulky mutations along the cavity to impedsgage of P5C. Kinetic
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characterizations will be used to determine theat$f of the mutations and whether they
change the overall structure of the enzyme, allgwionclusions to be drawn regarding
how P5C accesses the second active site. Cl&aptdps to further understand the
structure-function relationship of the DNA bindidgmain and the functional switching
mechanism employed by trifunctional PutAs. Anfail trifunctional PutA was created
by fusing the DNA-binding domain of ECPutA to a meameric, long bifunctional PutA
(RcPutA). This fusion enzyme provides further kienige of the DNA-binding domain
and hints that more residues may be necessaryrtoddunctional DNA-binding domain
invivo. Finally, Chapter 4 will be divided into two partThe first part will provide
kinetic evidence supporting a new ubiquinone anakg functional substrate in PutAs.
It also presents kinetic results suggesting a npwhfied PutA, GsPutA, also uses a
substrate channeling mechanism. The second halkiwdtically explore a PRODH
domain in order to better understand how prolinemrand leaves the active site.
Ultimately this dissertation will help further tlk@owledge of the proline metabolic field

by using steady-state kinetics to investigate ckifié aspects of proline utilization A.
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Kinetic Characterization of Chani-blocking
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Utilization A (PutA)

C,LCOO' '°°C/+_>\c00'

N N
Hy H;

Proline Glutamate

ADH + H*
NAD*, H20

Note: Structural evidence validating kinetic cledegizations was done collaboration

with Dr. John J. Tanner, University of Missc-Columbia. However, structural resu

are not presented in this dissertal
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ABSTRACT

Proline utilization A (PutA) fronBradyrhizobium japonicum (BjPutA) is a
bifunctional flavoenzyme that catalyzes the oxiolaif proline to glutamate using fused
proline dehydrogenase (PRODH) antdpyrroline-5-carboxylate dehydrogenase
(P5CDH) domains. Recent crystal structures andtidmata suggest an intramolecular
channel connects the two active sites, promotihgtsate channeling of the intermediate
P5C from the PRODH domain to the P5SCDH domainthigwork several mutations
were made along the channel in an effort to blasspge of P5C to the second active
site. Analysis of several site-specific mutantthia substrate channel of BjPutA revealed
an important role for D779 in the channeling p&jPutA mutants D779Y and D779W
significantly decreased the overall PRODH-P5CDHneteding reaction indicating that
bulky mutations at residue D779 impede travel d€ Barough the channel. Interestingly,
D779Y and D779W also exhibited lower P5SCDH activéiyggesting that exogenous
P5C must enter the channel upstream of D779. Riegl®779 with a smaller residue
(D779A) had no effect on the catalytic and chamgeproperties of BjPutA showing that
the carboxylate group of D779 is not essentiacf@nneling. An identical mutation at
D778 (D778Y) did not impact BjPutA channeling attiiv Thus, D779 is optimally
orientated so that replacement with the larger siagens of Tyr/Trp blocks P5C
movment through the channel. The kinetic data revaetaonly that bulky mutations at
residue D779 hinder passage of P5C to the secdive ade, but also P5C must use the
channel to efficiently access the PSCDH domain.rédwer, these mutants may be used

to learn more about the hydrolysis event thatasigiint to take place within the channel.
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INTRODUCTION

Proline utilization A (PutA) catalyzes the conversof proline to glutamate using
two consecutive reactions (Scheme 1). In the $tegp, proline dehydrogenase (PRODH)
uses a flavin cofactor as an electron acceptanmwre two electrons from proline,
resulting inA-pyrroline-5-carboxylate (P5C). P5C then undergoesn-enzymatic
hydrolysis, which opens the pyrroline ring to ceeglutamate~semialdehyde (GSA).
GSA is a substrate for NARdependent pyrroline-5-carboxylate dehydrogenase
(P5CDH), where two additional electrons are remayeaerating glutamate. Proline and
proline metabolism are important to all walks &é.li For example, proline plays
important roles in different pathogens includingheaenicity ofHelicobacter pylori and
H. hepaticus (1, 2), energy production for procyclic trypanosom@gs4), and regulation
of metabolites linked to pathogenesigiimotor habdus andXenorhabdus (5). In humans,
inborn errors in PRODH are linked to schizophrdBi&). PRODH is also regulated by

p53 and has been shown to suppress cafirer (

PutA occurs as a bifunctional enzyme in all Grargatwe bacteria and
Corynebacterium9). A recent crystal structure Bfadyrhizobium japonicum PutA
(BjPutA) revealed a tunnel connecting the two asites 10). Structural and kinetic
results suggest P5C/GSA uses the channel to tiravelthe PRODH active site to the
P5CDH active site, without equilibrating with extaf solvent in a phenomenon called
substrate channelind@12). Three different mechanisms of substrate champélave
been identified in nature. The classic exampl&ohes an intramolecular channel

connecting two active sites. Tryptophan synthageains the most studied enzyme using



43

o

H,

Proline Glutamate

NADH + H*
P5CDH NAD*. H-0
. : - O—
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-H0
GSA

Scheme 1. Overall reaction catalyzed by proline utilizatidr(PutA). Flavin-dependent
proline dehydrogenase catalyzes the oxidation aff toA-pyrroline-5-carboxylate
(P5C). P5C undergoes a non-enzymatic hydrolysssjlting in glutamic~semialdehyde

(GSA). Finally, GSA is oxidized to glutamate usiamyNAD' cofactor and water.
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this method of channelind g, 14). A second mechanism for channeling involves the
intermediate moving across the surface of the eezyfiwo variations of surface
channeling have been reported: dihydrofolate reech@cthymidylate synthase, which
uses a surface “electrostatic highway5s,(16), and dethiobiotin synthetase-
diaminopelargonic acid aminotransferase, which asaslar crevice along the enzyme’s
surface 17). A third mechanism of substrate channeling imgslusing a swinging arm
to transfer intermediate to multiple sites. Theupate dehydrogenase complex provides

an example where a lipoic acid cofactor acts aaran(L8).

Several physiological benefits of substrate changelersus free diffusion have
been identified. Chiefly, channeling decreaseassitaime between active sites and
prevents loss of intermediates by diffusion, makhmgoverall reaction more efficient
(11, 19). Thus, channeling enzymes can operate at maxirates even if cellular
substrate concentrations are not at saturatingsl€2@. Also, labile intermediates can
be concealed from solvent to prevent decay oractean with other molecule4g, 21).
Finally, reaction intermediates from competing teas can be kept separate, which

dictates metabolic fluxi@).

As mentioned, a crystal structure of BjPutA revdaedunnel connecting two
active sites, which is thought to channel interraeelPSC/GSA. Theoretically, the
channeling of P5C/GSA is physiologically reasonab&eP5C is a substrate of three
competing reactions. It can be converted to glatanwia PSCDH, ornithine via
ornithine aminotransferase, or back to prolineR&&L reductase. Thus, channeling of

P5C in proline catabolism may be necessary torrgtaper metabolic flux and avoid
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metabolic cyclingZl). Besides enzyme competition, free PSC/GSA isnteg to be an
inhibitor of glutamine in three differei coli enzymes including glucosamine-6-
phosphate synthase, cytidine 5'-triphosphate sygeth@nd the amidotransferase domain
of carbamoyl phosphate syntheta®224). Additionally, P5C was shown to form
adducts with other important metabolic intermediateluding oxaloacetic acid, pyruvic
acid, and acetoacetic acizgbj. Considering the outcomes of liberated P5C/G8&re
appears to be a physiological advantage to sequbastentermediate during proline

catabolism.

Substrate channeling in PutA was first kineticalgscribed irSalmonella
typhimurium (26); however, the structural and kinetic characteioradf BjPutA have
made this enzyme the prototype of PutA channeliug.X-ray structure of BjPutA
revealed an irregularly-shaped cavity that span8 B&tween the two active sites with a
total volume of 1400 A(Figure 1) {0). The majority of the volume (1325’ fof the
tunnel comes from a large central chamber with dsiens 24 A by 14 A by 3-7 A,
which provides adequate space to accommodate FECAE) or GSA (120 R) (9).
Additionally, kinetic evidence comparing native BjR to an equal molar mixture of two
complementary active site mutants (R456M, no PRQ@tVity; C792A, no P5CDH
activity) showed the native enzyme immediately fed™NADH, while the mixed variant
system had a significant lag phase before readteayly statel(Q). Taken altogether,
substrate channeling of P5C/GSA in BjPutA is supgabby strong kinetic and structural

evidence.
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Using the structural and kinetic knowledge of tharmel, this work further
explores the cavity by mutating residues alongctiennel in an effort to obstruct P5C
movement between the active sites. A combinatfdanetic and structural results
(through personal correspondence with Dr. John @grprovide evidence that
channeling can be hindered, but the location ohtgation along the channel seems to
be critical for impeding the intermediate. By nrakimutations along different parts of
the channel, we further define the channeling pathprovide novel insights into how

P5C enters the channeling cavity.

MATERIALSAND METHODS

Chemicals

All chemicals were purchased from Sigma-Aldrich@her Scientific unless
otherwise notedE. coli strain BL21 (DE3) pLysS was purchased from Novaged

DHb5a strain was purchased from Invitrogen. All expemnts used Nanopure water.

Expression and Purification of BjPutA

PutA fromBradyrhizobium japonicum (BjPutA) was expressed as reported
previously, only the incubator temperature was elesed to 20 °C for 16 hours following
IPTG induction 27). Cells were harvested by centrifugation anddroat -80°C.

Frozen cells were re-suspended in 50 ml bindindeb 20 mM Tris-base, 0.5 M NaCl, 5
mM imidazole, 10% glycerol, pH 7.9) and 10M flavin at 4°C. Protease inhibitogs
amino-N-caproic acid (3 mM), phenylmethylsulfonldride (0.3 mM), leupeptin (1.2

uM), tosyl phenylalanyl chloromethyl ketone (gB1), and tosyllysine chloromethyl
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ketone hydrochloride (78M) were added, and cells were disrupted via soimcatThe
cell lysate was centrifuged for 1 h at 19,000 rpma JA-20 rotor (Beckman) and filtered
through a 0.2um filter (VWR). Cell-free lysate was loaded o@idNi-NTA Superflow
resin (Qiagen) pre-equilibrated with binding buffé/ash buffer (60 mM imidazole)
then elution buffer (500 mM imidazole) were appltedhe column. Protein in the
elution fractions was then dialyzed into buffer @oning 50 mM Tris (pH 7.5), 10 mM
NaCl, 0.5 mM EDTA, 10% glycerol and loaded ontcaamon exchange column (HiTrap
Q HP column, GE Life Sciences) equilibrated witalgsis buffer (50 mM Tris, pH 7.5,
10 mM NacCl, 0.5 mM EDTA, 10% glycerol). A lineaalsgradient comprised of
dialysis buffer and dialysis buffer containing IN\ACI was applied to elute the PutA
proteins. Purified PutA enzymes were then dialyiméa a final buffer containing 50 mM
Tris (pH 7.5), 50 mM NaCl, 0.5 mM EDTA, 0.5 mM Ti&hydroxypropyl)phosphine,
and 10 % glycerol. Enzyme concentrations werergeted using 660 nm Protein Assay
(Pierce) and the amount of bound flavin was quisatig=13,620 M* cm?) (27). The
concentrations of the PutA proteins were normalipeithe concentration of bound flavin,

and the protein was flash-frozen in liquid nitrogemd stored at -80 °C.

Site-Directed M utagenesis

Mutagenic primers (Table 1) were purchased froragrdted DNA Technologies or
Eurofins MWG Operon. GeneTailor Mutagenesis Kiv{frogen) was used to generate
all mutants except T348Y, which used a Quickchdhie (Stratagene). Mutant

plasmids were transformed into DilBells, and resulting plasmids were sequenced by
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Eurofins MWG Operon to confirm mutations. MutanPBtA enzymes were expressed

and purified as described above.

Table 1. Primers used for site-directed mutagsnesi

M utant Primers
T348Y 5 GCGCCTATTGGGACTACGAGATCAAGCGCGCG &
5 CGCGCGCTTGATCTCGTAGTCCCAATAGGCGC 3
S607Y 5 AGACGCTCGACGATGCGCTCTATGAGCTGCGCG 3
5 GAGCGCATCGTCGAGCGTCTTGCCGCCCTCG 3
D778Y 5 GCTGCCGGAGCAGGTCGCCTACGACGTTGTCACE
5 GGCGACCTGCTCCGGCAGCGCGGTGGCATC®
D779A 5 TGCCGGAGCAGGTCGCCGACGCCGTTGTCACCTCC 3
5 GTCGGCGACCTGCTCCGGCAGCGCGGTGGL 3
D779W 5 TGCCGGAGCAGGTCGCCGACTGGGTTGTCACCTCC 3’
5 GTCGGCGACCTGCTCCGGCAGCGCGGTGGC 3
D779Y 5 CCGGAGCAGGTCGCCGACTACGTTGTCACCTCCGC &

5 GCGGAGGTGACAACGTAGTCGGCGACCTGCTCCGG 3

Steady-State Kinetic Assays

All steady-state assays were performed at 23 °DetiC parameters for the
PRODH domain were determined for proline and ulnigoe (CoQ) by following
reduction of Co®at 278 nm28). 50 mM potassium phosphate buffer (pH 7.5) asd 0O

uM enzyme were used in all kinetic assaks, andk.,; for proline were determined for
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all enzymes by varying proline (1-200 mM) while tholg CoQ constant at 25(M.
CoQ kinetic parameters were determined by varying CdQ-350uM) while holding
proline constant at 150 mM. For both assays, @atacollected on a Hi-Tech Scientific
SF-61DX2 stopped-flow instrument using a 0.15 cthleagth. Initial velocities were

fit to the Michaelis-Menton equation using SigmaHRI2.0.

Kinetic parameters of the PSCDH domain were deteechifor P5C/GSA and
NAD®. Kinetic constants for P5C/GSA were determinddgiexogenous D,L-P5C. D,L
P5C was synthesized according to the method ofahil and Frank, and the
concentration of D,L-P5C was determined as preWoeported 29, 30). The
concentration of L-P5C is considered as half ofttdtel D,L-P5C concentration. It
should be noted that D,L P5C is stored in 1 M H@l & needs to be neutralized
immediately before use in the assays. This leatiggto NaCl concentration of ~ 600 mM
after neutralization. Thus, all assays were paréat with 600 mM NaCl to maintain
constant ionic strengtiK,, andk., for P5C/GSA were determined by varying L-P5C
(0.01-6 mM) while holding NAD constant at 0.2 mM in 50 mM potassium phosphate
(pH 7.5, 600 mM NacCl) (0.2bM enzyme). The effective concentration of GSA was
estimated from the P5C-GSA pH dependence experirepotted previously2@). To
determine kinetic parameters for GSA, NARduction was monitored at 340 na
6200 M* cm), using a Powerwave XS 96 well plate reader (Bipt&he dissociation
constant for NAD was determined using intrinsic tryptophan fluosgsme. Tryptophan
was excited at 295 nm and peak emission at 330 aswr@corded. Assays initially
included 50 mM potassium phosphate pH 7.5 and @2&nzyme, then NAD(0.1-25

uM) was titrated in, which quenched tryptophan fluoeese. The observed inner filter
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effect caused by the absorption of incident lightNAD" at 295 nm was corrected using
equation 128). F.rand Fpsare the corrected fluorescence and observed Hoenee,
and A, and A, are the absorbance values of NAd the excitation and emission

wavelengths.

Acx+Acm)

Feorr = Fobslo( 2 (1)

A dissociation constant for NABBjPutA complex was determined by plotting the
fraction of BjPutA bound by NADversus free [NAD] using equation 2, wheseis the
fraction of NAD" bound andh is number of binding sites.

_ n[NAD+]free (2)
Kq+ [NAD '] 00

The concentration of free NADwas determined using equation 3.
+ + :
[NAD ]me = [NAD'],,,,, — O[BiPutA], ... (3)

(Fo—F)

@ is the fractional saturation of BjPutA and is cedéted bym
0" 'max

, Where Lis

fluorescence intensity without NADF is fluorescence intensity in the presence of
NAD®, and Faxis the maximum fluorescence intensity under sangatoncentrations of

NAD".

Prior to performing these assays, the amount of NB@und to purified BjPutA
was estimated by HPLC. Purified BjPutA was denatwveh 5% vol/vol trichloroacetic
acid and centrifuged at 13,000 rpm for 5 min. Sasywere then filtered with a 0.45

micron filter before being loaded into autosampiafs. Denatured BjPutA released
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both FAD and NAD cofactors, which were separated using a C18 colusiitg 50 mM
potassium phosphate, pH 5.3 and 100% methanolhddeif solvent application was as
follows (flow rate 1 ml/min): 5 min isocratic elah with phosphate buffer, followed by
a 25 min linear gradient to 50% methanol, and §nal5 min linear gradient to 75%
methanol. Both cofactors were detected at 280 NAD™ eluted from the column at 7.9
minutes, while FAD eluted at 16.6 min. Finally,determine NAD concentration, a
standard curve was established using Na&Bncentrations 10, 25, 50, 100, and 200 pM.
NAD™ standards were treated indentically to the BjPsaples, i.e. 5% vol/vol
tricholoracetic acid. Peak areas of the standasde determined and fit to a linear
equation, then peak areas of NAfbom BjPutA samples were used to calculate NAD
concentration based on the linear fit of the stesh@darve. From this analysis, it was
estimated that 74% of BjPutA was complexed with NADhus, the NAD binding
experiments reported on the remaining 26% of BjRth& purified without NAD

bound.

Channeling Assays

Channeling assays that monitor the coupled PRODEERbreaction were used
to detect a lag phase in NADH formation when ugirgjine as a substratéd). A lag in
NADH formation indicates substrate channeling isaazurring. Channeling assays
were performed at 23°C by following NADeduction at 340 nn(E 6200 M* cm™) as
previously reportedl(). Assay conditions and spectral corrections weareed out

identically to what was reported previouslp). All assays contained 0.1 mM Cg@.2
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mM NAD®, 40 mM proline, 50 mM potassium phosphate (pH,25)mM NaCl, 10 mM

MgCl,, and 0.5 uM PutA enzyme.

Additional channeling assays were performed usicgeiased concentrations of
D779Y and D779W. Assays contained 0.1 mM a2 mM NAD', 40 mM proline, 50
mM potassium phosphate (pH 7.5), 25 mM NacCl, anchMdMgCl,. Reaction progress
curves were followed using a Cary Eclipse fluoreseespectrophotometer. NADH
formation was monitored by exciting at 340 nm amcbrding the emission at 460 nm.
D779Y and D778W concentrations of 0.187, 0.37439,@nd 1.87.M were used in the

assays and compared to assays using QuB&ild-type BjPutA.

Single Turnover Rapid-reaction Kinetics

Single turnover experiments were performed as destpreviously 10).
Briefly equal volumes of enzyme (21u® wild-type, 17.8uM T348Y, and 17.9M
D779Y) with 50 mM potassium phosphate (pH 7.5)n#8 NaCl, 0.1 mM NAD was
rapidly mixed with 40 mM proline in 50 mM potassiyphosphate buffer (pH 7.5), and
25 mM NaCl under anaerobic conditions (all concaidns reported as final
concentrations after mixing3l). Anaerobic conditions were achieved by degassing
buffer, substrate, and enzyme solutions by perfogmepeated cyles of nitrogen flushing
and vacuuming. A day prior to performing the expent, degassed buffer was imported
into an anerobic glovebox (Belle Technology), whekgas combined with
protocatechuate dioxgenase (PCD) (0.05 U/mL) antbpatechuic acid (PCA) (100
1M), which help scrub dissolved oxygen. Buffer waan loaded into syringes and

sealed with parafilm before exporting from glovexb&topped-flow mixing cell and



53
tubing was thoroughly washed and incubated ovetnigth PCA/PCD buffer.
Immediately prior to performing the experiment, yne and substrate were degassed
and imported into the chamber, where PCA and PCi2 wdded at concentrations
reported above. Both enzyme and substrate wededbiato syringes and wrapped with
parafilm before leaving the chamber. To colle¢dadanaerobic solutions were quickly
loaded onto the stopped flow and syringes werefipaeal. Spectra from 300-700 nm
were recorded using a Hi-Tech Scientific SF-61D¥hped flow instrument equipped
with a photodiode array detector. FAD (451 nm) AiAD* (340 nm) reduction
reactions were extracted from the spectral trandsolserved rate constants were

determined by single exponential fits as previousported 10).

Kinetic Parameters of Alternative Substrates

Alternative PSCDH substrates were used to determhether BjPutA mutants
D779Y and D779W exhibit higher activity with smalkubstrates relative to larger
substrates. Kinetic assays using GSA, succinangastehyde, and propionaldehyde
were performed, anld,, andk.,; values for each were determined. All assays were
performed in buffer composed of 50 mM potassiumsphate (pH 7.5, 25 mM NaCl)
containing 0.2 mM NAD and variable concentrations of GSA (L-P5C 0.01M)m
succinate semialdehyde (0.05-20 mM), and propiaigide (5-500 mM). Wild-type,
D779A, D779Y, and D779W concentrations varied i éilssays for each of the
substrates. With GSA/P5C, all enzyme concentraticgre 0.25.M in the assays. For
succinate semialdehyde wild-type and D779A wer& (M while D779W and D779Y

were 1uM. For propionaldehyde, wild-type and D779A wergSuM, D779W was 1
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uM, and D779W was AM. All initial velocity data was collected on aWwerwave XS
96 well plate reader (Biotek). The data were fithe Michaelis-Menten equation using

SigmaPlot 12.0.

RESULTS

I dentification and Purification of Channeling M utants.

The BjPutA crystal structure (PDB code: 3HAZ) a&yMOL plug-in CAVER
were used to identify tunnels within BjPut82( 33). With a starting point at the N5 of
the flavin cofactor, CAVER identified over twentyé channels leading to the bulk
solvent, with a handful extending from the N5, tigh the predicted internal cavity, and
past the catalytic cysteine in the P5CDH active lséfore exiting (Figure 1). By
analyzing these potential channels, several residieee identified that have side chains
that appear to orient into the channel at diffepaints. These residues included T348,
S607, D778, and D779. As seen in Figure 1, the alichin of T348 extends towards a
bottleneck between the PRODH domain and the lanigenal cavity, while the side chain
of S607 points to a constriction between the caantgf the PSCDH domain. The side

chains of the last two residues, D778 and D779 apio point into the main cavity.

The aforementioned residues were chosen for siestéid mutagenesis. Each
residue was substituted with a tyrosine in ordeetain polarity while also increasing the
steric effect of the native side chain. AdditidpaD779 also was mutated to tryptophan
and alanine. The tryptophan further increasesdhde bulk and changes polarity,
whereas the alanine decreases steric size whdeaisoving the functional property of

the side chain carboxylate. All six mutant prosein348Y, S607Y, D778Y, and
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Figure1l. Channel connecting the PRODH active site to theDt%@ctive site. FALis
shown bound withithe PRODH domain, while NA" binds athe PSCDH domain. Tr
teal mesh channel connecting the two active sigigates an area unoccupied
electron density that extends from the PRODH dortathe P5CDH domain
Presumably P5@avels throug the channel from the PRODéttive site to thP5CDH
active site. The magenta sticks are native resitheg appear to orient into the char
that were mutated to tyrosine residi Numbers 14 label channels leading from bt
solvent to the internal cavity. Channel 1 is whar@ine is believed to enter, channe
and 3 are potential entry/exit points for wateP&1C, and channel 4 is where glutanis
predicted to exit. Thifigure was prepared using PyMOL and CAV using PDB codt

3HAZ (32, 33).
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D779Y/WI/A were purified and shown to have flavirespra similar to wild-type BjPutA
with flavin peak absorbances at 380 and 451 nnamRhe flavin absorbance spectra, the
percent bound flavin was estimated to be 74-99%meromer for the mutants, which is

similar to 79% bound flavin for wild-type BjPutA.

Channeling Assays of BjPutA Mutants

To initially screen the mutants for disruption bétchanneling event, coupled
PRODH-P5CDH channeling assays were performed. eAsribed previously, these
assays report on the overall oxidation of prolmglutamate by monitoring NADH
formation (0). If an initial lag in NADH formation is apparerihen channeling is not
likely occuring. As shown in Figure 2, channelaggays were performed on wild-type
and all six BjPutA mutants. The progress curvelADH formation in assays with
T348Y, S607Y, D778Y, and D779A are very similamtibd-type with no apparent lag.
The linear rate of NADH formation with the mutargsalso similar to wild-type at
roughly 1.4 uM/min. In contrast, BjPutA mutantg Y and D779W exhibit very little
NADH formation over the same time course. Minor amts of NADH were detected
with D779Y and D779W even in assays extended oROtmin. Assays were then
performed with higher concentrations of D779Y ark/BW, and fluorescence
spectroscopy was used as a more sensitive techtadakow NADH formation. Figure
3 shows progress curves of NADH formation for D778 D779W relative to wild-
type BjPutA. Increasing D779Y concentration 10-f(dl87uM to 1.87uM) generates
NADH at rate comparable to wild-type BjPutA (0.18V1) suggesting that D779Y is

about 10-fold less active than wild-type BjPutAditie 3A). The extrapolated lag time
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Figure 2. Channeling assays of w-type, T348Y, S607Y, D778Y, D779A, D779Y, a
D779W. NADH formation was monitored at 340 nm Ifrminutes. Assays perform
using 40 mM proline, 100M ubiquinone (Co(), 200uM NAD", 50 mM potassiur

phosphate, 25 mM NacCl, 10 mM Mg, pH 7.5
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Figure 3. Channeling assays with increasing concentratioi¥/GRY (A) and D779\W\
(B). NADH formation was monitored using fluorescerby exciting at 340 nm ai
recording the mission at 460 nm. In both plots 0.8V of wild-type enzyme was ust
as a control, and four different concentrationsmatant were assayed (0.-1.87uM) to
verify NADH formation. D779Y and D779W both significantly decrease NA

formation rates, witlthe bulkier mutation having a greater imp
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in NADH formation was 2.7 min for both wild-type@&®779Y. In contrast to D779Y,
NADH was essentially undetectable using a 10-fadghér concentration of the D779W

mutant (Figure 3B). Thus, it appears that the DV #Butant is severely impaired.

If the channel was blocked in the D779Y and D779Wants, P5C would be
expected to exit from the PRODH active site andidowp in the bulk solvent. With P5C
concentration increasing in the bulk solvent owertime course of the reaction, P5C
would eventually bind to the PSCDH domain leadiogNADH formation. This scenario
would reflect a non-channeling mechanism and wbeldharacterized by a noticeable
lag phase in NADH formation. The significantly lowADH formation observed with
D779Y and almost nonexistent NADH formation with¥V indicates that either
PRODH or P5CDH activity is significantly decreasedhat P5C is unable to access the
P5CDH domain. To explore these possibilities, timetic parameters of the individual
PRODH and P5CDH domains were determined for themsit The mutants that
channeled similar to wild-type, especially D779Alar848Y, were used as channeling

controls throughout the rest of this work.

PRODH and P5CDH Kinetic Properties of BjPutA Mutants

The steady-state kinetic parameters of the PRODHadlowere determined with
proline and CoQas substrates (Table &,andk.. values for proline (43 mM, 3.1
and CoQ (105uM, 2.9 s') were determined for wild-type BjPutA. Similar uak
(within two-fold) were determined for all of the tants except D778Y. D778Y

exhibited comparablK, valuedor proline (91 mM) and Co)X82 uM), but k.os was
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nearly 9fold lower than wil-type BjPTJ'[A. This result was unexpected as show
Figure 2channeling assays, wh: D778Y exhibited & ADH formationrate that was
higher than the other mutants and \-type BjPutA. This indicates that even i-fold
decrease iPRODH activity is not significant enough to imp#uwt overall PRODK-
P5CDH coupled reaction rate. In summary, the kingdirameters of the D779Y a
D779W mutants are similar to w-type BjPutA and demonstrate that the lo
channeling activity observ with these mutants is not caused by deficient PR(

activity.

Kinetic parameters were also determined for the$@omair in all of the
mutants. AK,, value 0f0.42 mMGSA was determined for wild-ty@jPutA (Table 3).
All six mutants exhibited a simrr K, for GSA. Thek., values for wildtype BjPutA and

mutants T348Y, S607Y, D778Y, and D77 were similar and ranged fro3.4 — 5 &.

M CoQ1, 0.5 uM enzyme, 50 mM potassium phosphate,
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Conversely, mutants D779Y and D779W had signifiyaotver k.o values of 0.02°8
and 0.003 8, respectively. These turnover rates are aboutl200 fold slower than
wild-type BjPutA. The significantly lower PSCDH tagty may be caused by disrupted

folding of the PSCDH domain or hindered passagess to the P5SCDH domain.

To explore the first possibility, NADbinding to BjPutA was confirmed by
determining the dissociation constaliig)(of the NAD'-BjPutA complex using intrinsic
tryptophan fluorescence. Dissociation constantlafix mutants (0.8-1.p6M) were
comparable to wild-type (0,8M). A Kq of 1.5uM NAD™ was also determined for wild-
type BjPutA by isothermal titration calorimetry rfiner validating the tryptophan

fluorescence results (Figure 4). These resultsyittygat the PSCDH domain is
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Figure 4. Wild-type BjPutA disassociaticconstant of NAD. 23.4uM of BjPutA was
loaded into the sample cell, and 500 NAD " was injected in 2l volumes for a total o

40 injections. N=0.72Kyq = 1.5uM.



Table 3. P5CDH kinetic parameters
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Glutamate-y-Semialdehyde (GSA) NAD*
Enzyme Km (MM) Keat (™) Kea/ K (M 57) Ka (M)

WT 0.42 £0.04 3.4+.12 8095 + 822 0.60 £0.04
T348Y 0.42 £0.04 4.2 +0.15 10000 £ 1017 0.75060.
S607Y 0.48 £0.03 45 +0.15 9375 + 664 1.00 £ 0.04
D778Y 0.38 £ 0.02 3.8 £0.08 10000 * 56y 0.67 #40.0
D779A 0.38 £0.03 5.0x0.14 13157 £1102 0.64Q50.
D779Y 0.20 £0.03 0.02 £0.001 100 £ 15.8 0.65@40.
D779W 0.35+0.15 0.003 = 0.0005 8640 0.78@50

%.01-6 mM P5C, 0.2 mM NAD 600 mM NacCl, 0.2aM enzyme, 50 mM
potassium phosphate, pH 7.5

bO.l-ZSuM NAD®, 0.25uM enzyme, 50 mM potassium phosphate, pH 7.5

folded properly in all of the mutants. Thus, it epps that the severe decrease in PSCDH
activity in D779Y and D779W is caused by structwiécts in the channel that may

impede P5C movement.

Single Turnover Rapid-reaction Kinetics

From the above analysis, it appears that in thed¥7ahd D779W mutants, both
catalytic domains are folded properly but P5C &vpnted from entering the P5SCDH
domain. To test whether a single molecule of P&@defficiently traverse the channel

in the D779Y mutant, a single turnover experimeas\werformed anaerobically without
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an electron acceptor for the flavin cofactor. His texperiment, enzyme and NABre
rapidly mixed with proline and the absorbance sp@ctfrom 700-300 nm is recorded
(Figure 5). From the spectra, NADH formation (3#0) and flavin reduction (451 nm)
can be extracted and plotted as a function of ti@bserved rate constants were
estimated by single exponential fits of both retutt and are reported in Table 4. The
observed rate constants for flavin reduction otiviyipe and T348Y were 0.178 and
0.147 &, while D779Y was about 3-fold faster at 0.456 Fhe rate of NADH formation
was similar between wild-type BjPutA and T348Y kuas 10-fold slower (0.003%in

D779Y.

Table 4. Single turnover observed rate constamtBjPutA enzymes

BjPutA Enzyme FAD Reduction keps(s) NADH Formation keps ()  Lag Time (s)

Wild-type 0.178 0.033 1
T348Y 0.147 0.035 1.5
D779Y 0.456 0.003 11

Thekops values for flavin and NADreduction for wild-type BjPutA and T348Y
are similar to that reported previously for BjPutsing the same assay conditions (.20
and 0.025 ¢, respectively) 10). Additionally, Figure 5A and 5B show spectraldes for
wild-type and T348Y, where there is a 1 and 1.5lagén NADH formation,
respectively. For D779Y shown in Figure 5C, thineated lag time for NADH
formation is about 11 sec. The longer delay aodat rate of NADH formation in

D779Y is consistent with D779 being located at mpalong the channel that is
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Figureb5. Single turnover rapid-reaction kinetic data foldvtype (A), T348Y (B), and
D779Y (C). PutA (21.3:M wild-type, 17.8uM T348Y, 17.9uM D779Y) and 10M
NAD™ were rapidly mixed with 40 mM proline (all conceattons reported as final) and
monitored by stopped-flow multi-wavelength absapt{300-700 nm). Insets showing
FAD (451 nm) and NAD (340 nm) reduction versus time were each fit single
exponential equation to obtain the observed ratstent kon) of the respective

reduction. Note the inset in (C) is on a differemte scale.
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narrower and thereby sensitive to large residustgubons that potentially constrict the

cavity and impair channeling activity.

Alternative PSCDH Substrates

To further explore the narrowing of the cavity, dleraaldehyde substrates were
assayed for their ability to navigate the chanfi@ble 5 compares the kinetic parameters
of native substrate GSA (exogenous L-P5C), andlsmaubstrates succinate
semialdehyde and propionaldehyde. Succinate seemgtle contains one less carbon
and no amino group, whereas propionaldehyde ise@ ttarbon aldehyde. Table 5
compares th&../K,, values of each substrate for wild-type, D779A, ehdnneling
mutants D779Y and D779W. To determine whether malbstrates enter the P5SCDH
domain more efficiently, the ratio of the./Kn of wild-type to thek../Km, of each mutant
was determined and is reported in Table 5. Usi8& Guccinate semialdehyde, and
propionaldehyde as substrates, D779A consistegplgrts a ratio close to one, indicating
all three substrates were channeled similarly td-tyipe. D779Y and D779W had
kealKmvalues for GSA that were 81 and 941 fold lower tivld-type. However, when
using succinate semialdehyde, these ratios imprtav80 for D779Y and 38 for D779W.

If succinate semialdehyde was impaired to the saxtent as the normal substrate, a 200-
fold decrease ik../K, would be expected. Instead, the/K, values only decreased by
70 and 8-fold for D779Y and D779W, respectivelycBease the reaction mechanism is
anticipated to be similar with succinate semialdiEhy all of the BjPutA enzymes, the

40-fold difference between wild-type BjPutA and @¥7W indicates movement of



67

succinate semialdehyde in the channel is impabetito a much lesser extent than

GSA/P5C. Propionaldehyde was shown to be an everepsubstrate for wild-type

BjPutA with akea/Knm of 6.2 M's™. Theratio ofk.afKm for D779Y and D779W were 34

and 115, respectively. Although still an improverever GSA, they were not improved

relative to succinate semialdehyde. It should bsooted that propionaldehyde

Table 5. Alternative substrate kinetic comparisons

Glutamic Semialdehyde Succinate Semialdehyde

Propionaldehyde

H,

OH OH H
I
| o)
O/ (@)
kcat/ Km
Keat/ Km  Keat/ K Ratio | Keat/ K Keat/ Ky Ratio | Keat/ K Ratio
Enzyme | M's?t WT:MT Mgt WT:MT Mgt WT:MT
WT 8095 - 42.2 - 6.2 -
D779A | 13157 0.62 42.1 1 4.6 1.3
D779Y 100 81 1.4 30 0.18 34
D779W 8.6 941 1.1 38 0.054 115

All assays contained 0.2 mM NAD50 mM potassium phosphate, 25 mM NaCl, pH 7.5

inhibited all four enzymes in a similar fashidf yalues between 123 and 234 mM),

suggesting D779Y and D779W are interrupting thenokaand not disrupting the active

site. Taken together, these results indicate Wiaite smaller substrates do not retain
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activity of wild-type, there are marked improvenseint the ability to reach the second

active site, especially in the larger mutant D779W.

DISCUSSION

Six mutations were made at three different poifdagthe putative substrate
channel of BjPutA. Of the six mutations made, dDR79Y and D779W appear to
disrupt P5CDH activity. Further kinetic resultoshthat the PRODH and P5CDH
domains are folded properly, which is also confidnbg X-ray crystal structures of both
mutants (Tanner, personal communication). Finalbng smaller PSCDH domain
substrates appears to increase the efficiencyedPHCDH active site relative to wild-
type, especially for the more bulky D779W mutatidrhe results of this study verify that
the cavity connecting the two active sites is useshuttle P5C from the PRODH site to

the P5CDH site, and that blockage of the channaedses P5CDH activity.

Three separate mutations were made at D779 thaiderdetails about the
channel. First, mutating the aspartic acid tosyre dramatically decreases the catalytic
efficiency of GSA by over 80-fold. Adding more kuh the form of a tryptophan
decreases the catalytic efficiency by over 940;feldygesting that larger residues at this
position have a great effect on channeling P5C/GSaAnversely, the alanine mutant at
the same position displays similar kinetics at laattive sites and channels similarly to
wild-type. Additionally, results with D779A showdt loss of the carboxyl group did not

impact channeling, indicating charge at this lawais not critical.

It is interesting to note that the position of thatation along the channel is very

important for channel disruption. D778Y is adjacenD779Y/W and crystal structures
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show it slightly orients into the cavity, thought@mough to constrict the channel.
Consistent with the structural predictions, the ® Mutant channels similarly, if not
slightly better than wild-type. Additionally T3481d S607 appear to point into
bottleneck regions of the channel, but the tyrosmgations do not affect activity at
either active site or the overall channeling reactiln terms of T348Y and S607Y, we
cannot rule out that hydrogen bonding occurs beatvilee tyrosine and either the
backbone or side chains of other local residuesh @&n event would flatten the tyrosine
against the sidewall of the cavity rather than po@into the channel and possibly

causing an obstruction.

One outstanding question that is answered in tbdyss how P5C/GSA accesses
the P5CDH active site. Previously it was unknowrether P5C/GSA exclusively used
the channel to enter the second catalytic sitelathaer it could enter directly from bulk
solvent. Experiments using D779Y and D779W witthbexogenously added and
endogenously produced P5C showed decreased P5GDHyadn channeling assays
using proline as a substrate, both D779Y and D788dved very little NADH
formation (Figure 2). Likewise, using exogenouB%€ to determine kinetic parameters
for the P5SCDH domain revealed significantly lowe/K, values, predominantly due to
the large decreaseshy,. If P5SC/GSA were able to enter the P5CDH actiteefsom a
location other than the channel, the kinetic reswtbuld not have deviated from wild-
type, especially when using exogenous P5C. Itishoeinoted that both D779 mutants
bind NAD" similarly to wild-type and crystal structures showglobal disruptions in
protein folding (Dr. John Tanner, personal commatarn). Thus, the mutations did not

structurally change or perturb a P5C entry/exihpthat may have been near the P5SCDH
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domain. Ultimately these results indicate that P&t access the PSCDH domain using
the channel. It also suggests that if exogeno@si®able to enter the cavity from a site

other than through the PRODH domain, it must dagsiream of the D779 residue.

A second elusive question in the PutA field is véhand how hydrolysis of P5C
takes place. It has been proposed that the latgeal cavity is large enough to house
several P5C and water molecules and may proviggainonment for hydrolysi<9j.
Based on the alternative substrate work using D7a8®¥ D779W, it is tempting to
suggest that P5C-GSA equilibrium favors the cyBieC at the point of these mutations
in the channel. While succinate semialdehyde ssimg a carbon and an amino group,
perhaps the channeling improvement is due moreetdiriearity of the substrate rather
than the shorter length. The larger D779W muthots nearly a 25-fold improvement
when comparing the wild-type: mutaty/K, ratios for GSA and succinate
semialdehyde. This may suggest the ringed streicsumore sterically hindered than the
linear substrate, which is able to navigate thérab8on more efficiently. Based on the
structure, D779 is located within the first thirttlee channel, leaving plenty of room for

a hydrolysis reaction to occur downstream.

Making mutations along substrate channels is nat néher studies have
reported similar experiments to validate or expanderstanding of substrate channeling.
Recently, two mutations were made along a surfeeé@ae connecting two active sites in
the Arabidopsis bifunctional enzyme dethiobiotin synthetase (DTB&minopelargonic
acid aminotransferase (DAPAT-AT)X). The crevice is thought to channel the

intermediate from DAPA-AT to DTBS. Mutants S360idal793W were made to
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obstruct the external crevice, and progress cumeee monitored. The results showed
the mutations caused a lag time of 10-12 minutégraas wild-type experienced no such
lag, suggesting channeling of the intermediate dissipted. Channel obstructions
(BC170F,C170W) have also been made in tryptophan syntlcassjng the rate of
intermediate channeling to slow10-fold in the pHalanine mutant and over 1000-fold
in the tryptophan mutanB4). Steady-state and transient kinetic resultscaieid the
BC170W not only hindered passage of intermediatedx active sites, but also affected
crosstalk between subuni®j. In both examples substrate channeling was pliscLby
placing bulky mutations along the channel, whicbvates precedence and validation for

the research reported here.

Finally, the structures presented here show a sioaps$ a cavity connecting two
active sites, but it is necessary to think aboetdannel as being dynamic. It is well
known that PutA undergoes a conformational chamga dglavin reduction, and it has
been proposed that a conserved ion pair (R456-E4@%)as a gate between the PRODH
domain and the main cavit§{, 35). These two examples illustrate how the overall
enzyme fluctuates, and it is reasonable that thegi@aphy of the channel changes as
well. Future structural studies of the enzymeiff¢iient points of catalysis may show
how the channel changes and could help furtheritbeskow P5C moves between active

sites.
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CHAPTER 3

Fusing the DN/binding Domain oEscherichia
coli Proline Utilization A (PutA onto the
Bifunctional PutA Enzyme frorRhodobacter
capsulatus Nearly Mimics a Genuin
Trifunctional PutA

EcPutA
'™
_ g
=
—
1 49 86 142 259 564 615 1089 1300 1320
RcPutA
PRODH PSCDH Domain c"“"“‘“"E
Domain
1 53 1le6 462 505 953 1108 1127

EcRHH-RcPutA

PRODH PSCDH Domain C"‘"“'“"E
Domain
1 52 107 220 516 559 1007 1162 1181

Note: Results appearing in this chapter are being predarenanuscript: Arentsol
Benjamin W., Farmer, Erin, Zhu, Weidong, Tannehnld., Becker, Donald F. “Fusil
the DNA-binding Domain oEscherichia coli Proline Utilization A (PutA onto the
Bifunctional PutA Enzyme fronRhodobacter capsulatus Nearly Mimics a Genuin
Trifunctional PutA” manuscript in preparation.
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ABSTRACT

Proline utilization A (PutA) is a bifunctional flaenzyme with proline
dehydrogenase (PRODH) andpyrroline-5-carboxylate dehydrogenase domains that
catalyze the two-step oxidation of proline to gintde. A subset of PutA proteins also
have an N-terminal ribbon-helix-helix (RHH) DNA-ldimg domain and are considered
trifunctional, such as PutA fromascherichia coli (EcPutA). EcPutA moonlights as an
autogenous transcriptional repressor offileregulon and switches to a membrane-
bound enzyme in response to cellular nutrition&dseand proline availability. In this
work, we explored whether a trifunctional PutA @bk engineered by fusing the RHH
DNA-binding domain of EcPutA onto the bifunctiorRitA enzyme froniRhodobacter
capsulatus (RcPutA) The resulting ECRHH-RcPutA chimera was characteraong
with RcPutA and compared to EcPutA. RcPutA is shtavpurify as a monomer
whereas ECRHH-RcPutA forms a stable dimer analogmé&sPutA. Despite unique
guaternary structures, RcPutA and ECRHH-RcPUtA lcaveparable steady-state kinetic
parameters and show evidence of substrate chagnkdivitro assays show ECRHH-
RcPutA bindgut control DNA and exhibits significantly increasagid binding in the
presence of proline. These results are consistiéntproperties of ECPutA and mirror the
mechanism of EcPutA functional switching which is/dn by proline-dependent
activation of membrane binding. ECRHH-RcPutA, hoarevs not observed to act as
transcriptional repressor in cell-based reportsags. Thus, although ECRHH-RcPutA
displays characteristics of functional switchingitro, it does not fully mimic thén vivo

properties of ECPuUtA.
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INTRODUCTION

The proline metabolic pathway converts proline iglitamate via two
consecutive steps catalyzed by proline dehydrogetRRODH) and\'-pyrroline-5-
carboxylate (P5C) dehydrogenase (P5CDH) (Schemélhe first reaction, PRODH
forms the intermediate P5C through the flavin-dejeen, two-electron oxidation of
proline. P5C then undergoes a non-enzymatic hysioktep, forming glutamate-
semialdehyde (GSA), which is oxidized to glutamtateNAD*-dependent PSCDH. The
above central reactions of proline metabolism impagroad array of physiological
processes in different organismis4) and have underlying roles in human diseases such
as cancerq, 6) and schizophrenia{9). Proline is also a critical respiratory substrimir
Helicobacter pylori during infection {0, 11) and in the fungal pathoge@ryptococcus
neoformans, proline catabolism was recently shown to be nexglfor virulence in mice

(12).

PRODH and P5CDH are separate enzymes in eukargote&ram-positive bacteria,
whereas in Gram-negative bacteria the enzymesnaaed as a bifunctional
polypeptide known as proline utilization A (PutAB(14). In addition to catalytic
activities, a subset of Gram-negative bacteria stséfscherichia coli andSalmonella
typhimurium encode PutAs with a DNA-binding domain, which a#oPutA to bind
DNA and repress transcription pditA andputP (proline transporter) gene$y 16). The
DNA binding domain in these so-called trifunctioRaltAs provides a unique coupling

between proline availability and proline metabgjene expressiori$, 16).
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Scheme 1. Reactions catalyzed by the bifunctional PutAyemz. Proline dehydrogena
(PRODH) domain catalyzes the conversion of praling*-pyrroline-5-carboxylate
(P5C) using a flavin cofactor as an electron acarepP5C undergoes a r-enzymatic
hydrolysis, resulting in glutaméy-semialdehyde (GSA). The P5C dehydroger
domain (P5CDH) catalyzes the N,"-dependent oxidation of GSA to camate thereby

generating NADH
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In S typhimurium andE. coli, PutA switches from a DNA-bound transcriptional
repressor to a membrane-bound enzyme based oceitdtar proline levels and the
redox state of the flavin cofactdtg-18). Proline reduction of the flavin cofactor
significantly increases PutA membrane binding a@ffiwhile diminishing PutA-DNA
binding affinity by only two-fold {8-22). The DNA-binding domain of trifunctional
PutAs is located at the N-terminus and has beewrsihy X-ray crystallography to be a
ribbon-helix-helix (RHH) fold {5, 23, 24), whereas the membrane-binding domain of
PutA is not known. Recent studies of PutA fr&ncoli (EcPutA) have identified
conformational changes in the flavin cofactor active site residues of the PRODH
domain that are critical for mediating redox adiiea of PutA membrane interactions.
Additionally, proline-dependent conformational cgas occur outside the PRODH
domain, which correlate with increased PutA memeétainding 20). How
conformational changes in PutA enhance membraeeaictions remains unclear.

Phylogenetic analysis of PutA proteins dividesARunto two main branches. Branch
1 is composed of trifunctional and bifunctional Rsitvhereas Branch 2 is composed
entirely of bifunctional PutAsi@, 14, 25). Trifunctional PutAs (Branch 1A) are
generally 1300 residues in length, which in additio the PRODH and P5CDH domains,
contain a N-terminal DNA-binding domain and a Qstaral domain (CTD) of unknown
function (13, 14, 25). The bifunctional enzymes of Branch 1 can bedsuted into short
(~ 1000 residues) and long (~ 1200 residues) bifanatiPutAs {3, 14, 25). The best
characterized short bifunctional PutA (Branch 1g\jrom Bradyrhizobium japonicum
(BjPutA), from which the first X-ray crystal structure ofwdl-length PutA was solved

(26). The X-ray crystal structure of BjPutA showedimer/tetramer oligomeric state
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and revealed a 40 A cavity linking the PRODH an€BBl domains #6). The cavity
allows channeling of the P5C intermediate betwéertwo enzyme active sites. Long
bifunctional PutAs (Branch 1B) are more closehatedl to trifunctional PutAs in that

they contain the CTD of unknown functiois}.

The aim of this study was to examine whether agpenthe DNA-binding domain of
EcPutA onto a long bifunctional PutA would generatgona fide trifunctional PutA. For
this purpose, we chose to fuse the RHH domain Bfuis (NCBI RefSeq NP_415534.1)
onto the N-terminus of the long bifunctional PutArh Rhodobacter capsulatus
(RcPutA) (NCBI RefSeq code YP_003578784.1, 112/harmacids) to create an ECRHH-
RcPutA chimera. RcPutA and EcPutA are 47% iden{@®b similar) between the
regions of the arm domain and the CTD of unknowrtfion (Figure 1), making RcPutA
a suitable candidate for studying the effects dliragla N-terminal DNA-binding domain
(27). X-ray crystal structures of the EcPutA RHH dam@esidues 1-47) show itis a
dimer that binds a 9-bp sequence, which is condarvéheput promoter regions of
Gram-negative bacteria that encode trifunctionaRB{15). Figure 1 summarizes the

domain organization of EcPutA, RcPutA, and the ltesy)ECRHH-RCcPUtA chimera.

Here, we report the functional properties of RéPamd the ECRHH-RcPutA chimera
and analyze the quaternary structures of theseneepy analytical ultracentrifugation.
We show that RcPutA is a monomer and demonstratette RHH domain of EcCPutA
induces dimerization of ECRHH-RcPutA. These respibvide novel insights into the
diverse quaternary structures of PutAs. The RHHalons also shown to promote
functional switching of RcPutA, however, other fastappear necessary for ECRHH-

RcPutA switchingn vivo.
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EcPutA
£
1 49 86 142 259 564 615 1089 1300 1320
RcPutA
1 53 166 462 505 953 1108 1127
EcRHH-RcPutA
. P5CDH Domain
1 52 107 220 516 559 1007 1162 1181

Figure 1. Domain organization maps E. coli PutA, R. capsulatus PutA, and EcRHI-
RcPutA. The DNAbinding domain (DBD) oE. coli PutA was fused immediate
upstream oR. capsulatus PutA, resulting in the ECRHIRcPuUtA enzyme. Numbe

below the domain map indicate amino acid positidGM, conserve C-terminal motif.
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MATERIALSAND METHODS

Materials

Unless noted, all chemicals were purchased fragm&iAldrich or Fisher Scientific.

Nanopure water was used in all experiments

Expression Constructs and Protein Purification

TheputA gene fromR. capsulatus was PCR amplified and inserted into a pET28
vector (Novagen) using Ndel and Xhol restrictiodlesiThe ECRHH-RcPuUtA enzyme
was created by PCR amplification of the DNA-binddamain (residues 1-52) of ECPutA
from a pET14b-EcPutA construct described previo(28). Ndel restriction sites were
incorporated at both ends of the PCR product usiimgers 5'-
CGGCGCCATATGATGACCGACCTTTCCGCCCTTGG-3 and 5'-
CGCCGCCATATGCTCCGGCAGAGTATCGCTGTTTTCC-3'. The PCPRoduct was
then ligated into the pET28a-RcPutA construct imiaiedy upstream of RCPutA gene
(Ndel and Xhol). The resulting pET28-EcRHH-RcPu@struct was confirmed by

DNA sequencing (Eurofins MWG Operon).

EcPutA was overexpressed and purified as previaesdgribedZ1, 29). RcPutA
(1127 amino acids) and EcCRHH-RcPutA (1180 amindsgcboth in a pET28a vector,
were overexpressed in BL21(DE3) pLysS cells (Prapetarter cultures (5 ml) were
grown overnight in LB medium (2bg/ml kanamycin, 341g/ml chloramphenicol) and

used to inoculate 4-L cultures of LB medium pluskaatics. Once cultures reached
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ODsggp 0f 0.8, 0.5 mM IPTG was added, and cultures weogvg overnight at 20°C

before harvesting by centrifugation and freezirgydhbll pellets at -80 °C.

The frozen cell pellets were resuspended in 50indibg buffer (20 mM Tris-base,
0.5 M NaCl, 5 mM imidazole, 10% glycerol, pH 7.9)48C containing FAD (0.1 mM)
and protease inhibitorsamino-N-caproic acid (3 mM), phenylmethylsulforfidoride
(0.3 mM), leupeptin (1uM), tosyl phenylalanyl chloromethyl ketone (48J), and
tosyllysine chloromethyl ketone hydrochloride (784). Cells were disrupted by
sonication at 4°C. The solubility of the protemss optimized by adding 0.25 mM
Triton X-100 to the cell lysate and incubating &C4with slow stirring for 30 min. The
cell lysate was centrifuged for 1 h at 19,000 rpmai JA-20 rotor (Beckman). The
supernatant was filtered (Oin filter, VWR) and loaded onto a fNiaffinity column
(Superflow resin, Qiagen) equilibrated with Trissbabinding buffer (pH 7.9). Wash
buffer (Tris base with 60 mM imidazole) followed biution buffer (Tris base with 500
mM imidazole) were then applied to the column. Blutfractions containing PutA
protein were then dialyzed overnight at 4°C intord®I Tris (pH 7.5) buffer containing
10 mM NaCl, 0.5 mM EDTA, and 10% glycerol. The miatwas then loaded onto an
anion exchange column (HiTrap Q HP column, GE Sfeences) equilibrated with the
Tris buffer above. A linear gradient of 0-1 M Nai@l Tris buffer (pH 7.5, 0.5 mM
EDTA, 10% glycerol) was used to elute PutA. PedfiRcPutA and ECRHH-RcPutA
were then dialyzed into 50 mM Tris (pH 7.5) coniain50 mM NaCl, 0.5 mM EDTA,
and 10 % glycerol and stored at -80°C. Proteintpwas analysed by SDS-PAGE.
Protein concentration was determined by the 660Pnatein Assay (Thermo Scientific)

using bovine serum albumin as the standard. Theuatof bound flavin adenine
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dinucleotide (FAD) cofactor in purified RcPutA aBdRHH-RcPutA were determined as
previously described 17). The N-terminal hexahistidine tag was retaindtera

purification.

PRODH Kinetic Assays

All steady-state assays were performed at 23°Qetid parameters for proline were
determined using coenzyma (LoQ) as an electron acceptor and monitoring €0Q
reduction by the decrease in absorbance at 278 mm4,500 M cni?) (29). Ky, and
keat for proline were determined for RcPutA and ECRHEPRtA (0.25uM) by varying
proline (0-100 mM) and fixing Cofat 300uM. Likewise, theK,, andk., for CoQ were
determined by varying Co@10-450uM) while holding proline constant at 200 mM.
The above assays were conducted in 50 mM potagghasphate (pH 7.5) and 25 mM
NaCl. Data was collected using a 0.15 cm pathltengta Hi-Tech Scientific SF-61DX2
stopped-flow instrument. Kinetic parameters weztetmined by fitting initial velocities

to the Michaelis-Menton equation (SigmaPlot 12.0).
DNA-binding

The DNA-binding activity of the different proteimgas determined by gel mobility
shift assays using fluorescently labegedl control DNA as previously describe®3). A
dissociation constant of ECRHH-RcPutA witit control DNA was determined by best-
fit analysis to eq 1 (Sigma Plot 12), wheres the number of binding sites and [L] is total

concentration of proteirly).

Fraction of DNA Bound = n[L]/(Kd + [L]) (1)
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PRODH-P5CDH Coupled Assay

PRODH-P5CDH coupled activity, in which prolinecsnverted to glutamate, was
measured for RcPutA and ECRHH-RcPuUtA as describexdqusly @6). Briefly, 0.25
uM enzyme was mixed with 2QtM CoQ;, 40 mM proline, and 200M NAD™ in 50
mM potassium phosphate (pH 7.5) containing 25 mMCINa he progress of the reaction

was followed by NAD reduction at 340 nne(E 6200 M* crmi?).

Oligomeric Structure Deter mination

The oligomeric states of RcPutA and ECRHH-RcPutAendetermined by gel
filtration chromatography and sedimentation equiliim. The purified proteins were
loaded onto a Superdex 200 10/300 GL column (GE &ifiences) and eluted by FPLC
in 50 mM Tris buffer (pH 7.5) containing 100 mM NaG.5 mM EDTA, and 10%
glycerol at a flow rate of 0.5 ml/min. The molemulveight of each protein was
determined using thyroglobulin (669 kDa), apofénr{#43 kDa) 3-amylase (200 kDa),
bovine serum albumin (66 kDa), and carbonic antsal(29 kDa) as molecular weight

standards.

Sedimentation equilibrium was performed using @tir®a XL-1 analytical
ultracentrifuge (Beckman Coulter, Inc.) equippethvén eight-hole An50 Ti rotor.
RcPutA (2 mg/ml) and ECRHH-RcPutA (2 mg/ml) weralgzed in 50 mM Tris buffer
(pH 7.5) containing 100 mM NaCl, 0.5 mM EDTA, arfib glycerol. The dialyzed
proteins were then diluted to 0.2, 0.5, and 0.8mhghd loaded at 110l each into the
sample cells. The reference cell was loaded (1P%ith the dialysate buffer. Radial

scans with a spacing of 0.001 cm were collecté&B@tnm at 22 and 24 h after
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equilibration at 8000 rpm. The scans are an aeesdd0 measurements at each radial
position. Origin 6.0 software was used to besth# data to a single ideal species model
using a solvent density of 1.018 g/ml and a pasipecific volume of 0.742 ml/g

estimated from the RcPutA and ECRHH-RcPutA polyjolestby Sednterp software.

Membrane Interactions and Lipid Pull-down Assays

Membrane interactions of RcPutA and ECRHH-RcPutAenestedn vivo using an
E. coli BL21(DE3) strain that lacks PutA. A PutA deficidptitA) E. coli strain of
BL21(DES3) was generated by disrupting putA gene with a kanamycin cassette
(TargeTron Gene Knockout System, Sigma). The spqmiimers used were IBS 5’
AAAAAAGCTTATAATTATCCTTACGCCTCCCGCAGGTGCGCCCAGA
TAGGGTG 3, EBS1d

S'CAGATTGTACAAATGTGGTGATAACAGATAAGTCCCGCA

GCC TAACTTACCTTTCTTTGT 3'and EBS2

S'TGAACGCAAGTTTCTAATTTCGGTTA

GGCGTCGATAGAGGAAAGTGTCT. The kanamycin cassette wdrsoduced after

355 bp ofputA gene. Subsequent PCR analysis ofpilitd gene showed a band of 547 bp
which contains 219 bp of the kanamycin cassetteotisirating the successful insertion
of the kanamycin cassette into @A gene. Western blot analysis of cell lysates using
an antibodies generated against the RHH domaineasopisly described30) confirmed

the lack ofputA gene expression. The resulting BL21(DBEG)A” Kan was then used for
testing functional membrane interactions of théedént proteins. For these experiments,

EcPutA, RcPutA and EcCRHH-RcPutA were subcloned anpieT21a vector (Novagen)
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by introducing Ndel and Xhol sites at the N-ternsraind C-terminus, respectively, by
PCR. The following primers were used: EcPutA, (F&d)
CGGCGCCATATGGGAACCACCACCATGG-3' and (Rev) 5’
CGGCGCCTCGAGTTAACCTATAGTCATTAAGC-3'; RcPutA, (Fwdy’
CGGCGCCATATGACCGACCTTTCCGCCC-3', (Rev) 5'-
CGGCGCCTCGAGTCACCCGGCCAGCAAAGCCGC-3’; and ECRHH-RER,
EcPutA Fwd and RcPutA Rev primers. A stop codos placed upstream of the Xhol
site so that the PutA proteins were expressed withdistidine tag. The resulting
constructs EcPutA-pET21a, RcPutA-pET21a, and EcHRdRutA-pET21a were
confirmed by DNA sequencing (Eurofins MWG Operdi)e PutA constructs and
pET21a empty vector were transformed into BL21 (D& Kan Liquid cultures (5
ml) of cells containing the different constructsrevgrown in LB medium and cell lysates
were made to test for PutA protein expression. $IA&E of total protein showed
equivalent expression levels of EcPutA, RcPutA, BoRHH-RcPutA without (leaky
expression) and with IPTG (2%0MM). To test for functional membrane interactions,
cultures were grown in LB medium to an gpof0.5 and streaked on minimal agar
plates containing triphenyltetrazolium chloride @)Tand proline (0.5%) or glycerol
(0.5%). Agar plates were made by autoclaving OKEHWP O, 0.3% KHPO,, 0.01%
MgSQ,, 0.2% protease peptone, 2.0% agar, then aftemgpatiding filter-sterilized
0.5% proline or 0.5% glycerol, 0.005% L-tryptoph@r001% thiamine, and 0.0025%

triphenyl tetrazolium chloride (all wt/vol %).

Lipid pull-down assays were performed anaerobjaafider a nitrogen atmosphere in

a anaerobic chamber (Belle Technology Gloveboxjessribed previously usirtg coli
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polar lipids (Avanti Polar Lipids)31). In these assays 50 mM proline was used to
reduce the flavin cofactor in the PutA proteing(@g/ml) during the incubation with

lipid vesicles.

Cell-based Functional Switching Assays

EcPutA-pET21a, RcPutA-pET21a, and ECRHH-RcPutAETand pET21a empty
vector were transformed int coli strain JT31putA- lacZ- containingputC:lacZ
(pUTO03) as described previousBB( 31). Cells transformed with the various PutA
constructs were grown at 37°C in M9 minimal medicontaining 0.005% L-tryptophan,
0.05% thiamine, 5@g/ml ampicillin, 34ug/ml chloramphenicol, 2hg/ml kanamycin,
and 0, 0.1, and 15 mM proline. PutA expression wdsced with 25QM IPTG at
ODe0o 0.2 and cells were grown until @3 0.8-1.3-galactosidase activitig reported in
Miller units (32) and was determined as previously descril3a)i éxcept for the
following minor changes. Cells (5Q0) were diluted two-fold to 1 ml in Z buffer and
assays were run for 45 sec. Optical densities badrbance readings were recorded
using a Biotek Powerwave XS plate reader (20&ssays). Results are reported as an

average of four independent experiments.

RESULTS

General Properties and Steady-state Kinetic Parameters

RcPutA and EcCRHH-RcPuUtA purified as soluble pradevith molecular sizes on
SDS-PAGE consistent with the predicted moleculagits of 119,460 Da (RcPutA) and

125,529 Da (EcRHH-RcPutA). The UV-visible spedfdahe RcPutA and ECRHH-
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RcPutA were similar with maximum absorbance ban@88 nm and 451 nm. Based on
the flavin absorbance spectra, the flavin conte®7% and 92% for RcPutA and

EcRHH-RCcPuUtA, respectively.

The PRODH steady-state kinetic parameters for BcBod ECRHH-RcPutA were
determined and are reported in Table 1. Khevalues for proline (5.6 mM) and CeQ
(93 uM) in RcPutA are lower than that of EcPutA with thest significant difference
observed in th&, for proline. Thek.o: for RCPUtA is also significantly lower than
EcPutA. However, the resulting./Kn values for RcPutA vary by only 2-3 fold from that
of EcPutA. For ECRHH-RcPUtA, thea/Kn, of 167.9 M* s*with proline was the same as
RcPutA. When holding proline constant and vary@iug):, akea/Kmvalueof 6832 M's™
was determined which is about two-fold lower thaiPRtA. Overall, the PRODH steady-
state kinetic parameters are similar for RcPutA BoRHH-RcPutA with both enzymes
exhibiting a slowek.,than that of ECPutA. Thus, it appears that fusimgEcRHH

domain onto RcPutA does not significantly affe@ BRODH kinetic parameters.

To further explore the kinetic properties of Re®and EcCRHH-RcPutA, coupled
PRODH-P5CDH assays were performed. These assayd ogpthe activity of both the
PRODH and P5CDH active sites by monitoring NADHation, which is used as a
read-out of the overall conversion of proline tatgmate. Figure 2 shows a PRODH-
P5CDH coupled assay for RcPutA and ECRHH-RcPuthe Jteady-state velocities of
NADH formation are similar for RcPutA and ECRHH-RER under the assay
conditions, thus providing additional evidence ttat fusion of the EcPutA DNA-

binding domain does not disrupt the overall kingtioperties of RcPutA. In addition, no
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Figure2. PRODH-P5CDH coupled activity assays of RcPutd BoRHH-RcPutA.
Assays were performed using 200 CoQ,, 40 mM proline, 0.25M enzyme (RcPutA
or EcCRHH-RcPutA) in 50 mM potassium phosphate (p&) @and 25 mM NaCl. NADH

formation was monitored at 340 nm.

lag phase is apparent in these assays suggestintp¢hintermediate L-P5C/GSA does
not equilibrate with bulk solvent but instead iswcheled between the PRODH and
P5CDH active site26). These results are consistent with that preWodsscribed for

BjPUtA (26).

Oligomeric State Deter mination

The domain organization of RcPutA provides an dgoébpportunity to explore the
impact of the RHH and CTD domains of EcPutA ondhgomeric organization of
PutAs. RcPutA has a conserved CTD but lacks the RINIA binding domain of
EcPutA. The oligomeric states of RcPutA and ECRHHR&RA were first analyzed by gel
filtration chromatography. Figure 3A shows a stitkidifference between the two
proteins. The elution profile of ECRHH-RcPutA esdites a molecular madsl) of ~ 315
kDa whereas RcPutA elutes at an appakéof ~ 122 kDa. These results indicate that
RcPutA purifies as a monomer whereas ECRHH-RcPsigAdimer (~252 kDa) or a

trimer (~378 kDa) species.
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RcPutA and EcCRHHRcPuUtA were then analyzed by analytical ultracérgation.
Sedimentation equilibrium experiments were perfamsing three different prote
concentrations. The equilibrium data for RcPutfy(ife 3B) and ECRH-RcPutA
(Figure 3C) were bedit to an ideal singl-species model which yieldéM values of 130
kDa (125.5 kDa theoretical) and 256 kDa (251 kDsothtical), respectively. The
results confirm that RcPutA is a monomer and tieRHEH-RcPuUtA is a dimel

suggesng that the EcPutA RHH domain induces dimerizatd RcPutA.
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Figure 3. Oligomeric structure analysis of RcPutA and E€RRcPutA. (A) Gel
filtration elution profiles (monitored at 280 nmf) RcPutA (solid trace) and ECRHH-
RcPutA (dotted trace). (B) Sedimentation equilibr analysis of RcPutA. Global fit
analysis of three different protein concentratiah8000 rpm to an ideal single-species
model yielding a 130 kDa species (theoretical 1R&)k (C) Sedimentation equilibrium
analysis of ECRHH-RcPutA. Global fit analysis ofeé different protein concentrations
at 8000 rpm to an ideal single-species model yngldi 256 kDa species (theoretical 251
kDa). A vertical offset was applied to the residuahich are shown for each fit in the

bottom panel. Molecular weight values are repoatea 95% confidence interval.

DNA-binding and Lipid Pull-down Assays of ECRHH-RcPutA

From the analysis above, it appears ECRHH-RcPutpisda similar oligomeric
state as that of ECPutA. We next sought to detegnfiECRHH-RcPutA exhibited the
functional switching properties of ECPutAhe DNA-binding activities of ECPutA,
RcPutA, and EcCRHH-RcPutA were compared using gedilityp shift DNA-binding
assays. Figure 4A shows that RcPutA does not biMA Bs expected whereas ECRHH-
RcPutA bindgout control DNA similarly to EcPutA. A dissociation mstant Kgy) for
EcRHH-RcPutA withput control DNA was determined by varying ECRHH-RcPutA
concentration in the binding assays as shown iargigB. Figure 4C shows a plot of the
fraction of bound DNA versus ECRHH-RcPutA concetirafit to eq 1 = 1.2), from
which aKy value of 39 + 16 nM was estimated. This valuegsivalent to that
determined previously for ECPutK{ = 45 nM) (7).

Lipid pull-down assays were used to test whethemtembrane binding properties of

RcPutA and EcCRHH-RcPutA are regulated by prolimiction of the flavin cofactor as
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observed for EcPutA2(, 31). RcPutA, ECRHH-RcPutA, and EcPutA were incubated
with E. coli polar lipid vesicles in the absence and preseh&8 M proline. After
incubation for 1 h, the soluble and lipid fractiomere separated by centrifugation and
analyzed by SDS-PAGE to monitor PutA partitioninghe soluble and lipid fractions.
Figure 5 clearly shows that in the absence of peo(i.e., oxidized state) RcPutA and
EcRHH-RcPutA are mainly in the soluble fraction gamto EcPutA. In the presence of
proline, RcPutA and EcCRHH-RcPutA significantly pigoh into the lipid fraction,

indicating that membrane interactions are favoned ieducing environment as seen with



95

A DNA Ec  Rc EcRHH-Rc

. d pasd ~aPUADNA Complex

o

Fraction [INA Eiound )

0 100 200 300 400 500
EcRHH-RcPutA [nM]

Figure 4. DNA-binding assays. (A) Gel mobility shift assayd€ePutA (200 nM)
RcPutA (200 nM), and EcRF-RcPutA (200 nM) added to binding mixtures contayr
2 nM of fluorescent labeled (IRd-700 label)put control DNA (420 bp) and 100 ug/r
of nonspecific cdlthymus DNA. Free DNA and Pu-DNA complexes were separat
on a nondenaturing 4% polyacrylamide gel. (B) Rsentative gel mobility shift ass
with increasing concentrations-400 nM) of ECRHHRcPutA with fluorescently labele
put control DNA (2 nM) (C) Plot of ECRHHRCPuUtA concentration versus fraction
DNA bound from two independent -shift assays. Data were fit to eq 1 to yie

dissociation constanKg) of 39 + 16 nM.
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Figure5. Lipid pull-down assays. EcPutA, RcPutA, and EcF-RcPutA (0.3 mg/m

each) were incubated with or without proline in HESPbuffer (pH 7.5, 150 mM NaC

with freshly preparedt. coli polar lipid vesicles (0.8 mg/mL) for 1 h at roc
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temperature. Following incubation, soluble anddifyactions were separatby Air-fuge

ultracentrifugation and analyzed via S-PAGE.
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EcPutA. These results are consistent with redogtfonal switching of RcPutA-

membrane associations as described previouslydButA.

Cell-based Testing of ECRHH-RcPutA Functional Switching

The assays described above show that ECRHH-RcRutAaPutA exhibit similar
properties suggesting that only the DNA binding donof ECPutA is required to convert
RcPutA into a trifunctional protein. To confirm trBcRHH-RCcPUtA is a genuine
trifunctional protein, cell-based membrane intamatt and transcriptional repressor
assays were performed. The ability of RcPutA andHid-RcPutA to couple proline
utilization with the respiratory chain was testedti coli putA” cells on minimal medium
agar plates containing TTC, a redox dye that extneelectron acceptor for
dehydrogenases and complex 1 at the membB#&4). Figure 6A shows that plates
streaked with cells containing EcPutA, RcPutA, &eRHH-RcPutA show a strong red
color, whereas cells containing the empty vectomsbonly a faint red color after 20 h of
growth. These results indicate that ECRHH-RcPuataracts functionally with the

membranen vivo.

The ability of ECRHH-RcPutA to switch between DMAding and membrane
binding was assessed using a cell-bdsgdlactosidase reporter assay as previously
describedZ8, 31). Figure 6B shows th@itgalactosidase activity increases 3-fold in cells
containing EcPutA when proline is added to the ghowedia. This increase fl
galactosidase activity is similar to that which bagn reported previously for ECPutA

(31). In cells with RcPutA, thg-galactosidase activity matched that of cells
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Figure6. Cellbased functiorl switching assays. (An vivo membrane interactio
assays were performed with BL21DE3 P" Kar® cells containing EcPutA, RcPut.
EcRHH-RcPutA and pE-21a empty vector. Cells were plated on minimal ismedatr
containing proline and TTC and grown for 20 h a°C. The appearance of a red cc
indicates utilization of proline as respiratory strhte and functional Pu-membrane
interadions. A control experiment using minimal mediagglycerol showed re
colonies for all four constructs (data not showB).Cell-based transcriptional repres:
assays irk. coli strain JT3IputA lacZ cells containing theutC:lacZ reporter gen
plasnid and EcPutA, RcPutA, EcCRF-RcPutA and the pEP1a empty vector. Cel
were grown at 37C in minimal media supplemented with 0 mM, 0.1 navgd 15 mM
proline.B-galactosidase activity is reported as the averafmuoindepender

experiments + standagtrors
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containing the empty vector with and without preliconsistent with RcPutA not binding
put control DNA (Figure 6B) and thereby not being afoleepress transcription of the
putC:lacZ reporter gene. Unexpectedly, cells containing ERRtPuUtA exhibited the
same level of-galactosidase activity as RcPutA cells with anthaut proline. The high
levels off3-galactosidase activity in the absence of prolitkdate that unlike ECPUtA,
EcRHH-RcPutA does not repress transcription ofpllt€:lacZ reporter gene. Thus,
although EcCRHH-RcPuUtA appears to have all of tloperties necessary for functional

switching, the chimeric protein is unable to actrasscriptional repressat vivo.

DISSCUSSION

Purification of RcPutA provided an opportunitydioaracterize a PutA enzyme with a
unique quaternary structure, which in contrastjluBA and EcPutA, purifies as
monomer. The CTD of RcPutA must interfere with dimerization interface observed
previously for BjPutA. BjPutA is a shorter enzynhat lacks the CTD and was observed
by X-ray crystallography to form a dimer of dimersa tetrameric specie2g) Relative
to EcPutA, RcPutA lacks the RHH-DNA-binding domaihich has also been shown to
be responsible for dimerization of EcCPutA. ThusPRA represents an intermediate

form between the two different dimeric species ffIBA and EcPutA.

The observation that RcPutA follows a substrasmaoleling mechanism in the
coupled PRODH-P5CDH reaction indicates a dimerigcstire is not required for
substrate channeling. The progress curve of thpledlPRODH-P5CDH assay is

consistent with substrate channeling, as no lagelsadetected indicating that the
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P5C/GSA intermediate is channeled from the PRODWeasite to the PSCDH domain
in RcPutA. Substrate channeling is best charaaeriar BjPutA in which the X-ray
crystal structure of the full-length enzyme revdadecavity linking the PRODH and
P5CDH active site26). In assays using a mixture of monofunctionalargs of

BjPutA which lack either PRODH or P5SCDH activity;-8 min lag was observed before
reaching steady-state formation of NADH thereby mkimg a non-channeling PRODH-
P5CDH coupled reactior2¢). The progress curve of RcPutA and the ECRHH-R&PuU

clearly do not show a lag, which is consistent waitbubstrate channeling mechanism.

Discovering that the monomeric form of RcPutA doesprohibit substrate
channeling suggests another function for the CTii X-ray crystal structure of the
BjPutA showed a domain swap dimer is formed viaRBEDH domainZ6). A p-flap
from each protomer forms strong interactions whida meighboring protomer in BjPutA
(26). This interaction not only helps stabilize thedric structure but also helps form
part of the cavity wallZ6). It seems likely that the CTD of RcPutA must stvow
substitute for these domain swap interactions kaliging form the channel cavity while
stabilizing the P5SCDH domain within the RcPutA mores. An unexpected finding was
the enhanced membrane binding of RcPutA in theepiesof proline. Previously,
BjPutA membrane-binding affinity was shown not tibcreased by prolin@%). Here,
the membrane-binding of RcPutA was significantlipamced by proline similar to that of
EcPutA. This indicates a potentially important rofehe CTD in the regulation of PutA-
membrane interactions. The physiological ratiomategegulating RcCPutA membrane
interactions is not clear, as RcPutA does not laavanscriptional repressor function. In

R. capsulatus, putA expression is activated in response to prolinkhbyPRODH
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activator, PutR36). PutR contains a helix-turn-helix motif and immamber of the

Lrp/AsnC family of DNA binding proteins3g).

Fusing the ECRHH domain with RcPutA imparisitro DNA-binding activity in
EcRHH-RcPuUtA that is similar to EcPutA. In additi&ittRHH-RcPutA forms a stable
dimer providing further evidence that dimerizationrifunctional PutAs is mediated
through the DNA-binding domair28, 37). The lipid-pull down assays show EcCRHH-
RcPutA exhibits a strong increase in membrane bgdonsistent with EcPutA. Thus,
thein vitro characterization of ECRHH-RcPuUtA suggests thatuR&mPas been
successfully converted into a trifunctional PutAtein. In the cell-based reporter assays,
however, we did not detect transcriptional reprassif theputC:lacZ reporter gene nor
did we observe a proline-dependent increagegalactosidase activity. Because
EcRHH-RcPutA shows evidence of functional membiateractions in the TTC assays
and no evidence for repression of putC:lacZ reporter gene, we propose that the failure
of ECRHH-RcPuUtA to functionally switcim vivo is due to significantly weaker DNA

binding in the cell.

The inability of ECRHH-RcPUtA to act as a trangtianal repressain vivo was
unexpected. Previously, the ECRHH DNA-binding damabne was shown to strongly
repress transcription of thpetC:lacZ reporter gene in cell based ass&@3; 81). Thus,
residues outside the RHH domain are not require@&¢®utA transcriptional repressor
activity. Comparing the shape reconstructions gardrby SAXS of EcPutA and
EcRHH-RcPutA may provide some insights into thé lactranscriptional repressor

activity in ECRHH-RcPutA.
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The reason EcCRHH-RcPutA exhibits DNA-bindimgvitro and apparently not in the
cell-based assay may be due to differences in Ddiiguration. A relaxed linear DNA
fragment is used in the gel-mobility shift assaysermeas in the cell-based assays the
putC:lacZ reporter gene is on plasmid DNA that is presumahbjercoiled. The
supercoiled or condensed DNA structure may imgaeaccessibility of thput control
region to the ECRHH domain in ECRHH-RcPutA. In BF the spacing of the catalytic
lobes must be wide enough to allow the RHH domaimnteract with different DNA
configurations. In ECRHH-RcPuUtA, the spacing israaer, possibly restricting the
ability of the RHH domain to access condensed DIN#e structure of the ECRHH-
RcPutA dimer, however, allows the RHH domain t stieract with relaxed DNA. As a
result, fusing only the ECRHH domain onto RcPut&sloot generate a fully
trifunctional protein. ECRHH-RcPutA shares manyrelsgeristics of EcPutA but fails in

the cell-based test of functional switching.

Comparison of the domain organization (Figuredijye@en EcPutA and RcPutA
shows that EcPutA has a region of 34 amino acesdues 49-86) that links the RHH
and arm domains. This linker region is not consgimeRcPutA and was not included in
the design of the ECRHH-RcPutA chimera. Whethex linker region is of structural
importance for stabilization and shape of the psagoDNA-binding cleft in ECPutA
remains unclear. It has previously been suggebtadhie aforementioned 34 residues are
involved in a hinge mechanism that can narrow arewithe DNA-binding cleft based on
global conformational changes caused by flavin cédn. From this study, it appears

that these 34 residues may indeed be criticahfeivo ECPutA DNA binding and
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EcPutA transcriptional repressor activity. Futuredges will explore the role of the 34-

amino acid linker region in the functional switchimechanism of EcPutA.
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CHAPTER 4

Kinetic Exploration of the Prolin
Dehydrogenase Active Sites Geobacter
sulfurreducens Proline Utilization A anc

Deinococcus radiodurans Proline

Dehydrogenase

P5CDH

Note: The GsPutA results presented in this chapter aremtly part of a manuscri
and will be published alongside crystal structul
The DrPRODH results have been publishReproduced in part with permissi
from (Luo, M., Arentson, B. W., Srivastava., Becker, D. F., and Tanner, J
(2012) Crystal structures and kinetics of monofiomal proline dehydrogena:
provide insight into substrate recognition and comiational changes associa
with flavin reduction and product releaBiochemistry 51, 1009¢-10108).
Copyright (2012) American Chemical Soci
http://pubs.acs.org/doi/abs/10.1021/bi301¢
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ABSTRACT

This chapter is divided into two sections. Thstfvill kinetically explore the
proline dehydrogenase (PRODH) active sit€&edbacter sulfurreducens PutA
(GsPutA), using a new ubiquinone analog menadidgdflte. Additionally,
proline:ubiquinone oxidoreductase activity is shdwmise a two-site ping pong
mechanism as previously reportecEircoli PutA. Finally a coupled channeling assay
was used to show that GsPutA channels P5C, vegifyiat all known PutAs to date
channel.

The second part of Chapter 4 will kinetically eoqel the monofunctional proline
dehydrogenase fromeinococcus radiodurans, revealing wild-type has a hig&y, for
proline. Additionally two highly conserved residug63A, E64A) were mutated and
kinetically characterized. Results indicate thBi63 is important for the flexibility of
thepl-al loop, and Glu64 is important for stabilizing ttlesed active site.

Both sections are based on crystal structures geteby the lab of Dr. John J.
Tanner, University of Missouri-Columbia. Kinetibaracterizations were performed to

help interpret structural evidence.
PART |. GsPutA Characterization

INTRODUCTION

Proline metabolism occurs through two enzymatipst®). First, the flavin-
dependent proline dehydrogenase catalyzes thelewts@n oxidation of proline ta’-
pyrroline-5-carboxylate (P5C). P5C undergoes agrmmymatic hydrolysis, which opens

the five-member ring and results in glutamatsemialdehyde (GSA). GSA is a substrate
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for NAD*-dependent P5C dehydrogenase (P5CDH), which caslysecond two
electron oxidation to generate glutamate. In Gpasiive bacteria and eukaryotes
PRODH and P5CDH are expressed as separate enzyovesyer, in Gram negative
bacteria the domains are fused into a single pplyge called proline utilization A
(PutA) @, 3).

The crystal structure @radyrhizobium japonicum (BjPutA) has been
determined, but it contains sulfate ions in bottivacsites and does not reveal how the
structure changes during cataly<ls (Recently however, several crystal structures of
minimalist PutA fromGeobacter sulfurreducens were determined by Harkewal Singh of
the Tanner Lab (personal correspondence), revestiagshots of different catalytic
states. In particular, a structure of the oxidizadyme with no ligands bound
demonstrated for the first time a PutA in a res8tage. Additionally, a GsPutA structure
with proline inhibitors THFA and lactate bound la¢ PRODH active site were the first
full length PutAs bound with proline analogs (peralocorrespondence). A structure
exhibiting the flavin-reduced state provided, foe first time, a structure of the PRODH
domain after release of P5C into the channel afar®euinone binding (Tanner,
personal communication). Finally, a looming quasin PutA biochemistry was
answered by a structure revealing the putativeuibane binding site.

N-propargylglycine (PPG) is a known mechanistidhbitbr of the PRODH active
site, where it reduces the flavin then becomedytatally stuck through the formation of
a covalent bond between the active site lysineNdf the flavin B). Using this
inhibitor, crystals with GsPutA locked into a reddcstate were soaked with ubiquinone

analog menadione bisulfite (MB). MB was choserhlshie to its high solubility in water
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and because menaquinones are the predominantatespiquinones iGeobacter (6). A
subsequent structure revealed the binding site®f&hd presumably all quinone-based
flavin electron acceptors. As expected, the stimecshows MB surrounded by several
non-polar and aromatic residues, including L14783,3r406, P408, Y309, and Y418
(personal correspondence). These residues propmiats of mutation to potentially
disrupt the quinone binding site, so Gs L385A aisdY@18A were made. Other
mutations to GsPutA were attempted, but solubgdityved difficult. A second structure
of a minimalist PutA fronBdellovibrio bacteriovorus (BbPutA) was solved alongside
GsPutA, which also showed MB bound to the PROD#adite. Using the BbPutA-
MB complex, mutations Bb Y304A, Bb L380A, Bb Y4014nd Bb Y413A were made.
Of these mutations, only Gs Y418A, Bb Y413A, andlBB80A will be discussed in this

chapter.

MATERIALSAND METHODS

Chemicals

All chemicals were purchased from Sigma-Aldrich@her Scientific.
Nanopure water was used in all experiments. Atlyeres were purified in the lab of Dr.

John J Tanner, University of Missouri-Columbia.

Steady State Kinetic Assays

All PRODH kinetic data was collected on a Hi-Teahe®tific SF-61DX2 model
stopped-flow spectrometer at 23 °C in 50 mM HEPESIM NaCl, pH 7.4 using 0.25

uM enzyme. For kinetic determinations, the reducbbubiquinone (Cog) (¢ = 14,500
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M cm™), menadioneg(= 14,000 M cm™) or MB (¢ = 8,200 M*cm™®) was monitored at
wavelengths 278, 262 and 266 nm, respectivelyndgJ&isPutA, th&,,andk:,: for CoQ,
menadione, or MB were determined by varying €@)5-400uM), menadione (2-400
uM), or MB (2.5-200uM), while holding proline constant at 350 mM. Lwkise theK,
andkc, for proline were determined by varying proline {280 mM), while holding
CoQ (300uM), menadione (10QM), or MB (150uM) constant.

Using BbPutA, thé&, andk.o:0f CoQ;, menadione, and MB were determined by
varying CoQ (2.5-500uM), menadione (2.5-150M), or MB (2.5-250uM), while
holding proline constant at 350 mM. TKg andk. for proline were determined by
varying proline (1-350 mM), while holding Ca@50uM), menadione (10QM), or
MB (100 uM) constant.

Three mutations at the putative ubiquinone binditg) were made, L380A and
Y413A in BbPutA, and Y418A in GsPutA. All mutamsre characterized using
variable proline (1-950 mM) while keeping menadiaoastant at 10(M, or variable
menadione (0-20(0M) while holding proline at 350 mM. Enzyme conaatibn was
0.25uM for L380A and Y413A for BbPutA and 28V for Y418A in GsPutA in all
assays.

P5CDH kinetic constants were determined by follauNAD™ reduction at 340
nm, using a Powerwave XS microplate spectrophoten{Bio-Tek). Assays consisted
of a buffer composed of 50 mM potassium phospl2genM NacCl, pH 7.5, where L-
P5C was varied (25-40QM), while holding NAD constant at 0.2 mM (0.78M
enzyme). The effective concentration of P5C and @SpH 7.5 was estimated as

previously reported4( 7). All above initial velocity data was fit to tidichaelis-Menten
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equation using SigmaPlot 12.0.

Product Inhibition Assays

The proline:ubiquinone oxidoreductase mechanismexaored by determining
the product inhibition pattern of L-P5C, as prewlyueported§). Briefly four different
concentrations of L-P5C (0, 0.5, 1.5, and 2.84 o1\3) were used while varying either
proline or MB. When varying proline (10-750 mMQQuM of MB was added (GsPutA
0.25uM), and while varying MB (2.5-20QM), proline was held at 250 mM (GsPutA 0.5
uM). The product inhibition pattern was also pemnfed while varying proline (10-750
mM) in the presence of menadione (10) to verify the natural electron acceptor has
the same inhibition pattern as MB (GsPutA Ou&%). Each data set was fit globally to
non-linear forms of the competitive, non-compeétiuncompetitive, and mixed

inhibition models, then best-fit models were repdrt

Channeling Assays

Assays designed to detect a lag phase in the @®greve for the production of
NADH from proline were also performed. The obsépraof a lag phase in the progress
curve would be inconsistent with channeling. Tharmeling assay was performed on a
Cary 50 UV-Vis spectrophotometer in 50 mM potassplmsphate, 25 mM NaCl, pH
7.5 using 40 mM proline, 150M menadione, 0.2 mM NAD and 0.75uM GsPutA.
Assays were performed in the presence and abs&hb&’, then progress curves were
subtracted to account for spectral interferenca@fhadione at 340 nm. For comparison,
the progress curve for two non-interacting PRODH BBCDH enzymes was simulated

using the free diffusion model described by equeli@).
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[NADH] = vit + (Va/vo)Kn(€¥2/¥m -1) (1)
In this equationy; is the rate of PRODH activity under the reactionditions. The

parameters, andK,, are the steady-state kinetic parameters for P5@ginity of

GsPutA.
RESULTS AND DISCUSSION

Kinetic Characterization of GSPutA

Steady-state kinetic measurements were performgdMB and menadione to
verify that 1,4-naphthoquinones lacking an isopi@mhain are electron acceptors of
GsPutA and to explore the mechanism of the oxiddiadf reaction (Table 1). Thé,
andk:, values for MB at a fixed proline concentratior3é0 mM are 10.5M and 0.66
s, respectively. Those of menadione arei8vand 0.97 3. The catalytic efficiencies

of the two quinones thus agree within a factomaf {60,000 M's™* for MB and 120,000

Table 1. Steady-state kinetic parameters of GsPutA

Variable substrate Fixed substrate K, (uM) Keat (S1) Keat! Km (M™sh)
menadione bisulfite proline 105+1.2 0.66 £0.018 62857 + 7385
menadione proline 8.2+0.89 0.97 £0.029 118292 + 13317
proline menadione bisulfite 63010 + 8047  0.85 + 0.027 135+1.8
proline menadiorle 89400 + 12700 0.67 +£0.027 75+11

"Fixed proline concentration of 350 mM.
"Fixed menadione concentration of 10M; fixed menadione bisulfite concentration of 18d.

M™s for menadione). Likewise, the kinetic constawstsgfroline at a fixed quinone

concentration are similar (Table 1). These reslitasv MB and menadione are efficient
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invitro electron acceptors for GsPutA and suggest thatntbeuinones bind at the same

site on GsPutA.

Kinetic M echanism of Proline:ubiquinone Oxidoreductase

In addition, the kinetic mechanism of the prolin@quinone oxidoreductase
activity was investigated, as EcCPuUtA was recergported to use a two-site ping-pong
mechanism when using Ce@s an electron accept®)( To verify that a two-site ping-
pong mechanism was also present when using MB Rutds the product inhibition
pattern of L-P5C was explored. Using proline aamable substrate, assays were
performed under different L-P5C concentrationsdofy L-P5C competitively inhibits
proline when using MB as a flavin electron accefogure 1A). The same experiment
was performed using menadione as an electron awcapb revealed L-P5C
competitively inhibits proline, further suggestint binds at the same site as menadione
(data not shown). Similarly MB concentrations weagied as L-P5C was held at
different concentrations, revealing L-P5C is anampetitive inhibitor of MB (Fig. 1B).
Taken together, the inhibition pattern of L-P5Cagblets what is seen in ECPuUtA using
electron acceptor CaQimplying MB binds in the same fashion as Go@Gurthermore,
these results suggest all PutAs may use a tw@sitepong mechanism when oxidizing

proline to L-P5C.

Coupled Channeling Assay

After determining GsPutA is kinetically active adidplays a two-site ping pong
mechanism when using MB as an electron acceptdraaneling assay was performed to

see whether GsPutA channels P5C between actie ditgiating the coupled reaction
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Figure 1. Verification of proline:ubiquinone oxidoreductasadtic mechanism b
determining the product inhibition pattern -P5C. @) L-P5C vs proline. A nc-linear
fit to a competitive inhibition mod¢ Variable proline as IR5C held at: closed circles
mM L-P5C, open circles 0.5 mNV-P5C, closed triangles 1.5 mMR5C, open triangle
2.84 mM LP5C. Best fit parameters wekea = 0.30 + 0.0098 K, = 73.1 + 8.8 mV
proline, andK; = 0.25 + 0.03 mM -P5C. B) L-P5C vs MB. A norinear fit to an
uncompetitive model shown here as a H-Woolf plot. Variable MB as -P5C held at:
closed circles 0 mM IR5C, open circles 0.5 mM-P5C, closed triangles 1.5 mh-P5C,
open triangles 3 mM IR5C. Best f parameters wetle,= 0.50 + 0.01 %, K, = 12.9 +

0.9uM MB, andK,; = 0.53 + 0.025 mM -P5C.
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with 40 mM proline, NADH formation was followed a0 nm. Shown in Figure 2,
NADH formation occurs instantaneously at the stéthe steady-state assay, which
suggests the occurrence of substrate channelidglitignally a simulation using a free
diffusional model described by equation 1 was usedodel a non-channeling PutA. In
equation 1y is the rate of PRODH activity (2.78V min™®) using menadione as a flavin
electron acceptor, while (5.6 uM min™®) andKmesa (35.5uM) are the steady-state
parameters of the PSCDH domain using exogenous@.-#pplying the above kinetic
parameters to equation 1, the dotted line in Fi@urepresents a progress curve of a non-
channeling PutA. A non-channeling PutA is predidie display a lag phase with
transient timeg, equal to the ratio df,,to V of the second enzyme, which is estimated at
6.3 minutes. Taken together, the data suggestsainee enzyme channels based on the
lack of a lag phase in the native enzyme and timechanneling simulation using native

steady-state rates.

BbPutA Proline:ubiquinone Oxidoreductase Activity

PRODH domain kinetic data using proline and thrigigwinone analogs was also
collected for BbPutA. Table 2 depidis: andK, of proline and ubiquinone analogs
CoQ, menadione, and MB. GsPutA aidcoli PutA (EcPutA) are also shown as points
of comparison. Notably, when using Co@enadione, or MB, BbPutA had<g, for
proline in the low millimolar range (1.0-6.9 mM)hweh is the lowest prolink, of any
PutA to date. Typically prolinky, values using these analogs are in range of 30M0 m

as shown with EcPutA, BjPutA, and now GsPuAg). Also, based on turnover
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Figure 2. Channeling assay depicting the production of NADR&#T proline by GsPutA.

The solid curve represents NADH formation of natd&PutA, while the dashed curve

represents a simulation of non-interacting PRODH# RSCDH based on experimentally

determined kinetic values (equation 1). See texekperimentally determined values.
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number and catalytic efficiency, menadione is trefepred electron acceptor for flav

with well over a twaofold increase irkzg:0ver other analogs.

Ubiquinone Active Site Mutants

Using the above PRODkinetic results, as well as the GsPutA crystalctte
with MB bound at the PRODH active site, two BbPutéitants and one GsPutA mut:
were made in attempt to disrupt ubiquinone bindiBd. Y413A, Bb L380A, and G
Y418A were all made based on the G:A and BbPutA crystal structures of the Dr. J
Tanner lab that showed these native residues atiegawith or in close proximity t
bound MB. Multiple sequence alignments revealdlszsme residues are conserve

EcPutA, as Gs Y418 and Bb Y413 aliwith Ec Y552.

Table 3. Kinetic parameters of Gs and Bb PutA Regatbiquinone binding site muta

Menadione Proline (Menadione)

Enzyme Km (HM) kcat (S_l) kcaW/Km (M—l S_l) Km (m M) kcat (S_l) kca/Km (M—l S—l)

Bb WT 44.6 4.6 103139 6.9 3.0 434
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L380A 60.9 1.7 27914 163 2.1 12.9
YA13A | 1450 .07 A827*+ - - 0.044%*+
GsWT 8.2 0.97 118292 89 0.67 75
Y418A BD* BD* BD* BD* BD* BD*

*Below detection limit.
** [Proline] is 350 mM, which is not saturating.
***Unable to saturate with proline (up to 950 mM)

The oxidoreductase activity of these mutants wasasdterized by determining
kinetic parameters using proline or menadione \&iable substrates (Table 3). In the
case of Bb L380A, thK,, for menadione (44.6 puM) is similar to wild-typed(8 pM);
however, th&, for proline is over 20-fold higher than wild-type(a63 to 6.9 mM),
suggesting proline binding is affected by this muta

Bb Y413A and Gs Y418A were also characterized. K#r proline of Bb
Y413A was unable to be determined due to a ladatbfration even at nearly 1 M
proline, but thé../Kn was calculated to be 0.044%I", which is nearly 10,000 times
lower than wild-type. When determining kinetic gaeters using menadione as a
variable substrate, th&, andk.,were unable to be successfully estimated because
proline was not at saturating levels. Similarlyetic data for the homologous residue in
GsPutA, Y418A, was unable to be collected dueltxl of activity, even at enzyme
concentrations of 2.5 uM. Taken together, alléhreitants seem to have a marked
effect on proline binding, especially Bb Y413A a@d Y418A.

While menadione binding was not directly affectgdhe active site mutations, it
is interesting to point out that the GsPutA crystalictures reveal both ubiquinone (MB)

and proline bind at thg face of the flavin (personal correspondence). iBusv
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structural evidence suggests they also share aiteveesidues, as Bb Y413 and Gs Y418
are homologous tB. coli Y552, which interacts with proline analog L-tetydio-2-

furoic acid (THFA) through van der Waals interan8dl0, 11). Conversely, the
mechanism of the proline:ubiquinone oxidoreductasetion was shown to be a two-site
ping-pong mechanism, suggesting proline and ubanerbind at separate sites.
However, these observations are both possible bedae substrates associate with
different conformations of the enzyme. The GsPsit@ctures suggest proline binds and
the ion gate closes to sequester the active sitaylhen MB is bound the PRODH site
remains open. In this scenario, it is possiblghtare active site residues and still have a
two-site ping pong mechanism.

What the kinetic results do not convey is wheth@quinone binding is affected,
especially in the case of Bb Y413A and presumaldyy@18A. In BbY413 proline
binding is clearly affected, but we cannot concladg definitive kinetic information
from menadione because menadione binding is dependeproline oxidation. Further
studies to determine the menadione dissociatiostaahusing wild-type and mutants
may provide insight into the effectiveness of thetants in binding menadione.
Additionally, identifying residues that interactttvimenadione further from the proline

binding site may provide more kinetic support fog putative ubiquinone binding site.

SUMMARY

Kinetic characterization of GsPutA showed MB isomparable substrate to
menadione, as menadione and MB have similar kipatiameters. MB also was shown
to follow a two-site ping pong mechanism previousthpwn in ECPutA with CoQ

suggesting MB binds to the same site as other gesoUbiquinone binding mutants
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were inconclusive as to their effect on ubiquinbimeling due to the weakened affinity of
proline to the enzyme. Finally, GsPutA was shownltannel P5C, which provides a

second kinetic and structural example of a changdbutA.

PART Il: DrPRODH Characterization

INTRODUCTION

The second project presented in this chapterwegdhe recently solved crystal
structure oDenococcus radiodurans PRODH (DrPRODH) solved by Min Luo of the
Tanner Lab12). The DrPRODH structure is of interest becausectinformational
changes between the oxidized and reduced statesresponding PRODHs and PutAs
have not been established structurally (thoughtdichproteolysis experiments suggest
conformational changedl8)). A structure of oxidized PutA (BjPutA) existat the
reduced structure does nd}.( Likewise, the structure of TTPRODH has beerdrined
without substrate bound, but the substrate-bouddoed structure is unknowm4).
Structures both of oxidized and reduced DrPRODHddwy THFA were determined,
allowing conclusions to be made about conformatiohanges both within the active site
and peripherally in PRODH enzymég).

Interestingly, the oxidized structure displays fitan two different
conformations, both of which bind THFA. In the TARHBound reduced structure, the
flavin undergoes a large conformational changengfiom a planar isoalloxazine to a
bent conformation, which has also been observéd aoli PutA (15). However, unlike
the oxidized state, the flavin occupies a singlef@onation. Flavin reduction also

changes global protein conformation. One such ghamvolves3;a; loop (residues 62-
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69) andag helix (residues 285-295), which interact through pair R291-E64 in the
oxidized state (Figure 3). In the reduced stagdittkage is ruptured, opening the active
site to solvent. Based on this observation tlegloop was explored. A well-conserved
glycine-glutamate motif (G63 and E64 in DrPRODH3rs@ all monofunctional
PRODHSs and PutAs was identified, and mutants GGBREG4A were made using site-
directed mutagenesi&4). Here Part Il will explore the kinetic charadtetion of wild-

type as well as these mutants, which will help dcawclusions regarding the

! %
| 'y
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Figure 3. Structure of DrPRODH depicting the conformatiocladnges induced by
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flavin reduction. A. Superimposed oxidized stunet(yellow) and reduced structure
(grey), which shows the shift in helix 8 and fifeal loop. Black dotted lines depict
electrostatic interactions of the oxidized struetuB. Surface representation of the
oxidized structure. FAD is show as yellow sphefi@$i-A shown as pink spheres. The
E64 and R291electrostatic interaction is showrethand blue, respectively. C. Surface
representation of the reduced structure, whereadblses indicate the opening in the
active site. Coloring is the same as B. Figuiapéed from 12).

involvement of G63 and E64 in catalysis.
MATERIALSAND METHODS
Enzyme Activity Assays

All chemicals used during kinetic characterizatiegre purchased from Fischer
Scientific or Sigma-Aldrich. All steady-state agsavere conducted at 23 °C in 50 mM
potassium phosphate, 25 mM NaCl at pH 7.5. Faasghys, Coenzyme, QCoQ) was
used as the electron acceptor with Go€lluction monitored by the decrease in
absorbance at 278 nm using a molar extinction iwiefit of 14.5 mM" cmi* (8). TheKn,
for proline andk;,; for wild-type DrPRODH (0.2%M) were determined by varying the
concentration of proline (0 - 500 mM) while keepl@gQ constant (20@M). Inhibition
of wild-type DrPRODH (0.2uM) by THFA was analyzed by varying proline (10 050
mM) and THFA (0 - 200 mM), while keeping CeQonstant (20@M). These assays
were performed in a total volume of 200 pl per gasang a Powerwave XS microplate
spectrophotometer (Bio-Tek). Thg, for CoQ andkc, for wild-type DrPRODH (0.25

uM) were determined by varying Ce@ - 200uM) and keeping proline constant (500
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mM). For the DrPRODH mutants G63A (M) and E64A (6.31M), theK,, for proline
andkg;: were determined by varying proline (0 - 2000 mMdl dolding CoQ constant
(200uM). TheKn, for CoQ andk.,: for the DrPRODH mutants were determined by
varying CoQ (10 - 450uM) and holding proline constant (500 mM). Theseagissvere
performed in a total volume of 150 by mixing enzyme and substrate solutions using a
Hi-Tech Scientific SF-61DX2 stopped flow instrumewgjuipped with a 0.15 cm path
length cell. Steady-state parameters were cabxllay fitting initial rate data to the
Michaelis-Menten equation and inhibition data wglabally fit to a competitive

inhibition model using Enzyme Kinetic Wizard (Sigiiat 12.0).

RESULTSAND DISCUSSION

The kinetic parameters for wild-type DrPRODH waerstfdetermined (Table 4).
The values ok.,; andKy, using proline as the variable substrate with figed) are 8.7 s
1 and 290 mM, respectively, resulting ik@a/Km of 30 $'M™. For comparison, the
corresponding parameters of the closely relatedROIPH (47% identical to DrPRODH)
arekear = 13 8%, Ky = 27 mM proline {6). Those of thé. coli PutA arekea: = 5.2 &, K,
=42 mM proline 8). Thus, the&, for proline of DrPRODH is higher than expectedeTh
kinetic parameters were also determined using:GsQhe variable substrate at fixed
proline concentration. These values lage= 14 §', K, = 155uM. The corresponding
values for TtPRODH are not available. Those ofEheoli PutA arekey = 3.4 &, Ky =
110uM CoQ (8). Finally, THFA was found to inhibit DrPRODH contgerely with
proline. The estimateld, value of 38 mM is over 10 times higher than those o
TtPRODH (1 mM, 16)) and PutA (1.6 mM®)). These results suggest that the affinity

of DrPRODH for proline is atypically low. One emplation is the dual conformations of
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FAD in the active site. Perhaps one conformatsoan inactive state that must undergo
conformational change in order to be active. Adddl structures of the DrPRODH
enzyme could address this.

Catalytic activity is severely impaired in the mitaG63A and E64A (Table 4).
Thek.a values of 0.08'5and 0.055S for G63A and E64A, respectively, are over 100
times lower than that drPRODH. The catalytic efficiencies of G63A andBGare

therefore 140-fold and 27-fold lower than that gPBRODH. Using CoQas the varying
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substrate, thig.s values are 0.043'sand 0.046°S for G63A and E64A, respectively.
These values are 300-fold lower than khgfor DrPRODH. The kinetic analysis of
G63A and E64A confirms the significance of the @waed sequence motif and is
consistent with the structures, which suggest@igb3 is important for the flexibility of

thepl-al loop, and Glu64 is important for stabilizing ttlesed active site.
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CHAPTER 5

Conclusions and Future Directic

2 Glutamate
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SUMMARY AND FUTURE DIRECTIONS

Proline metabolism has become an important arstudly due to its involvement
in many different cellular processes from bactealzbtic stress survival and
pathogenicity, to human tumor suppression and leeltedox control1-6). This
dissertation sought to further knowledge of proliagabolism through kinetic
exploration of proline utilization A (PutA). Firstubstrate channeling was studied by
making bulky mutations along a cavity connecting BRODH and P5CDH domains
(Chapter 2). Mutants D779Y and D779W showed aifsigimt decrease in P5SCDH
activity when compared to wild-type. To rule ousrolded active sites, kinetic
parameter&.,; andK, for the PRODH and P5CDH domains were obtainece Th
PRODH kinetics for both mutants were similar todatype, suggesting the PRODH site
was unperturbed; however, the PSCDH donkgiffor D779Y (140-fold slower) and
D779W (1000-fold slower) were both significantlpwsier than wild-type. To distinguish
between P5C interacting with the P5SCDH active aité a mis-folded P5SCDH domain,
NAD" dissociation constants were determined for allamtst In all cases, th& values
for NAD™ aligned well with those of wild-type, suggesting@Pwas not efficiently

arriving at the active site.

Next single-turnover reactions were performeddtednine if P5C produced in
the PRODH domain was bottlenecked by the mutatiorey,enting movement to the
second active site. Results indicated that, eweleiusingle turnover conditions, D779Y
did not adequately transfer P5C through the chanhetjether, these results all suggest
D779Y and D779W orient into the channel and hirgbssage of P5C to the P5CDH

domain. Based on these results, other conclusegeding the channel can also be
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made. Kinetic results indicate both exogenous &x€Cendogenous P5C generated by
proline oxidation show decreased P5CDH activitthim mutants. This suggests that the
entry/exit point of P5C is upstream of the mutatiand P5C cannot enter the P5SCDH
domain at the presumable NADH/glutamate entry/eixénnel. This will be further

discussed below for future directions.

An additional experiment performed determined kmeonstants of alternative
substrates for the PSCDH domain. The hypothessstinat smaller substrates will be
able to better navigate the obstruction caused lamis D779Y and D779W. The
D779Y/W keafKry of succinate semialdehyde and propionaldehyde wargared to
wild-type and were shown to improve when using senalubstrates. These results may
also suggest that the P5C-GSA equilibrium favoesrihged P5C at this point in the
channel, as linear substrate succinate semialdedpplears to move through the channel

more efficiently.

To summarize, D779Y and D779W appear to impedsgugesof P5C to the
P5CDH domain, allowing conclusions discussed albovee drawn about the usage of
the channel. However, many questions still reraaith will be targets of future
experiments. As outlined above, we know the chiisreaky, but where P5C enters and
exits remains a mystery. A future direction tovaeisthis question involves mutant
A987Y, which appears to block a channel (Chann&i@ure 1) to bulk solvent near the
D779Y/W mutation site. To determine if this isemtry exit point for P5C, mechanistic
inhibitor N-propargylglycine (PPG) will be useditactive the PRODH domairT)

Next P5CDH activity assays will be performed in gnesence and absence of the

inhibitor and either wild-type or A987Y. From thegperiment we will be able to
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determine whether exogenous P5C uses the samestipraline uses to access the
channel, or whether P5C uses the channel blockeldeb&987Y mutation. Additional
work to determine the where the P5C/GSA hydroliahes place may also be possible,

especially with the work described above.

Chapter 3 discusses the creation of an artiftoi@inctional PutA using long
bifunctional PutAR. capsulates and the DNA-binding domain &. coli.
Characterization of this trifunctional PutA showsamth PRODH activity and overall
channeling activity was similar to wild-type RcPutX®hen determining DNA-binding
ability in vitro, the ECRHH-RcPutA enzyme had a similar disassociatamstant to wild-
typeE. coli PutA. Additionallyin vitro ECRHH-RcPutA interacted with the membrane in
the presence and absence of proline simil&:. twli PutA. When assaying the chimera
in cell-based assays, membrane interaction inrsepce of proline showed similar
phenotypes to RcPutA and EcPutA; however, the dlardel not interact with DNA.
Although not presented in this dissertation, DckJBanner’s group at University of
Missouri-Columbia determined small-angle X-ray tax@g (SAXS) structure of the
chimera enzyme and found that it was a V-shapeedimsolution, similarly to what
was previously reported for EcPut8)( However, the ECRHH-RcPUtA trench is not as
wide or as deep as EcPutA. This may be due todestseparation of the catalytic lobes,
meaning more EcPutA residues may be necessargdteca groove that resembles
EcPutA. As a future direction, we are currentlyrkiog to add 34 additional EcPutA
residues to the DNA-binding domain. In EcPutA, #delitional residues are part of a
linker region between the RHH domain and the armailn. Performing a cell-based

assay with a DNA-binding domain containing the &ddal 34 residues will provide
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further structure-function knowledge of the DNA-thing portion of functional

switching.

Chapter 4 explores the kinetics@fsulfurreducens PutA (GsPutA), the structure
of which was recently solved by the lab of Dr. J&ekiner. Of great interest to PutA
biochemists are the different structures that vgeteed. Previously the only full length
PutA was that of BjPutA9). As discussed in Chapter 4, the new structuregige
snapshots never before seen at different pointatatysis. Additionally, the ubiquinone
binding site was determined with ubiquinone anafemnadione bisulfite bound at the
face of flavin. In the work presented here, wefiegt menadione bisulfite was a
substrate of GsPutA through kinetic characterizetioResults indicated that it was a
substrate, having similar catalytic efficienciekimwn substrate menadione. Following
substrate verification, the kinetic mechanism @f pinoline:ubiquinone oxidoreductase
activity was investigated. Previously it was shatvat ECPuUtA uses a two-site ping-pong
mechanism when using Ce@s an electron acceptor. To verify menadiondfiiiswses
the same mechanism in GsPutA, product inhibitiobh-86C was explored. Results
indicated that GsPutA also uses a two-site pinggpuachanism. Substrate channeling
was also studied in GsPutA. Channeling assaysethow lag in NADH formation,
while a simulation of non-interacting PRODH and B&Cusing experimentally
determined values showed a lag of 6.3 minutesalllyinof note, Chapter 4 contains
kinetic results for GsPutA, BbPutA, and EcPutAflavin electron acceptors CaQ

menadione, and menadione bisulfite.

Future directions for GsPutA are many, as crydtaictures reveal several

different snapshots of enzyme catalysis. It wdaddsery interesting to look at changes



135

in channel topography with respect to differengetaof catalysis. Perhaps other tunnels
to bulk solvent become evident, or the channel wmts or expands during turnover.

The structures also revealed several channelstfiernavity to the surface that
potentially can be blocked with mutagenesis tomeitee if they have a role in supplying
the cavity with water for hydrolysis of P5C/GSAwhnether exogenous P5C can use the

tunnels for an entry-exit point.
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