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ABSTRACT: Proline dehydrogenase (PRODH) catalyzes the first step of proline catabolism, the flavin-
dependent oxidation of proline th-pyrroline-5-carboxylate. Here we present a structure-based study of
the PRODH active site of the multifunctionBkcherichia coliproline utilization A (PutA) protein using

X-ray crystallography, enzyme kinetic measurements, and site-directed mutagenesis. Structures of the
PutA PRODH domain complexed with competitive inhibitors acet&te= 30 mM), L-lactate K = 1

mM), andL-tetrahydro-2-furoic acidult THFA, K; = 0.2 mM) have been determined to high-resolution
limits of 2.1—2.0 A. The discovery of acetate as a competitive inhibitor suggests that the carboxyl is the
minimum functional group recognized by the active site, and the structures show how the enzyme exploits
hydrogen-bonding and nonpolar interactions to optimize affinity for the substrate. The PROBIHA

complex is the first structure of PRODH with a five-membered ring proline analogue bound in the active
site and thus provides new insights into substrate recognition and the catalytic mechanism. The ring of
L-THFA is nearly parallel to the middle ring of the FAD isoalloxazine, with the inhibitor C5 atom 3.3 A
from the FAD N5. This geometry suggests direct hydride transfer as a plausible mechanism. Mutation of
conserved active site residue Leu432 to Pro caused a 5-fold decredsg amd a severe loss in
thermostability. These changes are consistent with the location of Leu432 in the hydrophobic core near
residues that directly contact FAD. Our results suggest that the molecular basis for increased plasma
proline levels in schizophrenic subjects carrying the missense mutation L441P is due to decreased stability
of human PRODH?2.

Proline has a central role in metabolism and can serve as
an important energy sourcd,(2). All organisms recycle FRO FADH, ﬁ
proline by oxidizing it to glutamate in two enzymatic steps. HoN- c00- PRODH H/--" c00-
In the first step, proline is oxidized t@\!-pyrroline-5- Proline Al-pyrroline-5-
carboxylate (P5C)by the flavoenzyme proline dehydroge- carboxylate (P5C)
nase (PRODH, Figure 1). P5C is hydrolyzed nonenzymat-
ically to glutamic semialdehyde, and the semialdehyde is cH, 7N
oxidized to glutamate by the NAD-dependent enzyme P5C | 12
dehydrogenase (P5CDH). The collective activities of PRODH CH7—CO0™  Ho—CH—Co0™ O oo
and P5CDH result in the 4-electron oxidation of proline to Acetate Lactate Tetrahydro-2-
glutamate. The glutamate produced by proline catabolism furoic acid (THFA)

readily enters the TCA cycle as-ketoglutarate, following Ficure 1: The reaction catalyzed by the PutA proline dehydro-
genase domain (top) and chemical structures of the three inhibitors
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carboxylate; PSCDHA-pyrroline-5-carboxylate dehydrogenase; THFA, predicted to express almost exclusively in the liver and
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attention due to its involvement in human health and disease, MATERIALS AND METHODS
including reactive oxygen species generation in cancer cell
lines, control of cellular redox status, and p53-induced
apopotosis §—5). Also, the PRODH2 gene has been
roposed as a possible schizophrenia susceptibility gene o .
fhepbasis of geﬁwetic linkage a?lalysl“s—@), altir)wougr?tgt]wis 1-669 of fuII—Iength_E. coli PutA (28). Whereas cryst.als of
association is a subject of debag(L1). PutA669 led to the f|r§t_ structure of a PRODH domain, the'se
The PRODH and P5CDH activities in most bacteria are crystals were very difficult to reproduce due to proteolytic

: : ; . : degradation of PutA669, and thus an improved construct was
combined into the single polypeptide of the PutA (proline . .
utilizaltion IA) fIavopIrogteinp &Elpnl PUtA pro;Jeins(paré sought for the present studies. Gel electrophoresis of PutA669

: ; ; crystals clearly indicated a protein much smaller than the
peripheral membrane-associated enzym@s18) that typi-
cally consist of 10061300 amino acid residues, with the expected molecular mass of 76 kDa. MALDI-TOF mass

PRODH domain invariably located in the N-terminal half SPECIroScopy of PULABGI crystals performed by the Univer-
of the polypeptide chain and the PSCDH domain in the sity of Missouri—Columbia Proteomics Center returned an

C-terminal half. In addition to the PRODH and P5CDH una_tmbigu_ous result of 61 kDa. Consideration of the (1)
activities, some PutA proteins serve as repressors of theirzm'n? damd ?eqﬁ_er;]ce, (g) mahss d stp))ectral dalta, da_nd th(3)
own gene, with théescherichia coliand Salmonella typhi- nowléage of which residues had been resolved In the
muriumproteins being archetypal exampldgh(19—21). E. PUtA669 structure suggeste_d proteolysis had occurred at two
coli PutA consists of 1320 residues and is believed to S'€S: resnjjge 85:%5 ar;_dpre;l\due %3& 58;-28; (F:)or:z\tglg:ts
function as a homodimer. Amino acid sequence alignmentsCorreSpon Ing td=. colt Fu re_s' Ues 686 (Pu

readily show that the PRODH and P5CDH domains are 669) and 86-630 (PutA86-630; not described here) were

located within residues 22872 and 6561106, respec- engineered.

tively. The DNA-binding domain was recently identified as ~ PUtA86-669 was prepared in pUTAG69 [a pET-23b
residues 47, using a combination of molecular dissection €onstruct encoding residues 69 of PutA with a C-terminal

and sequence analysi2). The location of the membrane- hexahistidine tag29)] using QuikChange (Stratagene) site-
binding domain is currently an open question. directed mutagenesis. Avdd site was introduced at amino
Inhibition of eukaryotic PRODH and bacterial PutA by @acid codon 84 of theutAgene in pUTAG69NdE digestion

Pro analogues has been studied to understand the catalyti@f the modifiedputA gene resulted in PutA8&569. The
mechanism and the relationship between proline degradationC!oning ends of the PutA86669 construct were confirmed
and metabolic pathways such as glycolysis. Also, PRODH PY nucleic acid sequencing. _
inhibitors have been sought to control the tsetse fly, a Mutagenesis and Enzyme Assalfse L432P mutation was
transmitter of the protozoan parasieypanosoma brucei ~ introduced into PutA86669 using QuikChange, and the
which causes African sleeping sickne&8)( L-Lactate is a ~ Mutation was verified by sequencing. PRODH activity was
competitive inhibitor of both eukaryotic PRODI24) and ~ Measured using the prolirelichlorophenolindophenol oxi-
E. coli PutA (K; = 1.4 mM) (25). Inhibition of E. coli PutA dored_uctase activity assay as Qescrlbed prewo_u_sly_for PutA
by L-tetrahydro-2-furoic acid .¢THFA) was investigated ~ Proteins (2, 13, 28, 30). One unit of PRODH activity is the
previously @6). This inhibitor is especially interesting duantity of enzyme that transfers electrons fromniol of
because it is isostructural with the substrate proline (Figure Proline to dichlorophenolindophenol per minute at 25
1). L-THFA displays simple competitive inhibition of Kinetic parameters for wild-type and mutant PutAgis9
PRODH activity with an apparet; of 0.2 mM. Binding of were obtal_ned from LlnewgaveBurk analysis using p_rollne
L-THFA perturbs the FAD absorbance spectrum and changesas the variable substrate in the range 0-623 M at fixed
the redox potential by-12 mV. Whereas.-lactate and  [FAD] = 17.5uM. Each measurement was performed three
L-THFA are reversible inhibitors, 4-methyleneproline is ~ fimes, and the average values were input to linear regression
oxidized by PRODH to an electrophilic species which is analysis to estimate kinetic constants.
thought to react with a nucleophilic group in the active site  Inhibition by acetate was examined by steady-state inhibi-
(23). tion kinetic measurements using proline as the variable
We recently determined the crystal structure of the Substrate ([Prof 0.025-0.4 M, [FAD] = 17.5uM) at fixed
PRODH domain of. coli PutA, which was the first structure ~ sodium acetate concentrations of 0, 0.05, 0.1, and 0.2 M.
of a PRODH enzyme from any organisr@7}. Here we The pH of the 3 M sodium acetate stock solution used for
present an analysis of tHe coli PutA PRODH active site  these studies was adjusted with HCI to match the pH of the
using crystallography, enzyme kinetic measurements, andreaction buffer to ensure that no change in pH occurred upon
site-directed mutagenesis. Structures of the PRODH domainaddition of the inhibitor.
complexed with competitive inhibitors acetatdactate, and Thermostability was estimated by measuring PRODH
L-THFA provide insights into catalytic mechanism, substrate activity as a function of time at 48C. A sample of protein
recognition, and the roles of active site residues. Analysis was incubated at 48, and aliquots were removed at various
of these structures shows that the PRODH active site sharedime points and stored at°€. After all of the aliquots were
several features in common with other flavin-dependent taken and cooled to 2C, activity assays were conducted at
dehydrogenases. Mutation of conserved residue Leu432 to25 °C in the presence of 0.4 M proline and 1751 FAD.
Pro results in a loss of activity and thermostability, which is  Purification and CrystallizationWild-type PutA86-669
consistent with the location of Leu432 near the FAD cofactor, was overexpressed i. coli strain BL21(DE3) pLysS and
and the participation of the Leu side chain in the hydrophobic purified with Ni-NTA affinity (Qiagen) and anion-exchange
core. (HiTrapQ, Pharmacia) chromatography using procedures

Subcloning of the PutA868569 ConstructThe design plan
for PutA86-669 was based on previous experience with a
fFonstruct known as PutA669, which corresponds to residues
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Table 1: Data Collection and Refinement Statistics

crystal form

I Il I I\
bound inhibitor L-lactate acetate L-lactate L-THFA
inhibitor concn (mM) 0 0 10 10
precipitating agent PEG 3000 PEG 3350 PEG 3350 PEG 3350
PDB accession code 17J1 1732 1TJO 1TIW
wavelength (A) 0.979338 0.97856 0.97856 0.97856
space group 1222 1222 1222 1222
unit cell dimensions (A)

a 72.8 72.9 72.2 72.6

b 141.1 141.1 139.4 141.4

c 146.0 145.4 146.1 145.9
diffraction resolution (A) 46-2.00 23-2.05 25-2.10 25-2.00
outer shell (A) 2.06-2.00 2.11-2.05 2.16-2.10 2.06-2.00
no. of observations 293881 310065 291480 396042
no. of unique reflections 50059 45470 42999 50385
redundancy 5.9 (4.4) 6.8 (5.4) 6.8 (5.4) 7.9(6.7)
completeness (%) 98 (91) 97 (91) 99 (92) 99 (91)
meanl/oy 23(2.1) 14 (2.9) 24 (2.8) 25 (4.2)
Rierge 0.076 (0.469) 0.084 (0.405) 0.072 (0.485) 0.068 (0.352)
no. of protein residues 450 450 469 459
no. of protein atoms 3474 3477 3605 3545
no. of water molecules 194 193 198 195

Reryst 0.214 (0.311) 0.208 (0.253) 0.212 (0.271) 0.214 (0.270)
Rired 0.255 (0.366) 0.250 (0.311) 0.259 (0.358) 0.253 (0.292)
coordinate error (A) 0.14 0.15 0.17 0.14
RMSD bond lengths (%) 0.014 0.014 0.015 0.014
RMSD bond angles (deg) 14 14 14 14
Ramachandran plbt

favored (no. of residues) 370 369 382 377

allowed (no. of residues) 23 24 27 22

generous (no. of residues) 0 0 3 1

disallowed (no. of residues) 0 0 0 0
averageB-factors (&)

protein 31 29 29 27

FAD 28 25 25 25

inhibitor 29 30 27 25

water 43 40 39 40

2Values for the outer resolution shell of data are given in parenthe5es Rq.e test set® Compared to the Engh and Huber force fiedd)(
4The Ramachandran plot was generated with PROCHECK and includes only non-Gly and non-Pro ré$)dues (

similar to those previously described for PutA6@3)( One solution (10-15 mg/mL). The reservoir solutions consisted
important difference from the PutA669 protocol was that of 13—15% PEG 3000 or PEG 3350 and-6090 mM citrate
PutA86-669 appeared in the flow-through of the anion- buffer, pH 5.7. Yellow crystals typically appeared within 5
exchange step rather than in the elution gradient. Following days and grew to a maximum dimension of 0.4 mm in 3
the chromatography steps, FAD was added to a concentrationwveeks. Attempts to crystallize L432P were unsuccessful.
of 0.1 mM, and the protein was dialyzed into 50 mM Tris- Four crystal structures are presented here, corresponding
HCI, 1 mM EDTA, 50 mM NaCl, and 5% glycerol, pH 7.5. to complexes with -lactate (forms | and Ill), acetate (form
The sample was concentrated to a volume of 2 mL using all), and L.-THFA (form IV). Form | crystals were grown in
Millipore Ultrafree-15 centrifugal filter (50 kDa cutoff) and  PEG 3000 without an inhibitor added to the protein prior to
then desalted to remove excess FAD. The sample wascrystallization (Table 1), which resulted inlactate bound
concentrated a second time to a final concentration of 20 in the active site due to-lactate contamination in PEG 3000
mg/mL. The protein concentration was determined using the (31). Crystal form Il was grown in PEG 3350 without an
BCA method (Pierce). The hexahistidine tag remained after inhibitor added to the protein prior to crystallization (Table
purification. The molecular mass of the purified protein was 1). This form has an acetate ion bound in the active site,
determined by mass spectroscopy to be 66.8 kDa, which iswhich presumably derives from PEG 3350. To obtain the
close to the predicted molecular mass of 66.5 kDa. L-lactate and-THFA complexes grown in PEG 3350 (forms
L432P was expressed and purified using protocols similar 11l and 1V), the appropriate inhibitor was added to the protein
to those described for the wild-type enzyme. The mutant, prior to crystallization (10 mM). Crystals were cryoprotected
however, was not nearly as soluble or stable as the wild- by replacing the mother liquor with cryobuffer (24% PEG
type enzyme, which resulted in significantly lower yields. 3350, 15% PEG 200, 0.1 M citrate buffer, pH 5.7). After
PutA86-669 crystallized under the same conditions and being soaked a few minutes in the cryobuffer, the crystals
in the same unit cell as the cleaved PutA669 protein, but were picked up with Hampton mounting loops and plunged
the PutA86-669 crystals were highly reproducible. All into liquid nitrogen.
crystallization experiments were performed at 295 K using  Data Collection, Model Building, and Refinemeiihe
the sitting-drop method of vapor diffusion with drops formed four structures were solved from data collected from four
by mixing 5 uL of the reservoir and %L of the protein crystals at beamline 19-ID of the Structural Biology Center
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at the Advanced Photon Source. The data were processed
with HKL2000 (32). The crystals grew in space grolg22
with one molecule per asymmetric unit, 58% solvent content,
and a Matthews coefficient of 2.938). The unit cell
dimensions of the four crystal forms were similar and in the
rangea = 72—73 A b= 139-141 A, andc = 145-146 A.
Structure refinement was performed with CN$4)( and
REFMACS (35, 36). The initial model for refinement was
obtained from the previously solvegl coli PutA PRODH
domain structure (PDB code 1K87). A common set of test
reflections (5%) was used for all four refinements, and this
set corresponded to the one used for refinement of PutA669.
Model building was done with O. Topology and parameter
files for FAD and inhibitors were created using the PRODRG
server 87). Simulated annealing omit maps were calculated
using CNS by omitting the inhibitor and residues within 3.9
A of the inhibitor. Structure analysis was performed with
PyMol (38), CNS, and the LPC served9). See Table 1 for
data collection and refinement statistics.

The electron density was quite strong and unambiguous
for residues 88144, 162-184, and 244610 in all four of
the PutA86-669 structures. Crystal form Il provided the
most complete tracing; residues-8837 and 242610 could
be modeled with confidence. Similar interruptions in the main
chain trace were observed in the PutA669 structure (PDB FIGURE 2: Ribbon dranng of PutA86669 with bound.-lactate.
code 1K87). Although residues 63669 were not observed The /o barrel substructure is shown in green/red (residues-263

. f the struct th tein had not b d d d561) Helices of the barrel are labeled—o8, and selected residue
In any of the structures, the protein had not been degraded,mpers are indicated. Yellow cylinders indicate the helical arm

by proteolysis. Mass spectroscopy of a PUtA®69 crystal  that wraps around the barrel. Blue cylinders denote helices of a
returned an unambiguous result of 66.8 kDa. Thus, residuespoorly resolved structural domain consisting of residues-1282.

611-669 appear to be disordered in the PutA®69 The dashed curve indicates disordered residues. Purple cylinders
structures. denote helices positioned after the barrel. FAD ardctate are

. . drawn as ball-and-stick models in yellow and white, respectively.
The PutA669 model (1K87) included two additional This figure and others were prepared with PyMa8)

helices (residues 26215, 224-236) that have been omitted

from the present structures. Electron density representingcorrespond to different choices of the asymmetric unit) and
these helices was present in PutA8%9 maps; however, vyield identical crystallographic refinement statistics. How-
attempts to model these residues resulteBHiralues greater  ever, the compact monomer interpretation (Figure 2) seems
than 100 &, and thus these residues were omitted in the appropriate for PutA86669 based on recent evidence

current models. implicating residues-185 in dimerization of full-length PutA
(22, 40. Indeed, PutA86669 lacks residues-185, and it
RESULTS purifies as an apparent monomer in Superdex 200 gel
Overall Structure and Comparison to MTHERhe central filtration chromatography (data not shown).
structural feature of PutA86669 is afsog barrel (TIM Such tracing ambiguities are not uncommon, especially

barrel) formed by residues 265361 with the FAD cofactor  for crystals grown from engineered protein constructs cor-
bound at the carboxyl termini of the strands of the barrel responding to domains of large multidomain proteins. For
(Figure 2). Residues 88140 form a three-helix arm that example, a similar uncertainty in the main chain trace
packs tightly against one side of the barrel. Residues-562 occurred in the structure of the cAMP-binding domain of
610 fold into three helices that also pack against the barrel, Epac2 41). In full-length PutA, residues 18841 are
atop the three-helix arm. probably stabilized by interactions with a domain not present
Residues 141187 belong to a structural domain that is in the PutA86-669 construct, and in the absence of these
poorly resolved in the PutA86669 structures and in the contacts, residues 18241 are not properly folded. Despite
previous PutA669 structure. Because residues-228 were the disordered residues, the PutA8#%9 structures provide
not visible in the electron density, there was more than one insights into the PRODH function because the electron
crystallographically equivalent way to connect residue 187 density throughout the entirgsas barrel is excellent.
to residue 242 in order to construct the PutA®®59 The TIM barrel is a common fold for FMN-dependent
monomer. The interpretation shown in Figure 2 is a relatively enzymes, but it is uncommon for FAD-dependent enzymes.
compact monomer owing to the tight packing of the three- According to the SCOP databas#?), there are 12 FMN-
helix arm against the barrel. An alternative interpretation was linked enzymes having the TIM barrel fold represented in
proposed previously based on the PutA669 crystallographicthe PDB, corresponding to 67 structures. In contrast, there
data, in which the three-helix arm wraps around fhes are only two known examples of FAD cofactors bound to a
barrel of a symmetry-related molecule, resulting in a highly TIM barrel, the PutA PRODH domain and methylenetetra-
extended monomer that forms an intimate domain-swappedhydrofolate reductase [MTHFR, PDB codes 1B%B)(and
dimer 7). The two interpretations are equivalent (they 1V93].
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FiGURe 3: Stereoscopic view depicting the superposition offthebarrels of PutA86-669 (white) and methylenetetrahydrofolate reductase
(red, PDB code 1B5T)43). The FAD cofactor of PutA86669 and methylenetetrahydrofolate reductase are shown in white and yellow,
respectively. The helices of PutA are numbereéBOwith the corresponding helices in MTHFR appearing in parentheses. This alignment
was calculated using the CE serve6), The RMSD between the barrels of PutA and 1B5T is 3.4 A for 188 aligned residues.

The PutA PRODH barrel exhibits three deviations from vazz  R331 ya02

NH1
the classi@sas topology. First, the barrel begins with a helix \ ( ) \ o A371(N,0)
(a0) rather than a strand (Figure 2). This feature is also

present, for example, in a yeast hypothetical protein (PDB 3NH

code 1B54), which was identified as the top structural 5 .Q404 (NE2)

homologue of the PutA86669 barrel by SSM44). Second,
there is a helix inserted betwe@gh anda5 (denotedx5a).

A485/

N
= 6 \5a 5 \4a
L513 O
8 10 "X
9/9a N a
V433 H

V/

This helix is functionally important because active site Y% HO V433 A136 (N)

residues Tyr437 and Trp438 are located at its N-terminus. RS56 (NH2)-~"_..HO

Finally, a8 is located above the barrel rather than alongside ES559 (OE1)~ H— P OH mmmmmmmmmmmininizy

of it. The location ofo8 is also critical for function because H

this helix contributes four active site residues, Tyr552, |

Arg555, Arg556, and Glu559. These residues are conserved HA487 (N) oo Qg P QL T486 (OG1)

among bacterial PutA proteins and eukaryotic PRODHSs. (I, " K43 (N2)

Thus, a8 is critical for PutA’s PRODH function. lo G435 (0)
While the PutA PRODH domain and MTHFR share a F566 (N) - O==P==0z; K459 (NZ)

common fold, the two structures actually represent two (|) ..Na88 (ND2)

distinct families of FAD-linked TIM barrel proteins. The two |

structures are related by a circular permutation of the barrel CH,

such that strands-18 of the PutA barrel correspond to

strands 8,17 of the MTHFR barrel, and.0 of PutA aligns
with o7 of MTHFR (Figure 3). Note that8 of PutA aligns
with o7a of MTHFR (residues 216228). Helix a8 plays
essential roles in PutA’s PRODH function, as mentioned
above. In contrastp7a of MTHFR is a region of little
sequence conservation and does not participate directly in
binding substrates or cofactord3j. Thus, the interesting

fo] | [SESmumm— G435 (O,N)

.......... T462 (0G1)

structural similarity, a deviation from the classic TIM barrel NHge T457(0)

fold, does not extend to function in this case. Note also that
the functionally important helixt5a of PutA does not have
a counte'rpqrt in .MTHFR' ) tions. The dotted lines indicate hydrogen bonds and ion pairs, with
FAD Binding SiteThe FAD cofactor binds at the carboxyl  the interacting atoms listed in parentheses. The thick solid lines
termini of the strands of the barrel, with the dimethylbenzene indicate nonpolar interactions. Note that there is also an intramo-
edge pointing tg37 and the carbonyl edge pointing A3 lecular hydrogen bond indicated, between the FAD ribose and ribityl
(Figure 2). There face packs tightly againgt4—6, while ~ 9"0UPS:
thesiface is available for hydride transfer. This arrangement diagram (Figure 4)_ The adenine stacks against Trp438 and
is similar to that seen in MTHFR, after accounting for the hydrogen bonds to Thr457 and Thr462. The ribose hydrogen
circular permutation of the barrel. That is, in MTHFR, the bonds to Gly435. The FAD in PutA is somewhat folded up
dimethyl and carbonyl edges point towaf6 and 32, such that a ribose hydroxyl hydrogen bonds to the ribityl
respectively, and thee face is supported b§y3—5 (Figure 3).  4'-hydroxyl. In contrast, the FAD in MTHFR is more
The FAD interacts with 35 residues through electrostatic extended, and no such intramolecular hydrogen bonding
(cutoff = 3.3 A) and nonpolar (cutoft 3.9 A) interactions. occurs. The pyrophosphate ion pairs to Lys434 and Lys459,
Some of these interactions are depicted in a schematicand it hydrogen bonds to Thr486, His487, Asn488, and

Wat

T564 (OG1) WA438
Ficure 4: Schematic diagram of selected protefPAD interac-
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Phe566. The 23, and 4 ribityl hydroxyls hydrogen bond
to Arg556, Glu559, and Gly435, respectively.

The isoalloxazine is the hydride acceptor of FAD, and it
forms several interactions with the protein. These interactions
are presumably important for orienting the FAD for catalysis
and for maintaining a redox potential of approximatel91
mV for the 2-electron reduction of the flavi2®). Arg431
donates a hydrogen bond to FAD N5, which is the hydride
acceptor of the FAD. The pyrimidine ring of FAD hydrogen
bonds to Ala371, Ala436, and GIn404. Finally, treeface
is supported by nonpolar contacts with VVal402, Val433, and
Ala485, while thesi face of the dimethylbenzene contacts
Leu513.

Consistent with the many proteiAD interactions listed
above, the FAD is almost completely buried in the protein.
The accessible surface area (ASA) of the protein-bound FAD
in the THFA complex (crystal form 1V) is only 28 Awith
the flavin N5 atom exposing 0 AFor reference, the ASA
of FAD separated from the protein is 938.Xhus, catalysis
occurs in a solvent-protected environment, which is common
for flavoenzyme dehydrogenasetb).

Inhibitor Binding Site An L-lactate molecule was modeled Form III- (%
into the active site of PutA669, based on a strong electron L-Lactate
density feature located on tts¢ side of the FAD isoallox-
azine @7). An identical feature was observed in electron
density maps for crystal form | of PutA8@69 (Figure 5A).

We recently showed that the PEG 3000 solutions used for
crystallization and cryoprotection of PutA669 and PutA86
669 contain millimolar levels ofi-lactate 81), which
explained the unexpected appearance of this inhibitor in the
active site. Our study also showed that commercially
available PEG 3350 is free aflactate contamination, and : S5
therefore PUtA86:669 was crystallized in PEG 3350 (crystal  pgure5: Views of the active sites of the four structures showing
form I1) in order to determine the structure of the uninhibited bound inhibitors interacting with Arg555, Arg556, and Lys329.
enzyme. As a positive control, PutA8669 was also Panels A-D correspond to crystal forms-1V, respectively (see

crystallized in the presence of 10 mMlactate and PEG ~ Table 1). The electron density maps are simulated anneBing
3350 (form Ill) F. omit maps contoured at 215

Surprisingly, crystal form Il also appeared to have a ligand (Figure 6). The active site conformations of the three
bound in the active site. The electron density feature, complexes are almost identical except for an enlargement
however, suggested a ligand smaller thaactate (Figure of the active site required to accommodate the larger THFA
5B). Comparison of the electron density maps for formgll ligand. This increase in active site volume is achieved, in
clearly showed that the ligand in crystal form Il lacked the part, by the side chain of Tyr540 flexing upward by 0.5 A.
hydroxyl and methyl groups aof-lactate, yet it appeared to The fact that acetate is a competitive inhibitor suggests
have a carboxyl moiety, based on the strong interaction with that the carboxyl moiety is the minimum recognition unit of
Arg555, Arg556, and Lys329 (Figure 5AC). Thus, an the PutA PRODH active site. Indeed, the carboxyl groups
acetate ion was modeled into the density. The averageof all three inhibitors form ion pairs to Arg555, Arg556, and
B-value for acetate refined to 302Awhich is close to the  Lys329 (Figure 5). The importance of these ionic interactions
averageB-value of the protein (29 A and comparable to  is underscored by the nearly universal conservation of these
the B-values of inhibitors in forms I, lll, and IV (2529 residues in bacterial PutA proteins and eukaryotic PRODH
A2 see Table 1). enzymes.

The discovery of an acetate ion bound to the active site L-Lactate and.-THFA form additional noncovalent in-
prompted us to examine whether acetate is a competitiveteractions with the protein that are absent in the acetate
inhibitor of PutA86-669. LineweaverBurk analysis of complex, which explains why these molecules are better
steady-state inhibition kinetic measurements resulted in a setinhibitors than acetate. For example, both inhibitors hydrogen
of lines intersecting at a commoyintercept but having  bond to Tyr437 via a buried active site water molecule (see
different slopes, which is consistent with simple competitive Figure 6 and reR7). The active site water molecule is also
inhibition. The inhibition constant;, was estimated from  present in the acetate complex, but it does not hydrogen bond
these data to be 30 mM. Thus, the kinetic data support theto the acetate ion. Lys329 (NZ) clearly hydrogen bonds to
modeling of acetate in the active site. the lactate hydroxyl (3.2 A), but the analogous interaction

Acetate,L-lactate, and -THFA bind at thesi face of the of Lys329 with theL.-THFA heteroatom O is weaker (3.5 A).
cofactor, surrounded by the FAD, Arg555, Arg556, Lys329,  Nonpolar interactions are also important for inhibition by
Tyr437, Leu513, Tyr540, Tyr552, Asp370, and Ala436 L-lactate and.-THFA. The methyl group of -lactate and
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D370 R431 D370 R431

FiGURE 6: Stereoscopic view depicting the active site of the PUutAB&9L-THFA complex (crystal form 1V). The dashed lines indicate
hydrogen bonds and ion pairs. The dashed line connecting C5 of THFA and N5 of FAD indicates a distance of 3.3 A. The protein is shown
in white, FAD in yellow, and.-THFA in green.

the methylene groups of theTHFA ring pack tightly against
the side chains of Leu513, Tyr540, and Tyr552 (see Figure
6 and ref27). These nonpolar interactions could account for
the observation that THFA is a significantly better inhibitor
than L-lactate.L.-THFA buries 164 A& of nonpolar surface
area in its complex with the enzyme, wheredactate buries
only 104 A.

All three inhibitors are completely buried in the protein
(ASA = 0 A?), which suggests that the substrate is shielded
from bulk solvent during catalysis. Burial of the substrate
implies that the protein must exhibit flexibility to allow entry
and exit of substrates and products. Side chain dihedral
rotations could be utilized for this purpose. Most of the side
chains in the active site are buried and/or in close contact
with other side chains, and their rotation would be severely
hindered. On the other hand, Tyr437 forms no hydrogen
bonds to the protein, and it separates the active site from
bulk solvent. Rotation aroung, moves the phenol group of
Tyr437 out of the active site and into bulk solvent, exposing
a hole that could allow access to the active site. Thus, it is -
possible that Tyr437 functions as a gate to the active site, Figure 7: Structural context of the L432P mutation of PutA86
although this is somewhat speculative at this time. 669. Residues 431433 are part of35, while residues 437438

L432P Mutation This mutation was inspired by the &re part ofaSa. The protein is shown in white, FAD in yellow,
discovery of several single-nucleotide polymorphisms (SNPs) 2"dL-THFA in green.
in the humarPRODH2gene possibly linked to schizophrenia mutation L432P. Note that the approach of mutating a
susceptibility €). One of these SNPs leads to the L441P pacterial homologue to study clinically significant human
mutation of the human protein. This mutation is interesting polymorphisms has been used in MTHF&3), Leu432 of
because it occurs in a region of high amino acid sequencepytA resides in the active site near the FAD isoalloxazine
conservation in eukaryotic PRODHs and bacterial PutA (Figure 7) It is located in a h|gh|y conserved region of
proteins and, thus, could greatly impact function. B-strand 5 that supports thre face of the FAD. The side

Human PRODH2 (600 amino acid residues) andBhe  chain of Leu432 points away from the FAD into the tightly
coli PutA PRODH domain share only 20% amino acid packed hydrophobic core of the barrel consisting of 11e403,
sequence identity, but residues found in the PutA PRODH Ala405, lle414, 11e430, Tyr466, Ala470, Leu473, and
active site are quite conserved. In fact, of the 40 residuesPhe484. The main chain of Leu432 is directed toward the
within 5 A of FAD or lactate/THFA, 19 are identical in the  re face of the FAD. The residues immediately adjacent to
human PRODH2 sequence, and 6 residues display conservateu432 (Arg431 and Val433) appear to be critical for
tive substitutions. Such extensive conservation (47% identity, catalysis and binding FAD. Arg431 (Lys440 in human
62% similarity) argues that thHe. coli PutA PRODH domain PRODH2) hydrogen bonds to the FAD N5 (Figure 7).
and human PRODH2 share a common active site andval433 (Val442 in human PRODH?2) directly contacts the
possibly a common fold. FAD through van der Waals interactions (Figure 7).

The L441P polymorphism in human PRODH was mim-  The mutation resulted in a protein with significantly lower
icked in PutA86-669 by introducing the homologous activity and stability. LineweavefrBurk analysis was used
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Table 2: Kinetic Parameters for PutA8669 and L432P Second, there_ is usually a hydrqgen _bond donor (typically
K v K dK Arg or .Ly_s) WIthII:] hydrogen-bonding dlstance of the ﬂav_m
(M"S (unig;‘:ng) (S_al‘) (S_fMTl) N5. This interaction helps to tune th.e flavin redox potential,
PUTABG-669 (Wild type) 0060 53 70 283 probably through two compensating mechanisms corre-
L432pP 013 57 30 24 sponding to N5 being a hydrogen bond acceptor when the
=Enzyme acivity assays were performed al 25 using the flavin is (?xidiZﬁd and aldo?or when 'Ehe flavin is redudce()j.
. . Arg431 plays this critical role in PutA (Figures 4, 6, and 7).
procedure described previously 13, 28 30). The distance between N5 and the NH1 atom of Arg431 is
3.1-3.2 A in the four structures, and the NBI5—NH1
100 angle is 166-164°. These values are within those typically
. . found in flavoenzymes4®). Arg431 is located on the FAD
901 wild-type face opposite to the substrate, which is also a conserved
804" feature of flavoenzyme active site architecture.
2 ¢ Substrate Recognition and Catalytic Mechanishie
g 704+ structures of the PRODH domain complexed with three
< . different ligands provide insights into the roles of active site
5 607" residues in substrate recognition. Proline has three functional
E 50 . groups that must be recognized by the enzyme: carboxyl,
s ° amine, and methylene groups of the ring (€35). The fact
£ 404 ° that acetate binds the active site attests to the importance of
o . ionic interactions with the carboxylate. Arg555, Arg556, and
& 304 ' La32pP Lys329 provide these essential interactions (Figure 5). The
o heteroatom oxygen af-THFA in our structure represents
201 the substrate amine group. This atom forms a water-mediated
10 | 5‘ hydrogen bond to Tyr437 (2.6 A), while interacting with
% Lys329 (NZ) at a distance of 3.5 A. The methylene groups
() 2 ea

T : y : . of THFA contact Leu513, Tyr540, and Tyr552, which

0O 20 40 60 80 100 120 suggests that these residues play the role of enforcing
Time (minutes) substrate shape and size specificity. They also provide critical

FiGURE8: Thermostability analysis for wild-type PutA8®69 and ~ nonpolar surface area that helps to bury the methylene groups

L432P at 45°C. The filled circles and solid curve correspond to  of the five-membered ring. These interactions must be quite

data for the wild-type enzyme. The open circles and dashed curveimportant, since they result in a 6-fold decreaseKinof

represent data for L432P. THFA compared ta -lactate.

to estimate kinetic parameters for proline of wild-type  THFA is isostructural to Pro, and thus the PutAgE9/

type PutA86-669 wereKn = 0.06 M andkea = 17.0 s* complex. The THFA ring is nearly parallel to the flavin

(Table 2), which are very close to the published values for tricyclic ring system and centered over the middle ring
PUtA669 Kin = 0.1 M, kear= 16 5°) (28) and PutA86-601 (Figure 6). The distance between C5 of THFA and the FAD
(Km = 0.06 M, keat = 20 s'1) (40). The kinetic parameters

N5 is 3.3 A, and the N1ON5—C5 angle is 118 These
for L432P wereK,, = 0.13 M andk.y = 3.0 s'*. Thus, the

; ; s | geometric parameters, which describe the arrangement of the
mutation caused a 5-fold decreasekin but had negligible  yeactive parts of the substrate and flavin, are within the ranges

effect onKp. The L432P mutant enzyme also exhibited opserved for other flavin-dependent dehydrogenases-(3.0
significantly decreased thermostability, as evidenced by a3 g A 96-117) (45).

plot of specific activity versus time (Figure 8). The wild-
type enzyme retained 80% of its initial activity aft@ 1 h
incubation at 45C, and a 50% drop in activity was observed
after about 2 h. In contrast, L432P lost 50% of its initial
activity after only 8 min at 45°C, and it was completely

Enzymes provide functional groups that assist substrate
activation. There are two aspects of substrate activation to
consider for the PRODH reaction. First, the enzyme could
provide a base that abstracts a proton from proline C5,

¢ ! : producing a carbanion. A potential candidate for this role is
inactivated in 1 h. Asp370, which is 3.3 A from the THFA C5. However,
DISCUSSION mutagenesis and structural data argue strongly against this

idea. Mutation of Asp370 to Ala produces no chang&in
Recurrent Features of Flmenzyme Acte Sites Fraaije and only a 2-fold decrease k. (40). One would expect a

and Mattevi analyzed several flavoenzyme structures andmuch larger decrease in activity if Asp370 played the role
found that flavoenzyme dehydrogenases share two commorof catalytic base in a carbanion mechanism. Moreover, the
structural features of proteirflavin hydrogen bonding4®). geometry of THFA C5 relative to FAD N5 is consistent with
The PutA86-669 structures demonstrate that PutA shares direct hydride transfer4®). Thus, direct hydride transfer
these conserved attributes. seems to be the most plausible mechanism based on the
First, flavoenzymes typically provide hydrogen partners currently available kinetic and structural data.
for the N1-C2=02 locus of the FAD. These interactions A second aspect of substrate activation is deprotonation
are thought to stabilize the anionic form of the reduced flavin. of the proline amine group, assuming zwitterionic proline
In the PutA PRODH structures, GIn404 and Ala436 provide binds the active site. The THFA complex suggests that the
these interactions (Figure 4). closest neighbor of the proline amine group is a water
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molecule bound to Tyr437. It is therefore possible that the and the presence of such ligands in commercially available
water molecule and Tyr437 play a role in deprotonation of PEG.

the substrate amine group. Lys329 may assist in this process.

Its ammonium group is 3.5 A from the THFA oxygen ACKNOWLEDGMENT

heteroatom, which is a favorable interaction. In the &
complex, however, there would be a repulsive interaction c
between Lys329 and the positive charge on the amine group,
of zwitterionic proline, which would favor deprotonation of

the substrate. Deprotonation of the substrate amine create
a lone pair on the nitrogen, which can accept a hydrogen
bond from Lys329, thus changing a repulsive interaction with
Lys329 into an attractive one. The hypothesized effect of
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