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1. ABSTRACT

Proline metabolism is an important pathway that has
relevance in several cellular functions such as redox
balance, apoptosis, and cell survival. Results from different
groups have indicated that substrate channeling of proline
metabolic intermediates may be a critical mechanism. One
intermediate is pyrroline-5-carboxylate (P5SC), which upon
hydrolysis opens to glutamic semialdehyde (GSA). Recent
structural and kinetic evidence indicate substrate
channeling of PSC/GSA occurs in the proline catabolic
pathway between the proline dehydrogenase and P5C
dehydrogenase active sites of bifunctional proline
utilization A (PutA). Substrate channeling in PutA is
proposed to facilitate the hydrolysis of P5C to GSA which
is unfavorable at physiological pH. The second
intermediate, gamma-glutamyl phosphate, is part of the
proline biosynthetic pathway and is extremely labile.
Substrate channeling of gamma-glutamyl phosphate is
thought to be necessary to protect it from bulk solvent.
Because of the unfavorable equilibrium of PSC/GSA and
the reactivity of gamma-glutamyl phosphate, substrate
channeling likely improves the efficiency of proline
metabolism. Here, we outline general strategies for testing
substrate channeling and review the evidence for
channeling in proline metabolism.
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2. INTRODUCTION

It is well known that proline metabolism has
important roles in carbon and nitrogen flux and protein
synthesis. Proline metabolism has also emerged as a
relevant pathway in other processes such as cell signaling,
cellular redox balance, and apoptosis (1-3). Proline
homeostasis is important in human disease, where inborn
errors in proline metabolism are thought to lead to
neurological dysfunctions such as schizophrenia and febrile
seizures, as well as errors in systemic ammonia
detoxification and developmental disorders such as skin
hyperelasticity (4-7). Recently it was shown that mutations
that disrupt proline biosynthesis are linked with progeroid
features and osteopenia that are part of the autosomal
recessive cutis laxa syndrome (8). In bacteria and plants,
proline metabolism is responsive to various environmental
stresses such as drought, osmotic pressure, or ultraviolent
irradiation leading to proline accumulation as a survival
mechanism (9-11). Overall proline has become a very
important metabolite that is thought to be involved in many
cellular processes.

Fundamental to understanding the roles of proline
metabolism in various processes is knowledge of the
relevant enzymes and mechanisms used to maintain proper
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Figure 1. Reactions of the proline metabolic pathway. In the catabolic pathway, proline is converted to glutamate via a four
electron oxidation process. Proline dehydrogenase (PRODH) performs the first oxidative step, resulting in the intermediate
pyrroline-5-carboxylate (P5C). P5C is subsequently hydrolyzed to glutamic semialdehyde (GSA), which is then further oxidized
by P5C dehydrogenase (PSCDH) to generate glutamate. In Gram-negative bacteria, PRODH and PSCDH are fused together on a
bifunctional enzyme called proline utilization A (PutA). Proline anabolism begins with phosphorylation of glutamate by gamma-
glutamyl kinase (GK) to generate gamma-glutamyl phosphate (gamma-GP). gamma-GP is reduced by gamma-glutamyl
phosphate reductase (GPR) to GSA , which cyclizes to form PSC. P5C is then reduced to proline via pyrroline-5-carboxylate
reductase (PSCR). In higher eukaryotes such as plants and animals, GPR and GK are fused together in the bifunctional enzyme

pyrroline-5-carboxylate synthase (P5SCS).

proline homeostasis. In this review, the unique aspect of
substrate channeling in proline metabolism will be
explored. Insights into the channeling mechanisms of
enzymes responsible for the catabolism and biosynthesis of
proline are helping to reveal the many roles of proline
within the cell. Here we review the structural and kinetic
data that support substrate channeling of PSC/GSA and
gamma-glutamyl phosphate in the proline catabolic and
biosynthetic pathways, respectively. The data indicate that
both intermediates are channeled, which increases the
efficiency of proline metabolic flux.

3. PROLINE METABOLIC ENZYMES

3.1. Proline catabolism

The catabolic and anabolic reactions of proline
metabolism are shown in Figure 1. The catabolic pathway
generates glutamate from the four electron oxidation of
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proline, which occurs in two catalytic steps (12). In the
first step, proline dehydrogenase (PRODH; EC 1.5.99.8)
uses a flavin adenine dinucleotide (FAD) cofactor as an
electron acceptor to remove two electrons from proline,
rendering the intermediate 1-delta-pyrroline-5-carboxylate
(P5C). P5C then undergoes a non-enzymatic hydrolysis,
which opens the ring structure and generates gamma-
glutamate semialdehyde (GSA). Pyrroline-5-carboxylate
dehydrogenase (PSCDH; EC 1.5.1.12) next pulls off two
additional electrons from GSA using nicotinamide adenine
dinucleotide (NAD") to complete the conversion of proline
to glutamate (12).

The PRODH and PSCDH enzymes involved in
the oxidation of proline are highly conserved in both
eukaryotes and prokaryotes, but differ in whether they are
fused into a bifunctional enzyme called proline utilization
A (PutA). As reviewed by Tanner, PRODH enzymes can
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Figure 2. Domain mapping of PRODH and PSCDH from E. coli (EcPutA), B. japonicum (BjPutA), and T. thermophilus. In
PutAs, the PRODH and PSCDH domains are connected by a linker region (L). Trifunctional PutAs such as EcPutA also have a
DNA binding domain (D). TtPRODH and TtPSCDH are separate enzymes (monofunctional) in the Gram-positive bacteria, 7.

thermophilus.

be divided into three branches (13). One branch
consists of monofunctional enzymes, where the PRODH
and PSCDH domains are found as separate enzymes. The
other two branches have the PRODH and PSCDH domains
on a single PutA polypeptide (13). Originally it was
thought that all prokaryotes contain bifunctional PutAs, and
that all eukaryotes contain monofunctional enzymes.
However, it is now known that Gram-positive bacteria
contain monofunctional enzymes, thus limiting PutAs to
Gram-negative bacteria (14).

Figure 2 summarizes the domain organization of
PRODH and P5CDH enzymes. Monofunctional PRODHs
typically are 200-540 amino acid residues in length, while
monofunctional P5CDHs are composed of 400-600
residues. Thermus thermophilus PRODH and PSCDH are
currently the only structures of monofunctional enzymes
that have been solved (PDB ID 2G37, 2EKG, 2BHP,
2BJA) (14-16). PutAs consist of 1000-1350 residues with
the PSCDH domain linked to the C-terminal end of the
PRODH domain (13). The two branches of PutA enzymes
are distinguished by whether or not PutA also contains an
N-terminal ribbon-helix-helix (RHH) DNA binding
domain. PutAs that contain a DNA binding domain are
trifunctional and are generally longer polypeptides than
PutAs that lack a DNA binding domain (17-19).
Trifunctional PutAs act as transcriptional repressors—when
cellular proline is scarce, PutA binds DNA and represses
expression of the putd and putP (Na'/proline transporter)
genes (20, 21). Regulation of PutA is achieved through a
functional switching mechanism, where the redox state of
flavin determines whether PutA is bound to the DNA and

377

acts as a transcriptional repressor or is peripherally bound
to the membrane where it efficiently catabolizes proline
(22).

Recently, the first crystal structure of a complete
PutA protein (Bradyrhizobium japonicum) was solved by
Tanner’s group (PDB ID 3HAZ). Previously, the only
structures available for PutA were of the isolated PRODH
and DNA binding domains. The PRODH domain structure
was solved for PutA from Escherichia coli (PDB ID 1K87,
1TJ2, ITIW, 1TJO, 3ITG) (23-26), and the DNA binding
domain of PutA was solved by solution NMR
(Pseudomonas putida) and X-ray diffraction (E. coli) (PDB
ID 2JXG, 2GPE, 2RBF) (27-29). These structures show
that the PRODH domain is a conserved betagalphag-barrel,
while the PSCDH domain contains a well conserved
Rossmann fold domain. The evolutionary divergence from
bifunctional PutA to monofunctional PRODH and PSCDH
is of interest due to substrate channeling between the active
sites in bifunctional PutA. Substrate channeling between
monofunctional enzymes would necessitate functional
PRODH-P5CDH interactions, which have not yet been
explored.

3.2. Proline biosynthesis

Proline biosynthesis from glutamate involves
three enzymatic steps (Figure 1). The initial two steps are
catalyzed by gamma-glutamyl kinase (GK; EC 2.7.2.11)
and gamma-glutamyl phosphate reductase (GPR; EC
1.2.1.41). GK uses adenosine-5’-triphosphate (ATP) to
generate ~ gamma-glutamyl  phosphate, which is
subsequently reduced by GPR using nicotinamide adenine
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Figure 3. Domain mapping of monofunctional gamma-glutamyl phosphate reductase (EcGPR) and gamma-glutamyl kinase
(EcGK) enzymes from E. coli and bifunctional pyrroline-5-carboxylate synthase (PSCS) from Homo sapiens. M, putative
mitochondrial signaling peptide, BD, binding domain for glutamate and ATP, O, oligomerization domain, and PUA, pseudo
uridine synthase and archaeosine-specific transglycosylase domain with no known function in EcGK.

dinucleotide phosphate (NADPH) to produce GSA (12).
GSA next cyclizes to P5C, which is a crossroads
intermediate that, in principle, can be converted not only to
proline, but also to ornithine or back to glutamate via
PSCDH (12). The reduction of P5C to proline is catalyzed
by P5C reductase (PSCR; EC 1.5.1.2), while the production
of ornithine from P5C requires ornithine aminotransferase
(OAT; EC 2.6.1.13), an enzyme that is important for
balancing cellular nitrogen levels (12).

In bacteria and lower eukaryotes such as yeast,
GK and GPR are discrete monofunctional enzymes. In
animals and plants, the GK and GPR domains are fused
together into the bifunctional enzyme P5C synthase (P5CS)
(Figure 3). The GK and GPR domains are well conserved
in lower eukaryotes and bacteria. The GK domain is
normally 250-450 residues in length with an N-terminal
amino acid kinase (AAK) domain. In bacteria, GK contains
a C-terminal pseudo uridine synthase and archaeosine-
specific transglycosylase (PUA) domain, which has no
known function (30). It has been suggested, however, that
the PUA domain may enable bacterial GK to have a gene
regulatory role (31). The structures of GK enzymes from
E. coli and Campylobacter jejuni have been solved
(PDB ID 2J5T, 2AKO) (32). E. coli GK is composed of
an N-terminal catalytic domain made up of eight nearly
parallel beta-sheets sandwiched by two layers of three
and four alpha-helices. It is connected by a linker
region to the PUA domain, which contains a distinctive
beta sandwich (32).
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GPR typically contains 400-500 residues and
consists of an N-terminal Rossmann fold domain for
NADPH  binding, a catalytic domain, and an
oligomerization domain at the C-terminus (33). The X-ray
crystal structure of GPR from Thermotoga maritima
reveals that the catalytic domain has an alpha/beta
architecture with a five-stranded parallel beta-sheet (PDB
ID 1020) (33). To date, no complete structure of
bifunctional P5CS has been reported. However, the
structure of the isolated GPR domain (PDB ID 2HS5G;
unpublished) from human PSCS is available. The last
enzyme of the proline biosynthetic pathway, PSCR, ranges
from 400-500 residues in length and has a conserved N-
terminal Rossmann fold for NADPH binding. Several
crystal structures of PSCR have been determined, including
the human form (PDB ID 2GRA) (34). Human P5CR has
an active site cleft made of an 8-stranded beta-sheet
sandwiched by alpha-helices on either side and
oligomerizes to form a decameric structure of dimers (34).

4. INTERMEDIATES OF PROLINE METABOLISM

The P5C/GSA and gamma-glutamyl phosphate
intermediates of proline metabolism are appreciably labile
and reactive. Figure 4 shows examples of undesirable fates
that can occur with these intermediates. The instability of
the intermediates implies substrate channeling may be
important for maintaining efficient proline metabolic flux.
The intermediate shared by the catabolic and biosynthetic
pathways, P5C/GSA, has been shown to inhibit other
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Figure 4. Side reactions of intermediates pyrroline-5-carboxylate (P5C) and gamma-glutamyl phosphate (gamma-GP). (A) P5C
can deactivate pyridoxal phosphate by forming an adduct, resulting in vitamin B6 deficiency in individuals with hyperprolinemia
type II. The P5SC-pyridoxal phosphate adduct structure is from reference 38. (B) gamma-GP can cyclize and dephosphorylate to
form 5-oxoproline, which is suggested to be a neurotoxin in rats.

enzymes, react with metabolites, and act as a signaling
molecule. GSA has been reported to inhibit glucosamine-6-
phosphate synthase from E. coli, cytidine 5’-triphosphate
synthase, and the amidotransferase domain of carbamoyl
phosphate synthetase (35-37). Additionally, P5C forms
adducts with other metabolites such as pyruvic acid,
oxaloacetic acid, and acetoacetic acid (38). P5C can also
react with pyridoxal phosphate in patients with type II
hyperprolinemia. Type II hyperprolinemia is characterized
by elevated plasma levels of PSC/GSA due to deficient
PSCDH activity (39). The high levels of P5C/GSA
generate inactive adducts with pyridoxal phosphate, leading
to lower amounts of functional vitamin B6 in patients
(Figure 4) (38). P5C also acts as a signaling molecule in
eukaryotes and is thought to induce apoptosis by increasing
intracellular reactive oxygen species (40, 41). Altogether,
it seems that controlling levels of free PSC/GSA would be
beneficial.

The reactive intermediate in proline biosynthesis
is gamma—glutamyl phosphate. The carbonyl phosphate
group is susceptible to nucleophilic attack, resulting in the
spontaneous cyclization of gamma-glutamyl phosphate
into 5-oxoproline as shown in Figure 4 (42, 43). It has
been suggested that 5-oxoproline is a neurotoxin.
Interstitial injection of S5-oxoproline into rats produces
behavioral and neuropathological effects that resemble
Huntington’s disease (44, 45). The instability of gamma—
glutamyl phosphate seems to necessitate its channeling
between GK and GPR during proline biosynthesis.

5. OVERVIEW OF SUBSTRATE CHANNELING
5.1. Rationale for substrate channeling

Substrate channeling is a phenomenon where the
product of one reaction is transported to a second active site
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without equilibrating into bulk solvent (46). Three
mechanisms of substrate channeling have been defined, two
of which are reviewed by Miles et al. (47). The most
common form of substrate channeling occurs when a cavity
exists within a protein that sequesters the intermediate from
solvent, allowing for a means of travel between active sites
(47). To date, several enzymes are known to utilize these
intramolecular tunnels, with the classic example being
tryptophan synthase (48). The second form of channeling
does not use intramolecular cavities; rather, electrostatic
residues on the surface of the enzyme guide the
intermediate from the first active site to the second active
site (47). Dihydrofolate reductase-thymidylate synthase
complex stands as the common example for this form of
channeling (49). A third form of channeling exists in
protein complexes such as pyruvate dehydrogenase, which
uses cofactor lipoic acid to transfer substrate to multiple
active sites without contacting solvent (50).

Substrate channeling has been proposed to be
advantageous in the cellular environment for several
reasons, as outlined by Ovadi and others (46, 51). First and
foremost it increases the efficiency of coupled reactions
both by preventing the loss of intermediates to diffusion
and by decreasing transit time between active sites. This
allows the steady-state flux through the coupled steps to be
attained more rapidly (46). Secondly, it prevents labile
intermediates from decaying and reacting with other
metabolites or enzymes within the cell (46). Third,
channeling segregates intermediates that may require a
specific environment (e.g., pH) to retain structure or
reactivity. Channels can provide an environment that
facilitates an equilibrium step that normally would be
unfavorable in the bulk solution. Finally, channeling limits
intermediates from being siphoned out into competing
reactions or pathways (46).
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Figure 5. Strategies for examining substrate channeling. (A) Transient time analysis of a coupled reaction involving two
enzymes, E1 and E2, which convert substrate A into product C. A trapping agent can also be used to test whether intermediate B
is released into bulk solvent during the reaction. (B) Inactivation of one of the enzyme pairs by site-directed mutagenesis. If
channeling occurs, adding inactive E2 would disrupt the active E1-E2 complex resulting in lower steady-state activity. (C)
Testing channeling in bifunctional enzymes. Inactivation of the individual domains results in monofunctional variants that can
only catalyze the coupled reaction via a diffusion mechanism. The mixture of monofunctional variants is thus a non-channeling

control.

All of the benefits listed above are not necessarily
relevant for every channeling system. In the proline
catabolic pathway, channeling of PSC/GSA may be most
critical for making the hydrolysis of P5C to GSA more
favorable at physiological pH values. The P5C/GSA
equilibrium is highly pH dependent (35). GSA is favored
only below pH 6.5 due to protonation of the pyrrolinium
ring, which facilitates the hydrolysis of P5C to GSA. Thus,
one benefit of channeling between PRODH and PSCDH
would be to increase the pK, of the pyrrolinium species
above pH 6.5, making the hydrolysis of P5C to GSA more
favorable at physiological pH conditions. If we only
consider the PS5C/GSA hydrolysis step, substrate
channeling is likely more critical for the proline catabolic
pathway than for proline biosynthesis, since PSC formation
is favored at physiological pH. In the proline biosynthetic
pathway, protecting the highly labile gamma—glutamyl
phosphate would be a clear benefit of substrate channeling
between GK and GPR.

5.2. Kinetic approaches to test for substrate channeling
Different strategies have been devised to examine
whether channeling occurs between enzymes. Before
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reviewing the evidence for substrate channeling in proline
metabolism, a short description of various experimental
methods is described here.

5.2.1. Transient time estimation

A common strategy to test for channeling is to
evaluate whether there is a lag time in reaching steady-state
formation of the final product in a coupled assay. Figure 5
shows substrate (S) being converted to the final product (P)
via the coupled action of two enzymes (E1 and E2). The lag
time or transient time, Tau, is the time preceding the build-
up to steady-state formation of the final product using the
substrate of the first enzyme (52). If no channeling occurs,
Tau should be equal to the ratio of K,,/V,,, of the second
enzyme. If the observed lag time is shorter than the K/,
ratio, then it infers that the intermediate is transferred
between the enzymes, E1 and E2. The extent of the
observed lag time may vary among different channeling
systems with a shorter transient time being interpreted
as more efficient transfer or channeling (53). Along with
steady-state assays, pre-steady state measurements can
also be made to evaluate the lag time prior to product
formation.
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5.2.2. Trapping the intermediate

The effect of a reagent that specifically traps the
intermediate species (I, Figure 5) on the kinetics of product
formation can also be used to evaluate channeling. For
example, o-aminobenzaldehyde (0-AB) which reacts with
P5C to form a yellow complex can be used as a trapping
agent for the PRODH and PSCDH coupled reaction. o-AB
would be anticipated to decrease the overall rate of
glutamate formation if no channeling occurs, while in a
channeling system o-AB would have a negligible effect on
the reaction kinetics. Using a third enzyme that competes
with E2 for the intermediate can also be an effective
strategy to test for substrate channeling.

5.2.3. Inactive mutants

Another useful tool is to generate active site
mutants of the two enzymes being studied (Figure 5B). In
the case of suspected channeling partners, an active site
mutant (e.g., E2) would be expected to compete with its
native counterpart for interaction with the cognate enzyme
(E1). If channeling occurs, adding the inactive E2 mutant in
amounts excess to that of native E2 would decrease product
formation. If no channeling occurs, adding the inactive E2
mutant to the coupled enzyme assay would have no effect
on the rate of product formation. This strategy was
effectively used to rule out channeling between aspartate
aminotransferase (AAT) and malate dehydrogenase (MDH)
(54).

If the channeling involves two enzyme active
sites that are covalently linked, active site mutants can be
used to generate a non-channeling control. Figure 5C
illustrates that combining active site mutants of E1 and E2
creates a mixture of monofunctional enzyme variants that
can only generate product via a diffusion mechanism. The
transient times of the native enzyme and the mixed enzyme
variants can then be compared to distinguish between
channeling and non-channeling mechanisms. This strategy
was used recently to demonstrate channeling in
bifunctional PutA.

5.2.4. Designing fusion proteins

Two active sites that are in close proximity can
sometimes exhibit kinetic behavior that resembles direct
channeling (55). One strategy for distinguishing between
active channeling and proximity effects is to change the
relative orientation of two active sites, which is important
for interacting enzymes (56). A polypeptide linker can be
engineered to covalently link the two enzymes with various
degrees of flexibility and in different orientations (55). If
the enzymes are truly channeling, changes in the
orientation of the active sites will have a dramatic effect on
the kinetics of product formation.

6. CHANNELING OF P5C/GSA

The oxidation of proline to glutamate is catalyzed
in consecutive reactions by PRODH and PSCDH (Figure
1). Avoiding release of PSC/GSA into bulk solvent during
proline oxidation may be beneficial due to the chemical
properties of PSC/GSA as discussed in the previous
section. Evidence for channeling PSC/GSA has recently
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been shown for bifunctional PutA from B. japonicum
(BjPutA). Srivastava et al reported a 2.1 A resolution
crystal structure of BjPutA (999-residue polypeptide) that
reveals an interior channel connecting the PRODH and
PSCDH active sites (PDB ID 3HAZ) (23). BjPutA purifies
as a dimer-of-dimers tetramer. The dimer is the relevant
species for discussing channeling and is shown in Figure 6.
Both PRODH and PS5CDH domains contribute to the
formation of the channel, with the two active sites
separated by a distance of 41 A. The connecting channel
appears to start at the si face of the isoalloxazine ring of
FAD and end at the catalytic cysteine (Cys792) of the
PSCDH domain (Figure 6). Within the channel, the central
cavity is lined by fifteen basic residues (Lys and Arg) and
seventeen acidic residues (Glu and Asp), imparting a
hydrophilic nature to the channel. Each of the PutA
protomers has an individual channel connecting PRODH
and PSCDH active sites.

Interestingly, the dimeric structure of BjPutA
seems to be critical for sealing the channel and minimizing
access to bulk solvent. A beta-flap protrudes from the
P5SCDH domain (beta strands, residues 628-646, 977-989)
from one protomer and forms intermolecular interactions
with the PSCDH domain of the second protomer (Figure 6).
This beta-flap is structurally conserved in Thermus
thermophilus PSCDH (PDB ID 1UZB, residues 163-
174,506-516) as well as a class I aldehyde dehydrogenase
isolated from sheep liver (PDB ID 1BXS, residues 147-
159, 486-498) (57) (16) and is sometimes referred to as the
oligomerization domain. Thus, in BjPutA, the beta-flap not
only helps stabilize dimer formation but also is important
for sealing the central cavity.

Along with these structural features of
channeling, kinetic evidence for channeling was also
reported for BjPutA by Srivastava et al Different
experiments have provided strong evidence for channeling.
First, the amount of P5C released into bulk solvent was
quantitated by using o-aminobenzaldehyde (0-AB) as a
trapping agent. PSC and 0-AB react to form a yellow
complex that can be monitored at 443 nm (58). In the
absence of NAD", the PSCDH domain is inactive and leads
to significant release of P5C into the bulk solvent, as
detected by the yellow complex formation. In the presence
of NAD", however, the PSCDH domain is active, resulting
in significantly lower 0-AB-P5C complex formation, as the
majority of P5C is converted into glutamate (23). The
apparent fraction of P5SC that is channeled in BjPutA from
PRODH to P5CDH was estimated to be 0.7 by these
measurements.

Substrate channeling in BjPutA was also
examined by estimating the transient time to reach steady-
state turnover of the second enzyme, PSCDH, using proline
as a substrate (23, 59, 60). With native BjPutA, steady-state
formation of NADH (product of the PSCDH reaction)
occurred without any apparent lag time (23). The absence
of a lag time in the approach to steady-state indicates
substrate channeling. A non-channeling control was also
analyzed using active site mutants of BjPutA that lack
PRODH (R456M) and PSCDH (C792A) activity (23). The
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Figure 6. Structure of dimeric BjPutA shown in ribbon representation. The PRODH domain (red) and the PSCDH domain
(orange) of each protomer are connected by a linker region (green). Active site residues (Arg456, Cys792), FAD and NAD" are
displayed as sticks. B-flap of each protomer is colored as magenta. The substrate channel of each BjPutA protomer is shown as
blue surface. This model was made using PyMol, CAVER and PDB 3HAZ.

R456M mutation inactivates PRODH but does not impair
PSCDH activity, whereas the C792A mutation inactivates
P5CDH but does not impair PRODH activity. The mixture
of these monofunctional variants was used as a non-
channeling control as described above. In this non-
channeling control, P5C formed by the C792A variant must
diffuse out into bulk solvent and bind to the R456M variant
before NADH is formed. In the assays with the non-
channeling variants, a lag time of about seven minutes for
NADH formation was observed (23). The observed lag
time was similar to the theoretical Tau value calculated
from the independent PRODH activity and PSCDH kinetic
parameters. An example of these steady-state assays is
shown in Figure 7. Figure 7 illustrates the clear difference
in the kinetic behavior of native BjPutA and the non-
channeling control. With native BjPutA, NADH formation
is observed without a lag time, while with the mixed
variants a lag time of around 6.5 minutes is observed. The
results from these assays are consistent with a substrate
channeling mechanism in BjPutA. Kinetic profiles of native
BjPutA and the mixed variants were also compared by
rapid-reaction kinetics under anaerobic, single-turnover
conditions. Rapid mixing of native BjPutA and proline
generated NADH with no apparent lag time. For the non-
channeling variants, a 10 s lag time for NADH formation
was observed after mixing the enzymes with proline.
These results show native BjPutA efficiently channels
P5C/GSA.

Evidence for channeling in PutA has also been
reported from Salmonella typhimurium PutA (StPutA).
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Similar to EcPutA, StPutA contains the N-terminal DNA
binding domain and is thus trifunctional. Maloy et al.
demonstrated that the PSCDH domain shows a 14-fold
greater steady-state production of NADH using P5C
generated endogenously from proline by PRODH, as
compared to exogenously added P5C (61). In addition, they
showed exogenous P5C was unable to compete against
endogenous PSC. Due to a lack of structural information
on trifunctional PutAs, it is not clear whether a channel
similar to that characterized in BjPutA exists. Future
structural and kinetic experiments will need to be
performed to fully address the channeling mechanism in
trifunctional PutAs.

7. CHANNELING OF GAMMA-GLUTAMYL
PHOSPHATE

As mentioned previously, channeling of the
intermediate  gamma-glutamyl phosphate would be
beneficial because of its instability. Channeling of gamma-
glutamyl phosphate is also implicated by the fusion of GK
and GPR in bifunctional P5CS. Kinetic data have existed
for over forty years suggesting that a complex forms
between bacterial GK and GPR in order to conceal gamma-
glutamyl phosphate from solvent (62, 63). A typical assay
to measure GK activity is to add hydroxylamine along with
the substrates, glutamate and ATP. Hydroxylamine reacts
with the product gamma-glutamyl phosphate to make
gamma-glutamyl hydroxamate, which can be measured at
535 nm (62). Multiple groups have documented that GK
activity is dependent on the presence of GPR. GK is
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Figure 7. Example of transient time analysis of BjPutA. Steady-state formation of NADH using proline as a substrate by native
BjPutA (solid black curve) and an equimolar mixture of monofunctional variants R456M and C792A (solid grey curve). The
mixture of the monofunctional variants serves as a non-channeling control. The dotted line represents the extrapolation used for
estimating the lag-time. Native BjPutA shows no apparent lag in NADH formation, while a lag time of about 6.5 min is observed
for the non-channeling control. The dashed line overlaying the grey curve of the non-channeling control reaction was simulated
using the kinetic parameters of PRODH and PSCDH as described previously and the following equation: [NADH] = vyt +
(Mv)Kn(e*" ™ - 1) (21, 72). Assays were performed at pH 7.5.

inactive or exhibits very low activity in the absence of
GPR, suggesting GPR is required for GK activity (42, 43,
62, 64, 65). It was found that a 10:1 GPR:GK ratio was
necessary to obtain maximal GK activity, indicating that a
GK/GPR complex forms with excess GPR (64). To test for
a complex, Smith et al. tried incubating different ratios of
bacterial GK and GPR, then looked for co-elution of the
enzymes by chromatography (64). Both proteins eluted
separately meaning either a complex does not form or
complex formation is transient and is dependent on
substrate binding. Other work suggesting a GK-GPR
complex includes assays which contained GK and GPR,
but lacked NADPH, the cofactor necessary for GPR
activity (43). In this case the GPR enzyme was inactive,
but it still activated GK. GK has also been shown to be
activated by incubation with GPR mutants, further
demonstrating that GK activation by GPR does not require
GPR activity (66). Other experiments that have explored
GK/GPR interactions include Chen et al., who created a
mutant GK/GPR fusion protein that was able to over-
produce proline, making the host E. coli strain more
resistant to osmotic stress (67). While this work does not
support channeling directly, it does show that enhancing
the proximity of two active sites can significantly increase
the efficiency of a metabolic pathway (67).

Structural data supporting channeling is not
directly available for GK and GPR enzymes (68). Figure 8
shows the individual structures of E. coli GK (EcGK) and
T. maritima GPR (TtGPR). Marco-Marin et al. modeled a
possible interaction between monofunctional GK and GPR,
showing GPR in both an open and closed conformation,
depending on the binding status of the substrate (32). The
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model shows a tetrameric form of GK from E. coli
complexed with a dimer of GPR from 7. maritima (32). In
solving the crystal structure EcGK, Marco-Marin et al.
noted that GK was well suited for channeling (32). They
suggested that channeling is possible if the GK and GPR
active sites are positioned so that the active site cysteine of
GPR is able to react with gamma-glutamyl phosphate while
still bound at the GK active site. A complex as described
would allow for a favorable environment and timely
transfer of gamma-glutamyl phosphate to the second active
site, thereby preventing cyclization to 5-oxoproline (32).
Additionally it has been suggested that leucine zipper
motifs found in the GK and GPR domains of plants, as well
as the GK and GPR enzymes of some bacteria are evidence
for a functional complex (69). The leucine zipper of plant
PSCS may help with oligomerization or it may be an
artifact of evolution. Several domain swapping
experiments have shown that leucine zippers mediate
protein-protein dimerization in eukaryotic and prokaryotic
enzymes. Thus, the leucine zippers in bacterial GK and
GPR enzymes and plant PSCS may support a possible
channeling complex (70).

8. SUMMARY

Proline metabolism has become a very important
area of study due to its involvement in many different
cellular processes from maintaining redox balance to
countering environmental stress. As described in this
review, substrate channeling is a relevant mechanism in
proline  metabolism  for  translocating  important
intermediates between active sites. Rationale for substrate
channeling in proline metabolism is two-fold. First, the
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GPR

Cys 255

ATP Binding Packet

Glutamate

Figure 8. Structures of GPR from T. maritima (TmGPR) and GK from E. coli (EcGK). EcGK is shown as a dimer with one
monomer shown in surface representation and the other monomer as a ribbon cartoon illustration. Glutamate is shown as spheres
in the substrate binding pocket, which is solvent accessible. Only one monomer of GPR (open conformation) is shown, which
contains three domains: NADPH binding domain (yellow), catalytic domain (blue) with the catalytic cysteine shown in spheres,
and the oligomerization domain (black). The solvent-exposed glutamate binding pocket of GK suggests that the gamma-glutamy1
phosphate intermediate would be accessible to GPR in a potential GK-GPR complex. A GK-GPR complex in which the catalytic
domain of GPR is aligned with the glutamate binding pocket of GK has been proposed and modeled by Marco-Marin et al. (32).
Models shown here were made using PyMol and PDBs 2J5T (EcGK) and 1020 (TmGPR).

equilibrium for the hydrolysis of P5C to GSA is
unfavorable at physiological pH, indicating channeling may
be necessary to increase the overall conversion efficiency
of proline into glutamate. Second, PSC/GSA and gamma-
glutamyl phosphate are reactive and labile intermediates.
Channeling of these intermediates would protect against the
formation of unwanted products, such as 5-oxoproline from
gamma-glutamyl phosphate.

Future kinetic and structural studies are important
for understanding the mechanisms of substrate channeling
in proline metabolism. In proline catabolism, BjPutA
provides structural and kinetic data supporting channeling,
but more work needs to be done on trifunctional and
monofunctional enzymes. Substrate channeling in PutAs
suggests that bacteria have evolved a strategy to limit the
availability of P5C to other competing pathways. P5C is at
the crossroads of important metabolic pathways, which
include proline oxidation, urea cycle, TCA cycle via
glutamate, and the proline biosynthetic pathway (71).
Substrate channeling by PutA may help maintain flux
through the proline oxidative pathway, which would be
especially important under poor nutrient conditions in cells
starved for nitrogen and glutamate and other downstream
products such as alpha—ketoglutarate. Whether PSC/GSA is
channeled in Gram-positive bacteria and eukaryotes is not
yet known. Studies of PRODH-P5CDH coupled kinetics
and potential PRODH-PSCDH interactions are needed to
address channeling between monofunctional PRODH and
PSCDH enzymes. In proline biosynthesis, evidence for
interactions between monofunctional GPR and GK has
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been reported, but structural evidence for channeling in
bifunctional P5CS is currently not available. Although
channeling interactions between GK and GPR seem likely
and are supported by several studies, additional work is
required to define the channeling pathway and mechanisms
in proline biosynthesis. To date, a full-length structure of
P5CS has not been reported. Solving a crystal structure of
P5CS would be a significant step toward understanding
channeling of gamma-glutamyl phosphate. Not only would
a complete structure of P5CS act as a template for
modeling the interaction between monofunctional GK and
GPR, but it could also be used to identify cavities within
the protein that may act as channels for transporting
gamma-glutamyl phosphate between active sites.

9. ACKNOWLEDGEMENTS

We thank Dr. John J. Tanner for insightful
discussions about PutA structures. The work described for
BjPutA was supported in part by the National Institutes of
Health Grants GM065546 and P20 RR-017675.

10. REFERENCES

1. J. M. Phang, W. Liu and O. Zabirnyk: Proline
metabolism and microenvironmental stress. Annu Rev Nutr,
30, 441-463 (2010)

2. S.P. Donald, X. Y. Sun, C. A. Hu, J. Yu, J. M. Mei, D.
Valle and J. M. Phang: Proline oxidase, encoded by p53-
induced gene-6, catalyzes the generation of proline-



Substrate channeling in proline metabolism

dependent reactive oxygen species. Cancer Res, 61(5),
1810-1815 (2001)

3. N. Krishnan, M. B. Dickman and D. F. Becker:
Proline modulates the intracellular redox environment
and protects mammalian cells against oxidative stress.
Free Radic Biol Med, 44(4), 671-681 (2008)

4. A. Chakravarti: A compelling genetic hypothesis for
a complex disease: PRODH2/DGCR6 variation leads to
schizophrenia susceptibility. Proc Natl Acad Sci U S A4,
99(8), 4755-4756 (2002)

5. M. R. Baumgartner, C. A. Hu, S. Almashanu, G.
Steel, C. Obie, B. Aral, D. Rabier, P. Kamoun, J. M.
Saudubray and D. Valle: Hyperammonemia with
reduced ornithine, citrulline, arginine and proline: a new
inborn error caused by a mutation in the gene encoding
delta(1)-pyrroline-5-carboxylate synthase. Hum Mol
Genet, 9(19), 2853-2858 (2000)

6. H. Mitsubuchi, K. Nakamura, S. Matsumoto and F.
Endo: Inborn errors of proline metabolism. J Nutr,
138(10), 2016S-2020S (2008)

7. P. Kamoun, B. Aral and J. M. Saudubray: [A new
inherited metabolic disease: deltal-pyrroline  5-
carboxylate synthetase deficiency]. Bull Acad Natl Med,
182(1), 131-137; discussion 138-139 (1998)

8. B. Reversade, N. Escande-Beillard, A. Dimopoulou,
B. Fischer, S. C. Chng, Y. Li, M. Shboul, P. Y. Tham,
H. Kayserili, L. Al-Gazali, M. Shahwan, F. Brancati, H.
Lee, B. D. O'Connor, M. Schmidt-von Kegler, B.
Merriman, S. F. Nelson, A. Masri, F. Alkazaleh, D.
Guerra, P. Ferrari, A. Nanda, A. Rajab, D. Markie, M.
Gray, J. Nelson, A. Grix, A. Sommer, R. Savarirayan,
A. R. Janecke, E. Steichen, D. Sillence, 1. Hausser, B.
Budde, G. Nurnberg, P. Nurnberg, P. Seemann, D.
Kunkel, G. Zambruno, B. Dallapiccola, M. Schuelke, S.
Robertson, H. Hamamy, B. Wollnik, L. Van Maldergem,
S. Mundlos and U. Kornak: Mutations in PYCR1 cause
cutis laxa with progeroid features. Nat Genet, 41(9),
1016-1021 (2009)

9. J. M. Wood, E. Bremer, L. N. Csonka, R. Kraemer,
B. Poolman, T. van der Heide and L. T. Smith:
Osmosensing and osmoregulatory compatible solute
accumulation by bacteria. Comp Biochem Physiol A Mol
Integr Physiol, 130(3), 437-460 (2001)

10. Y. Yoshiba, T. Kiyosue, T. Katagiri, H. Ueda, T.
Mizoguchi, K. Yamaguchi-Shinozaki, K. Wada, Y.
Harada and K. Shinozaki: Correlation between the
induction of a gene for delta 1-pyrroline-5-carboxylate
synthetase and the accumulation of proline in
Arabidopsis thaliana under osmotic stress. Plant J, 7(5),
751-760 (1995)

11. L. Szabados and A. Savoure: Proline: a
multifunctional amino acid. Trends Plant Sci, 15(2), 89-
97 (2010)

385

12. E. Adams and L. Frank: Metabolism of proline and the
hydroxyprolines. Annu Rev Biochem, 49, 1005-1061 (1980)

13. J. J. Tanner: Structural biology of proline catabolism.
Amino Acids, 35(4), 719-730 (2008)

14. T. A. White, N. Krishnan, D. F. Becker and J. J.
Tanner: Structure and kinetics of monofunctional proline
dehydrogenase from Thermus thermophilus. J Biol Chem,
282(19), 14316-14327 (2007)

15. T. A. White, W. H. Johnson, Jr., C. P. Whitman and J.
J. Tanner: Structural basis for the inactivation of Thermus
thermophilus proline dehydrogenase by N-
propargylglycine. Biochemistry, 47(20), 5573-5580 (2008)

16. E. Inagaki, N. Ohshima, H. Takahashi, C. Kuroishi, S.
Yokoyama and T. H. Tahirov: Crystal structure of Thermus
thermophilus Deltal-pyrroline-5-carboxylate
dehydrogenase. J Mol Biol, 362(3), 490-501 (2006)

17. D. F. Becker and E. A. Thomas: Redox properties of
the PutA protein from Escherichia coli and the influence of
the flavin redox state on PutA-DNA interactions.
Biochemistry, 40(15), 4714-4721 (2001)

18. S. Vilchez, M. Manzanera and J. L. Ramos: Control of
expression of divergent Pseudomonas putida put promoters
for proline catabolism. Appl Environ Microbiol, 66(12),
5221-5225 (2000)

19. R. Menzel and J. Roth: Regulation of the genes for
proline utilization in Salmonella typhimurium: autogenous
repression by the putA gene product. J Mol Biol, 148(1),
21-44 (1981)

20. P. Ostrovsky de Spicer, K. O'Brien and S. Maloy:
Regulation of proline utilization in Salmonella
typhimurium: a membrane-associated dehydrogenase binds
DNA in vitro. J Bacteriol, 173(1), 211-219 (1991)

21. E. D. Brown and J. M. Wood: Redesigned purification
yields a fully functional PutA protein dimer from
Escherichia coli. J Biol Chem, 267(18), 13086-13092
(1992)

22.  W. Zhang, M. Zhang, W. Zhu, Y. Zhou, S.
Wanduragala, D. Rewinkel, J. J. Tanner and D. F. Becker:
Redox-induced changes in flavin structure and roles of
flavin N(5) and the ribityl 2'-OH group in regulating PutA-
membrane binding. Biochemistry, 46(2), 483-491 (2007)

23. D. Srivastava, J. P. Schuermann, T. A. White, N.
Krishnan, N. Sanyal, G. L. Hura, A. Tan, M. T. Henzl, D.
F. Becker and J. J. Tanner: Crystal structure of the
bifunctional proline utilization A flavoenzyme from
Bradyrhizobium japonicum. Proc Natl Acad Sci U S A,
107(7), 2878-2883 (2010)

24. Y. H. Lee, S. Nadaraia, D. Gu, D. F. Becker and J. J.
Tanner: Structure of the proline dehydrogenase domain of



Substrate channeling in proline metabolism

the multifunctional PutA flavoprotein. Nat Struct Biol,
10(2), 109-114 (2003)

25. M. Zhang, T. A. White, J. P. Schuermann, B. A.
Baban, D. F. Becker and J. J. Tanner: Structures of the
Escherichia coli PutA proline dehydrogenase domain in
complex with competitive inhibitors. Biochemistry, 43(39),
12539-12548 (2004)

26. D. Srivastava, W. Zhu, W. H. Johnson, Jr.,, C. P.
Whitman, D. F. Becker and J. J. Tanner: The structure of
the proline utilization a proline dehydrogenase domain
inactivated by N-propargylglycine provides insight into
conformational changes induced by substrate binding and
flavin reduction. Biochemistry, 49(3), 560-569 (2010)

27. S. Halouska, Y. Zhou, D. F. Becker and R. Powers:
Solution structure of the Pseudomonas putida protein
PpPutA45 and its DNA complex. Proteins, 75(1), 12-27
(2009)

28. J. D. Larson, J. L. Jenkins, J. P. Schuermann, Y. Zhou,
D. F. Becker and J. J. Tanner: Crystal structures of the
DNA-binding domain of Escherichia coli proline utilization
A flavoprotein and analysis of the role of Lys9 in DNA
recognition. Protein Sci, 15(11), 2630-2641 (2006)

29. Y. Zhou, J. D. Larson, C. A. Bottoms, E. C. Arturo, M.
T. Henzl, J. L. Jenkins, J. C. Nix, D. F. Becker and J. J.
Tanner: Structural basis of the transcriptional regulation of
the proline utilization regulon by multifunctional PutA. J
Mol Biol, 381(1), 174-188 (2008)

30. I. Perez-Arellano, V. Rubio and J. Cervera: Mapping
active site residues in glutamate-5-kinase. The substrate
glutamate and the feed-back inhibitor proline bind at
overlapping sites. FEBS Lett, 580(26), 6247-6253 (2006)

31. L Perez-Arellano, J. Gallego and J. Cervera: The PUA
domain - a structural and functional overview. FEBS J,
274(19), 4972-4984 (2007)

32. C. Marco-Marin, F. Gil-Ortiz, I. Perez-Arellano, J.
Cervera, 1. Fita and V. Rubio: A novel two-domain
architecture within the amino acid kinase enzyme family
revealed by the crystal structure of Escherichia coli
glutamate 5-kinase. J Mol Biol, 367(5), 1431-1446 (2007)

33. R. Page, M. S. Nelson, F. von Delft, M. A. Elsliger, J.
M. Canaves, L. S. Brinen, X. Dai, A. M. Deacon, R. Floyd,
A. Godzik, C. Grittini, S. K. Grzechnik, L. Jaroszewski, H.
E. Klock, E. Koesema, J. S. Kovarik, A. Kreusch, P. Kuhn,
S. A. Lesley, D. McMullan, T. M. McPhillips, M. D.
Miller, A. Morse, K. Moy, J. Ouyang, A. Robb, K.
Rodrigues, R. Schwarzenbacher, G. Spraggon, R. C.
Stevens, H. van den Bedem, J. Velasquez, J. Vincent, X.
Wang, B. West, G. Wolf, K. O. Hodgson, J. Wooley and I.
A. Wilson: Crystal structure of gamma-glutamyl phosphate
reductase (TM0293) from Thermotoga maritima at 2.0 A
resolution. Proteins, 54(1), 157-161 (2004)

386

34. Z. Meng, Z. Lou, Z. Liu, M. Li, X. Zhao, M. Bartlam
and Z. Rao: Crystal structure of human pyrroline-5-
carboxylate reductase. J Mol Biol, 359(5), 1364-1377
(2006)

35. S. L. Bearne and R. Wolfenden: Glutamate gamma-
semialdehyde as a natural transition state analogue inhibitor
of Escherichia coli glucosamine-6-phosphate synthase.
Biochemistry, 34(36), 11515-11520 (1995)

36. S. L. Bearne, O. Hekmat and J. E. Macdonnell:
Inhibition of Escherichia coli CTP synthase by glutamate
gamma-semialdehyde and the role of the allosteric effector
GTP in glutamine hydrolysis. Biochem J, 356(Pt 1), 223-
232 (2001)

37. J. B. Thoden, X. Huang, F. M. Raushel and H. M.
Holden: The small subunit of carbamoyl phosphate
synthetase: snapshots along the reaction pathway.
Biochemistry, 38(49), 16158-16166 (1999)

38. R. D. Farrant, V. Walker, G. A. Mills, J. M. Mellor and
G. J. Langley: Pyridoxal phosphate de-activation by
pyrroline-5-carboxylic acid. Increased risk of vitamin B6
deficiency and seizures in hyperprolinemia type II. J Biol
Chem, 276(18), 15107-15116 (2001)

39. M. T. Geraghty, D. Vaughn, A. J. Nicholson, W. W.
Lin, G. Jimenez-Sanchez, C. Obie, M. P. Flynn, D. Valle
and C. A. Hu: Mutations in the Deltal-pyrroline 5-
carboxylate  dehydrogenase gene cause type II
hyperprolinemia. Hum Mol Genet, 7(9), 1411-1415 (1998)

40. M. Nomura and H. Takagi: Role of the yeast
acetyltransferase Mprl in oxidative stress: regulation of
oxygen reactive species caused by a toxic proline
catabolism intermediate. Proc Natl Acad Sci U S A,
101(34), 12616-12621 (2004)

41. S. A. Maxwell and G. E. Davis: Differential gene
expression in p53-mediated apoptosis-resistant  vs.
apoptosis-sensitive tumor cell lines. Proc Natl Acad Sci U S
A,97(24), 13009-13014 (2000)

42. D. J. Hayzer and V. Moses: The enzymes of proline
biosynthesis in Escherichia coli. Their molecular weights
and the problem of enzyme aggregation. Biochem J,
173(1), 219-228 (1978)

43. A. P. Seddon, K. Y. Zhao and A. Meister: Activation
of glutamate by gamma-glutamate kinase: formation of
gamma-cis-cycloglutamyl phosphate, an analog of gamma-
glutamyl phosphate. J Biol Chem, 264(19), 11326-11335
(1989)

44. G. K. Rieke, A. D. Scarfe and J. F. Hunter: L-
pyroglutamate: an alternate neurotoxin for a rodent model
of Huntington's disease. Brain Res Bull, 13(3), 443-456
(1984)

45. E. G. McGeer and E. Singh: Neurotoxic effects of
endogenous materials: quinolinic acid, L-pyroglutamic



Substrate channeling in proline metabolism

acid, and thyroid releasing hormone (TRH). Exp Neurol,
86(2), 410-413 (1984)

46. J. Ovadi: Physiological significance of metabolic
channelling. J Theor Biol, 152(1), 1-22 (1991)

47. E. W. Miles, S. Rhee and D. R. Davies: The molecular
basis of substrate channeling. J Biol Chem, 274(18), 12193-
12196 (1999)

48. C. C. Hyde, S. A. Ahmed, E. A. Padlan, E. W. Miles
and D. R. Davies: Three-dimensional structure of the
tryptophan synthase alpha 2 beta 2 multienzyme complex
from Salmonella typhimurium. J Biol Chem, 263(33),
17857-17871 (1988)

49. D. R. Knighton, C. C. Kan, E. Howland, C. A. Janson,
Z. Hostomska, K. M. Welsh and D. A. Matthews: Structure
of and kinetic channelling in bifunctional dihydrofolate
reductase-thymidylate synthase. Nat Struct Biol, 1(3), 186-
194 (1994)

50. R. N. Perham: Swinging arms and swinging domains
in multifunctional enzymes: catalytic machines for
multistep reactions. Annu Rev Biochem, 69, 961-1004
(2000)

51.  X. Huang, H. M. Holden and F. M. Raushel:
Channeling of substrates and intermediates in enzyme-

catalyzed reactions. Annu Rev Biochem, 70, 149-180
(2001)

52. K. S. Anderson: Fundamental mechanisms of substrate
channeling. Methods Enzymol, 308, 111-145 (1999)

53. A. K. Bera, J. L. Smith and H. Zalkin: Dual role for the
glutamine phosphoribosylpyrophosphate amidotransferase
ammonia channel. Interdomain signaling and intermediate
channeling. J Biol Chem, 275(11), 7975-7979 (2000)

54. M. K. Geck and J. F. Kirsch: A novel, definitive test
for substrate channeling illustrated with the aspartate
aminotransferase/malate dehydrogenase system.
Biochemistry, 38(25), 8032-8037 (1999)

55. L. Iturrate, I. Sanchez-Moreno, E. G. Doyaguez and E.
Garcia-Junceda: Substrate channelling in an engineered
bifunctional aldolase/kinase enzyme confers catalytic
advantage for C-C bond formation. Chem Commun
(Camb)(13), 1721-1723 (2009)

56. S. Y. Tsuji, D. E. Cane and C. Khosla: Selective
protein-protein  interactions  direct channeling  of
intermediates between polyketide synthase modules.
Biochemistry, 40(8), 2326-2331 (2001)

57. S. A. Moore, H. M. Baker, T. J. Blythe, K. E. Kitson,
T. M. Kitson and E. N. Baker: Sheep liver cytosolic
aldehyde dehydrogenase: the structure reveals the basis for
the retinal specificity of class 1 aldehyde dehydrogenases.
Structure, 6(12), 1541-1551 (1998)

387

58. V. A. Mezl and W. E. Knox: Properties and analysis of
a stable derivative of pyrroline-5-carboxylic acid for use in
metabolic studies. Anal Biochem, 74(2), 430-440 (1976)

59. C. Purcarea, A. Ahuja, T. Lu, L. Kovari, H. I. Guy and
D. R. Evans: Aquifex aeolicus aspartate transcarbamoylase,
an enzyme specialized for the efficient utilization of
unstable carbamoyl phosphate at elevated temperature. J
Biol Chem, 278(52), 52924-52934 (2003)

60. D. S. Wimalasena and K. Wimalasena: Kinetic
evidence for channeling of dopamine between monoamine
transporter and membranous dopamine-beta-
monooxygenase in chromaffin granule ghosts. J Biol Chem,
279(15), 15298-15304 (2004)

61. M. W. Surber and S. Maloy: The PutA protein of
Salmonella typhimurium catalyzes the two steps of proline
degradation via a leaky channel. Arch Biochem Biophys,
354(2), 281-287 (1998)

62. A. Baich: Proline synthesis in Escherichia coli. A proline-
inhibitable glutamic acid kinase. Biochim Biophys Acta,
192(3), 462-467 (1969)

63. H. Gamper and V. Moses: Enzyme organization in the
proline biosynthetic pathway of Escherichia coli. Biochim
Biophys Acta, 354(1), 75-87 (1974)

64. C.J. Smith, A. H. Deutch and K. E. Rushlow: Purification
and characteristics of a gamma-glutamyl kinase involved in
Escherichia coli proline biosynthesis. J Bacteriol, 157(2), 545-
551 (1984)

65. 1. Perez-Arellano, V. Rubio and J. Cervera: Dissection of
Escherichia coli glutamate 5-kinase: functional impact of the
deletion of the PUA domain. FEBS Lett, 579(30), 6903-6908
(2005)

66. D. J. Hayzer and T. Leisinger: The gene-enzyme
relationships of proline biosynthesis in Escherichia coli. J Gen
Microbiol, 118(2), 287-293 (1980)

67. M. Chen, J. Cao, C. Zheng and Q. Liu: Directed evolution
of an artificial bifunctional enzyme, gamma-glutamyl
kinase/gamma-glutamyl phosphate reductase, for improved
osmotic tolerance of Escherichia coli transformants. FEMS
Microbiol Lett, 263(1), 41-47 (2006)

68. 1. Perez-Arellano, F. Carmona-Alvarez, A. 1. Martinez, J.
Rodriguez-Diaz and J. Cervera: Pyrroline-5-carboxylate
synthase and proline biosynthesis: from osmotolerance to rare
metabolic disease. Protein Sci, 19(3), 372-382 (2010)

69. C. A. Hu, A. J. Delauney and D. P. Verma: A bifunctional
enzyme (delta 1-pyrroline-5-carboxylate synthetase) catalyzes
the first two steps in proline biosynthesis in plants. Proc Natl
Acad Sci U S A, 89(19), 9354-9358 (1992)

70. T. Abel and T. Maniatis: Gene regulation. Action of
leucine zippers. Nature, 341(6237), 24-25 (1989)



Substrate channeling in proline metabolism

71. S.J. Downing, J. M. Phang, E. M. Kowaloff, D. Valle
and R. J. Smith: Proline oxidase in cultured mammalian
cells. J Cell Physiol, 91(3), 369-376 (1977)

72. T. D. Meek, E. P. Garvey and D. V. Santi: Purification
and characterization of the bifunctional thymidylate
synthetase-dihydrofolate reductase from methotrexate-
resistant Leishmania tropica. Biochemistry, 24(3), 678-686
(1985)

Abbreviations: PRODH: proline dehydrogenase, FAD:
flavin adenine dinucleotide, PSC: pyrroline-5-carboxylate,
GSA: glutamic semialdehyde, PSCDH: pyrroline-5-
carboxylate dehydrogenase, NAD': nicotinamide adenine
dinucleotide, PutA: proline utilization A, P5SCS: pyrroline-
S-carboxylate synthase, NADPH: nicotinamide adenine
dinucleotide phosphate, GK: gamma-glutamyl kinase,
ATP: adenosine-5’-triphosphate, GPR: gamma-glutamyl
phosphate reductase, gamma-GP: gamma-glutamyl
phosphate, P5CR: pyrroline-5-carboxylate reductase,
AAK: amino acid kinase

Key Words: Substrate Channeling, Proline Metabolism,
Proline Dehydrogenase, PRODH, Pyrroline-5-carboxylate
Dehydrogenase, PSCDH, Pyrroline-5-Carboxylate, P5C,
Glutamic semialdehyde, GSA, Gamma-Glutamyl Kinase,
Gamma-Glutamyl Phosphate Reductase, Pyrroline-5-
Carboxylate Synthase, PSCS, Gamma-Glutamyl Phosphate,
Review

Send correspondence to: Donald Becker, Department of
Biochemistry, University of Nebraska-Lincoln, Lincoln,
NE 68588, USA. Tel: 402-472-9652, Fax: 402-472-7842,
E-mail: dbecker3@unlnotes.unl.edu

http://www.bioscience.org/current/vol17.htm

388



