Alternative Pathways for the Catabolism of
L-Proline and its Analogues in Bacteria



ABSTRACT

The amino acid L-proline can be incorporated into proteins and peptides but it can also be be degraded as a carbon, nitrogen, and energy source.  In aerobic bacteria, L-proline catabolism most often involves the membrane-associated FAD-containing enzyme L-proline dehydrogenase which donates electrons directly to the electron transport chain.  In anaerobic bacteria, L-proline catabolism most often involves the Stickland fermentation reactions in which it is first converted to D-proline by proline racemase and then reduced to 5-aminovaleric acid by the selenium-containing enzyme D-proline reductase.  This review article summarizes the alternative pathways found in various bacteria which also allow the catabolism of L-proline.  These include nonspecific L-amnio acid oxidases and deaminases in some aerobic bacteria, L-proline dehydrogenases in anaerobic iron-reducing bacteria, reversible L-Δ1-pyrroline-5-carboxylate (P5C) reductases in anaerobic lactic acid bacteria, and D-amino acid dehydrogenases in various aerobic and anaerobic bacteria. The article also discusses the catabolism of the L-proline analogues L-thiaproline, L-azetidine-2-carboxylate, and 3,4-dehydro-DL-proline.  Because the information currently available about many of these processes is quite limited, amino acid sequence analysis was used in some cases to identify possible proteins and to suggest directions for further research.  The study of L-proline catabolism illustrates the metabolic diversity of prokaryotic microorganisms and emphasizes the importance of studying more than the core biochemical pathways.
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1. INTRODUCTION

[bookmark: _Hlk196552547]The amino acid L-proline plays several roles in the physiology of bacteria, plants, and animals.  In addition to being incorporated into proteins and peptides, it can be used as a carbon, nitrogen, and energy source, an osmoprotectant, a mediator of redox signaling, a stabilizer of protein structure, a precursor of secondary metabolites, and an enhancer of resistance to a variety of stresses (Christgen & Becker, 2019; Patriarca et al., 2021; Szabodos & Savored, 2010).  Although L-proline can be synthesized endogenously from L-glutamate or L-ornithine using L-Δ1-pyrroline-5-carboxylate (P5C) as a key intermediate, it can also be taken up from the surrounding environment through several types of membrane transporters.  In the cytoplasm, L-proline may be chemically modified, degraded, or exported out of the cell.  The processes of L-proline metabolism have been extensively studied in both aerobic and anaerobic Gram-positive and Gram-negative bacteria (Adams & Frank, 1980; Barker, 1981; Deutch, 2025; Wood, 1988)..  

In aerobic bacteria, L-proline is most often degraded by a common oxidative pathway shown in Scheme 1 (Adams & Frank, 1980; Liu et al., 2017; Tanner, 2019).  

Scheme 1. The common pathway of proline catabolism (from Singh & Tanner, 2012)
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[bookmark: _Hlk219708874]There is an initial FAD-dependent oxidation by L-proline dehydrogenase (PRODH, EC 1.5.5.2, formerly called proline oxidase or  EC 1.5.99.8) to form L-Δ1-pyrroline-5-carboxylate (P5C).  Electrons are then transferred to a membrane-associated electron transport chain.  P5C is in spontaneous equilibrium with L-glutamate-γ-semialdehyde (GSA), which then undergoes a NAD+-dependent oxidation by L-Δ1-pyrroline-5-carboxylate dehydrogenase (P5CDH, EC 1.2.1.88, formerly 1.5.1.12), also called L-glutamate-γ-semialdehyde dehydrogenase (GSALDH), to form L-glutamate.  The L-glutamate can be converted to 2-oxoglutarate (α-ketoglutarate) by several different enzymes including glutamate dehydrogenase and glutamate-pyruvate transaminase (Walker & van der Donk, 2016).  The 2-oxoglutarate is then further metabolized through the citric acid cycle or used in other catabolic or anabolic pathways. 

The two enzyme activities needed for L-proline degradation in the presence of oxygen are organized in three basic ways (Tanner, 2008; Tanner, 2019).  In organisms with monofunctional proteins, PRODH activity is due to a membrane-associated protein commonly called PutA that transfers electrons to a quinone in the aerobic electron transport chain.  The P5CDH (GSALDH) activity is due to a separate cytoplasmic enzyme.  In organisms with bifunctional proteins, the PRODH and P5CDH (GSALDH) activities are part of a single membrane-associated protein that is also called PutA.  In some cases, there is an additional aldehyde dehydrogenase superfamily (ADHSF) domain at the carboxyl-terminal end of the protein.  In organisms with trifunctional proteins, a PutA protein with both PRODH and P5CDH (GSALDH) activities has an additional amino-terminal DNA-binding domain.  This domain can interact with specific DNA sequences and allows PutA to act as a transcriptional regulator of the genes encoding itself and a major Na+-dependent proline transporter called PutP.  In these cases, the PutA protein moves between the plasma membrane, the cytoplasm, and the DNA depending on the oxidation state of the FAD cofactor (Wood, 1987; Zhang et al., 2004).  

In anaerobic bacteria, L-proline is most often degraded by a fermentative pathway involving the two Stickland reactions shown in Scheme 2 (Barker, 1981; Neumann-Schall et al., 2019; Stadtman & Elliott, 1957).



Scheme 2. Degradation of amino acids by the two-step Stickland process (from Wikipedia.org)

		, [image: ] 

In this process, an amino acid such as leucine, isoleucine, or alanine undergoes oxidative deamination or decarboxylation.  Electrons are transferred to NAD+ to form NADH and ATP is eventually formed to support growth and metabolism.  The electrons then are transferred from NADH to a second amino acid such as glycine or proline which is reduced and deaminated.  In the case of proline catabolism, L-proline is first converted to D-proline by a proline racemase (EC 5.1.1.4).  The D-proline is then reduced by the selenium-containing enzyme D-proline reductase (EC 1.21.4.1) to form 5-aminovaleric acid.  This pathway was first described in Clostridium sporogenes (Stickland, 1934) and the energetics and the organization of the genes involved in this pathway in various species of the genus Clostridium were recently reviewed (Pavao et al., 2022),  Proline has been found to increase the growth of C. difficile and transcription of the genes for proline reductase (Bouillaut et al., 2013).  This is dependent on an activator protein called PrdR, which is transcribed from a gene located just upstream of the genes needed for enzyme formation (Johnstone & Self, 2022).  This protein also decreases transcription of the genes for the formation of a similar selenoprotein called glycine reductase.  This pathway also occurs in anaerobic bacteria in the genera Acetoanaerobium (Sangavai & Chellapandi, 2019), Dethiosulfatibacter (Takii et al., 2007),  Eubacterium (Poehlein et al., 2014), Haloanaerobacter (Mouné et al., 1999), Sporohalobacter (Ben Abdallah et al., 2015), and Terrisporobacter (Böer et al., 2023) among others.

The purpose of this article is to highlight several less commonly-studied pathways in bacteria  which also allow the catabolism of L-proline, D-proline,  and proline analogs such as thiazolidine-4-carboxylate (thiaproline), azetidine-2-carboxylate, and 3,4-dehydroproline.

2. L-PROLINE CATABOLISM IN AEROBIC BACTERIA BY NONSPECIFIC L-AMINO ACID OXIDASES AND DEAMINASES

L-amino acid oxidase (EC 1.4.3.2), sometimes called L-amino acid dehydrogenase, is a large family of proteins that can catalyze the oxidative deamination of amino acids (Camillo-Brocal et al., 2015; Castellano & Molinier-Frankel, 2017; Cioacā & Ivanof, 1974; Hossain et al., 2014).  The enzymes are widely distributed in bacteria, algae, fungi, and animals, and are  are often found in snake venoms.  They contain FAD as a cofactor and transfer electrons to oxygen, which then may be reduced of hydrogen peroxide as shown in Scheme 3. The enzymes vary in their degree of substrate specificity but are often able to oxidize most of the 20 amino acids found in proteins.






Scheme 3. Oxidative deamination of L-amino acids by L-amino acid oxidase (from Castellano & Molinier-Frankel, 2017)
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L-amino acid oxidases have been observed in both Gram-negative and Gram-positive bacteria including species of Pseudomonas (Isobe et al., 2012), Pseudoalteromonias (Andreo-Vidal et al., 2018; Yu et al., 2014), Corynebacterium (Coudert & Vandecasteele,1975), Rhodococcus (Geueke & Hummel, 2002; Isobe et al., 2013), and Synechocystis (Schriek et al., 2009).  Some enzymes such as those from Pseudomonas sp. AIU 813 (Isobe et al., 2012) and Pseudoalteromonias luteoviola CPMOR-2 (Andreo-Vidal et al., 2018) cannot degrade L-proline, perhaps because the nitrogen in this imino acid is part of the ring system.  Others such as those from Corynebacterium A-20 (Coudert & Vandecasteele,1975) and Synechocystis sp. PCC 6803 (Schriek et al., 2009) have exhibited detectable but very low activiy with L-proline as the substrate.  Interestingly, the protein from Rhodococcus sp. AIU LAB-3 (Isobe et al., 2013) showed some activity with L-proline but the one from R. opacus DSM 43250 did not (Geueke & Hummel, 2002).  The product of L-proline oxidation has not been directly determined, although it is most likely L-Δ1-pyrroline-5-carboxylate (P5C).  This issue should be studied further.  

L-amino acid deaminase (also EC 1.4.3.2) carries out a similar FAD-dependent reaction but donate electrons from FADH2 directly to a membrane-bound electron transport chain and then to oxygen (Molla et al., 2017)..  These enzymes are only found in species of Proteus, Providencia, and Morganella.  Proteus species including P. mirabilis and P. retttgeri have been reported to contain two membrane-bound enzymes.  One has a strong substrate preference for basic amino acids such as arginine and histidine and one with a much broader substrate specificity including proline (Baek et al. 2011; Duerre & Chakrabarty, 1975),  Recombinant enzymes of the second type from P. mirabilis and P. myxofaciens were expressed in E. coli and found to catalyze the degradation of L-proline with low efficiency (Baek et al., 2011; Motta et al., 2016).  The enzyme from P. vulgaris has been crystallized and shown to be more similar to the D-amnio acid oxidases (dehydrogenases) discussed below in section 5 than to L-amino acid dehydrogenases (Ju et al. 2016).  Again the product of this form of proline oxidation has not been identified and should be studied further.

While these studies indicate that some bacterial L-amino acid oxidases and L-amino acid deaminases can act on L-proline, there are important other questions that still need to be answered.  First, what is the conformation of the active protein and how does proline affect it?   Isobe et al. (2012) showed that the L-amino acid oxidase from Pseudomonas sp. AIU 813 was composed of two identical subunits, but this is not one of the proteins that acts on proline. The same was true for the enzymes from Pseudoalteromonias strain B3 (Yu et al. 2014) and from Rhodococcus opacus DSM 43250 (Faust et al., 2006).  Further biochemical studies on the proteins that catalyze the oxidation of L-proline thus are needed.  Second, how do the enzymes that act on L-proline bind it to the active site?  Mamounis et al. (2022) described the kinetics and a structural model of the L-amino acid oxidase from Pseudoalteromonias luteoviola CPMOR-2 but this enzyme does not act on L-proline.  Likewise, Ju et al. (2016) described the crystal structure of an L-amino acid deaminase from Proteus vulgaris, but this enzyme also showed very little activity with L-proline.  Again, more extensive studies of the proline-active proteins are required.  Third, how is the formation of the enzyme regulated and is L-proline an inducer of the activity?  Coudert, M., & Vandecasteele, J. P. (1975). showed that the specific activity of the  soluble L-amino acid oxidase in Corynebacterium.A20 increased after growth in the presence of L-lysine and L-methionine.  L-proline was not tested as an inducer and this enzyme does not act on it.  So more detailed physiological studies of the L-amino acid oxidases and L-amino acid  deaminases are worth considering.

3. [bookmark: _Hlk213491692][bookmark: _Hlk215917197]L-PROLINE CATABOLISM IN ANAEROBIC IRON-REDUCING BACTERIA

[bookmark: _Hlk219536042]Geovibrio ferrireducens strain PAL-1 is an anaerobic Gram-negative bacterium that was isolated from a hydrocarbon-polluted ditch near Norman, Oklahoma, USA (Caccavo, Jr. et al, 1996).  The cells appeared as spiral rods with a single polar flagellum and did not form spores.  The bacteria could grow in a basal medium containing NaHCO3, NH4Cl, KH2PO4, KCl, and a mixture of vitamins and minerals in an anoxic atmosphere of N2/CO2 (80:20 v/v) with various organic electron donors and Fe(III)-pyrophosphate as the electron acceptor.  Although acetate was initially used as the electron donor, the bacteria also grew well with L-proline as the organic donor and Fe(III)-pyrophosphate as the electron acceptor. Other electron donors included hydrogen, lactate, propionate, succinate, fumarate, pyruvate, and yeast extract.  Co(III)-EDTA could also be used as an electron acceptor but Mn(IV), U(VI), and Cr(IV) could not.  While some growth occurred with inorganic S as the electron acceptor, the yield of cells was very low.  No growth occurred aerobically with acetate as the carbon source in the basal medium.  The temperature optimum for Fe(III) reduction was 35oC.    Analysis of the bacteria showed the presence of c-type cytochromes with reduced absorbance peaks at 553 nm, 523 nm, and 422 nm.  The G+C content in the DNA was 42.8 mol% and the 16S rRNA sequence indicated that the bacterium was most similar to Flexistipes sinusarabici (Lapidus et al., 2011).  G. ferrireducens was unrelated to other iron-reducing bacteria.

Although there have been no further studies on L-proline catabolism in G. ferrireducens strain PAL-1, other work has indicated that strain PAL-1 is closely related to Geovibrio thiophilus strain AAFu3T (Janssen et al., 2002).  This Gram-negative bacterium also forms spiral-shaped microorganisms with single polar flagella but no spores.  It has a DNA G+C content of 50.2%, c-type cytochromes and a temperature optimum of about 37oC.  G. thiophilus can oxidize acetate, hydrogen, and formate anaerobically as electron donors but does not metabolize L-proline.  It uses sulfur, fumarate, and dimethylsulfoxide (DMSO) as electron acceptors but cannot  reduce ferric iron. Unlike G. ferrireducens, G. thiophilus can grow fermentatively with L-malate, maleate, or fumarate as substrates, resulting in the formation of succinate as the sole organic product.  Analysis of 16S rRNA sequences indicated that G. ferrireducens and G. thiophilus are most closely related to Denitrovibrio acetophilus, Deferribacter thermophilus, and Flexistipes sinusarabici.   All of these bacteria fall into the phylum Deferribacteriota.  

[bookmark: _Hlk219710384][bookmark: _Hlk219886954]A search of the UniProtKB database at www.expasy.org for sequences that might be involved in the metabolism of L-proline in G. ferrireducens revealed two possibilities: UPI002246B844, a proline dehydrogenase family protein composed of 301 amino acids, and UPI002240535, a L-glutamate-γ-semialdehyde dehydrogenase family protein composed of 544 amino acids.  A BLAST analysis of the first one led to the recovery of a large number of proline dehydrogenase sequences of a similar size from various bacteria including G. thiophilus (A0A3R5XXA7), Flexistipes sinusarabici (F8E886), Denitrovibrio acetiphilus (D4H8C8), Deferribacter thermophilus (UPI003C16160B), Deferribacter desulfuricans (D3PD65). Calditerrivibrio nitroreducens (E4THA1), and Geobacillus stearothermophilus (A0ABQ7HF10).   Fig. 1A shows an alignment and phylogenetic tree of these eight sequences.  The Geobacillus stearothermophilus sequence was about 16 amino acids longer than the others.  The two Geovibrio sequences were closely related as were the sequences from the two Deferribacter species and the one from Denitrovibrio acetiphilus.  The overall sequence identity for the eight proteins was 66/304 = 21.7%.  

[bookmark: _Hlk219813325]A BLAST analysis of the second predicted G. ferrireducens sequence led to the recovery of a large number of sequences designated L-glutamate-γ-semialdehyde dehydrogenase, also called PruA or RocA..  These included sequences from G. thiophilus (A0A410JZB9), Flexistipes sinusarabici (F8E887), Denitrovibrio acetiphilus (D4H8C9), Deferribacter thermophilus (UPI003C28BE2A), Deferribacter desulfuricans (D3PD64). Calditerrivibrio nitroreducens (E4THA2), and Geobacillus stearothermophilus (A0A0K9HEN2). Fig. 1B shows an alignment and a phylogenetic tree of these sequences.  In this case, the sequence from Geobacillus stearothermophilus was about 30 amino acids shorter than the others.  The two Geovibrio sequences were closely related again, as were the sequences from the two Deferribacter species.  The overall sequence identity for the eight proteins was 88/542 = 16.2%.  

[bookmark: _Hlk219895689]None of these proteins have been isolated and characterized biochemically and their amino acid sequences were inferred by homology to other proteins involved in L-proline catabolism.  The best example of  a well-studied enzyme in similar anaerobes is the PutA protein from Geobacter sulfurreducens.  G. sulfurreducens strain PCA is an acetate-oxidizing metal-reducing anaerobic microorganism that was isolated from a hydrocarbon-contaminated ditch near Norman, Oklahoma, USA (Caccavo Jr. et al., 1994).  Its genome has been sequenced (Methé et al., 2003) and its bifunctional PutA protein characterized in detail (Korasick et al., 2021; Singh et al., 2014).  The amino-terminal portion of this protein has L-proline dehydrogenase activity and the carboxyl-terminal portion has L-glutamate-γ-semialdehyde dehydrogenase activity.  Its closest bacterial relative is Geobacter metallireducens.  The predicted sequences of the L-proline dehydrogenases and L-glutamate-γ-semialdehyde dehydrogenases from G. ferrireducens and G. thiophilus were aligned with the PutA proteins from the two Geobacter species.  While the shorter 301 amino acid Geovibrio sequences were a poor match to the amino terminal-end of the Geobacter sequences, the 544 amino acid sequences from G. ferrireducens and G. thiophilus were a good match to the carboxyl-terminal end of the two Geobacter PutA sequences.  The overall sequence identity in this region was 152/544 = 27.9%.  This would suggest that L-proline catabolism in G. ferrireducens is due to two separate monofunctional enzymes, one containing L-proline dehydrogenase activity and one containing L-glutamate-γ-semialdehyde dehydrogenase activity.  This prediction should be tested experimentally.  The structures of the membrane-associated aerobic and anaerobic electron transport chains in bacteria have been extensively described (Refojo et al., 2019).  In the  case of Escherichia coli, it has been shown that association of the PutA protein containing L-proline dehydrogenase activity with the membrane depends on the reduction of the FAD cofactor bound to the apoprotein (Wood, 1987; Zhang et al., 2004).  It is possible that the binding of the proline dehydrogenase from Geovibrio ferrireducens to the anaerobic electron transport chain in the plasma membrane occurs in a similar way.  This should be tested experimentally.
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tr|A0ABQ7HF10|A0ABQ7HF10_GEOSE      MNAFPYKEACNSGTADARLFLFLSKNKTLTRLAKRYGLRFGASRFVAGETIEEAVHVIRR	60
tr|F8E886|F8E886_FLESM              ----------------MSALNFLISK-TIMHV-PGPVVSIFAKSYIAGQELSDAVRVTRD	42
tr|E4THA1|E4THA1_CALNY              ----------------MSLLNFLISK-SIMHI-PGPLVGIFAKSYIAGPELNDAVRVTKE	42
UPI003C16160B                       ----------------MGLLNFLISK-SIMYI-PGPIVGLFAKSYIAGPELYDAVRVTHE	42
tr|D3PD65|D3PD65_DEFDS              ----------------MGLLNFLISK-SIMYI-PGPIVGLFAKSYIAGPNLYDAVRVTHE	42
tr|D4H8C8|D4H8C8_DENA2              ------------------MINTVIAN-MMPFM-PKSFVRFFAKRYVAGGLAEDAFLLTRE	40
tr|A0A3R5XXA7|A0A3R5XXA7_9BACT      ------------------MFNTLIAN-SMPYM-PKAFVGFFAKRYVAGATPEDAFSMTQA	40
UPI002246B844                       ------------------MFNTLIAN-SMPYM-PKALVGFFAKRYVAGALPEDAFRMTKA	40
                                                       :  :  :  :  :     : : *. ::**    :*. : : 

tr|A0ABQ7HF10|A0ABQ7HF10_GEOSE      LNEKGLAVTVDYLGEFVDNEQEANEMANHCLEAIDAISREKLNSQLSLKMTSMGLDISDD	120
tr|F8E886|F8E886_FLESM              FNKQGIMTTIDLLGEFIKTKDQAKYFKERCIEILDTINKEKLDSNLSIKPTQMGLSLDED	102
tr|E4THA1|E4THA1_CALNY              LNSQGIMTTIDILGEFIKNLDEAEYYRERCIEILDTIKKEGLDANLSLKPTQMGLNLNKE	102
UPI003C16160B                       LNNKNMMATIDILGEFISTKDEAKYYKERCIEILDTIDKEGLDANLSLKPTQMGLLLDKE	102
tr|D3PD65|D3PD65_DEFDS              LNNKNIMATIDILGEFISTKDEAKYYKERCIEILDTIDKEGLDANLSLKPTQMGLLLDKS	102
tr|D4H8C8|D4H8C8_DENA2              LNDMGAVTTIDLLGEFNEDPAKARATVDMYKHVLDSIKEQNLDGNISIKPTALGALVSME	100
tr|A0A3R5XXA7|A0A3R5XXA7_9BACT      LNSEGAMGTIDLLGEFTDDINKAKQTVEMYKLVLDNIKTKNLDTNISIKPTAFGILLNQE	100
UPI002246B844                       LNAEGAMGTVDLLGEFTDDINKAKQTVEMYKLVLDNIEAQNLDTNISIKPTAFGILLNEE	100
                                    :*  .   *:* **** .   :*.   :     :* *. : *: ::*:* * :*  :. .

tr|A0ABQ7HF10|A0ABQ7HF10_GEOSE      LVMRNMRRILDAAKERGVFVTIDMEDYSRCQKTLDIFKTLKKEYD-NVGTVLQAYLYRTE	179
tr|F8E886|F8E886_FLESM              FALENIREIVAHAASINNFVRVDMEDTPNTDKTLKLHAELKKEFGKSVGTVLQSYLRRTP	162
tr|E4THA1|E4THA1_CALNY              VAFNNILKIVDHAKQLGNFVRIDMEDVTCTNDTIDFYRSLRGKYQGHVGVVLQAYLRRTP	162
UPI003C16160B                       FAFENIREIVAHAKSLNNFVRIDMEDTKCTDDTLEFYRRLREEFPGHVGTVLQSYLRRTP	162
tr|D3PD65|D3PD65_DEFDS              FAFDNIREIVAHAKSLNNFVRIDMEDSPCTDDTLEFYRKLREEFPGHVGTVLQSYLRRTP	162
tr|D4H8C8|D4H8C8_DENA2              FCTENITELVKYAHEKNIFVRIDMENNPYTDYTIDLYLKLDAEMPGSCGTVIQSCMRRTL	160
tr|A0A3R5XXA7|A0A3R5XXA7_9BACT      TSTKYMTEVINYAYGKGIFVRIDMENHPYTDYTIDLYLTLSKEMPKSCGTVLQACLKRTQ	160
UPI002246B844                       TSTKYMTEVISYAYSKGIFVRIDMENHPYTDYTIDLYLTLSKEMPKSCGTVLQACLKRTL	160
                                         : .::  *   . ** :***:    : *:.:.  *  :     *.*:*: : ** 

tr|A0ABQ7HF10|A0ABQ7HF10_GEOSE      QDIEDLK--PYRPNLRLVKGAYKEPPEVAFPDKKDVDENFKKIIKQHMLNGNYTAVATHD	237
tr|F8E886|F8E886_FLESM              SDIDNLD--PKDLNIRLCKGIYNEPRELAYKDPYIVNQNFIHCLDKLFAKGAYVGIATHD	220
tr|E4THA1|E4THA1_CALNY              KDVENLS--DGPMNFRLCKGIYNEKRVHAYKDPYIINQSFIYILEKMFQKGAYVGIATHD	220
UPI003C16160B                       DDIIKLS--DGPMNFRLCKGIYNEPRKLAYKDPYIINRNFTYSLELLLKNKAYVGIATHD	220
tr|D3PD65|D3PD65_DEFDS              DDILKLA--DGPMNFRLCKGIYNEPRKIAYKDPYIVNRNYTYSLELLLKNRAYVGIATHD	220
tr|D4H8C8|D4H8C8_DENA2              DDLKHITSTSSKANIRLCKGIYKEPSDVAFQGRKEVQENFMSALDLLFSKKAYVGIATHD	220
tr|A0A3R5XXA7|A0A3R5XXA7_9BACT      DDIKHITASTEQANIRLCKGIYKEPDEIAYNNRKKVQENFLECLELLFQKKAYVGIATHD	220
UPI002246B844                       DDIKHITESTDRANIRLCKGIYKEPDDIAYNNRKKVQENFLACLELLFQKKAYVGIATHD	220
                                    .*: .:       *:** ** *:*    *: .   ::..:   :.  : :  *..:****
tr|A0ABQ7HF10|A0ABQ7HF10_GEOSE      DAIIEYTKQLVKEYNIPNSQFEFQMLYGIRPERQVELAREGYTMRVYVPYGTDWYGYFMR	297
tr|F8E886|F8E886_FLESM              EKLIFESLRLIEKYNLKREDYEFQMLLGVDEQLRKIIVDGGHRLRVYVPFGKDWLPYSKR	280
tr|E4THA1|E4THA1_CALNY              EKLVFEATRLIEKYGLTRDKYEFQMLLGVDEELRRIIVNSGHRLRVYVPFGKDWLPYSRR	280
UPI003C16160B                       EKLVFEALRLIEKYGYDKNQYEFQMLLGVDEELREIIVSAGHRLRVYVPFGKDWLPYSRR	280
tr|D3PD65|D3PD65_DEFDS              EKLVFEALRLIEKYDYKKDEYEFQMLLGVDEELRDIIVSAGHRLRVYVPFGKDWLPYSRR	280
tr|D4H8C8|D4H8C8_DENA2              DVLINGAYDLLKKHNLKKEEYEFQMLLGVRSELRKRLLAEGHTLRVYAPFGEDWIPYSIR	280
tr|A0A3R5XXA7|A0A3R5XXA7_9BACT      DVLINGAMELIKKYKLEKHEYEFQMLLGVRSELRKRLLAEGHRLRIYTPFGEDWLPYSIR	280
UPI002246B844                       DVLVNGAMELIKKYKLEKHEYEFQMLLGVRSELRKRLLAEGHRLRIYTPFGEDWLPYSIR	280
                                    : ::  :  *::::   . .:***** *:  : :  :   *: :*:*.*:* **  *  *

tr|A0ABQ7HF10|A0ABQ7HF10_GEOSE      RLAERPANVAFVVKGMFRK-----	316
tr|F8E886|F8E886_FLESM              RLKENPKIATHALRQMFGIHGHN-	303
tr|E4THA1|E4THA1_CALNY              RLKENPNIARHALRQLFGIHGSN-	303
UPI003C16160B                       RLKENPNIGRHALRQLFGLHGNKI	304
tr|D3PD65|D3PD65_DEFDS              RLKENPNIGRHALRQLFGIHGS--	302
tr|D4H8C8|D4H8C8_DENA2              RLQENPAIVGSAIKGFLTGGR---	301
tr|A0A3R5XXA7|A0A3R5XXA7_9BACT      RLKENPAIVGSAIKGFLTCGR---	301
UPI002246B844                       RLKENPAIVGSAIKGFLTGGK---	301
                                    ** *.*     .:: ::       

[image: ]
A. L-proline dehydrogenase sequences
tr|A0ABQ7HF10|A0ABQ7HF10_GEOSE refers to the proline dehydrogenase from Geobacillus stearothermophilus, tr|F8E886|F8E886_FLESM refers to the proline dehydrogenase from Flexistipes sinusarabici, tr|E4THA1|E4THA1_CALNY refers to the proline dehyderogenase from Calditerrivibrio nitroreducens, UPI003C16160B refers to the proline dehydrogenase from Deferribacter thermophilus, tr|D3PD65|D3PD65_DEFDS refers to the proline dehydrogenase from Deferribacter desulfuricans, tr|D4H8C8|D4H8C8_DENA2 refers to the proline dehydrogenase from Denitrovibrio acetiphilus, tr|A0A3R5XXA7|A0A3R5XXA7_9BACT refers to the proline dehydrogenase from Geovibrio thiophilus, and UPI002246B844 refers to the proline dehydrogenase family protein from Geovibrio ferrireducens.

tr|A0A0K9HEN2|A0A0K9HEN2_GEOSE      ---------MVQPYRHEPLTDFTVEANREAFLAALKKVESELGRDYPLVIGGERVMTEDK	51
tr|D4H8C9|D4H8C9_DENA2              ---MNNSVFNVPHPSNEPVLEYREGSKEKKELKAALKELSEQYIEIPVIIGGKEIKSGNT	57
tr|A0A410JZB9|A0A410JZB9_9BACT      ---MNNSVFNVPFPQNEPIFEYREGSKEKKELKAALKELSEKYIEIPVVIGGKEVKTGNT	57
UPI0022450535                       ---MNNGVFNVPFPQNEPVFEYREGSKEKKELKAALKELSEKYTEVPVIIGGKEIKTGNT	57
tr|F8E887|F8E887_FLESM              MITYNNSKLKVPQPQNEPVFSYEPGSEEKTLLKAALKELKGQKIEIPLIIGGKEVKTGDM	60
tr|E4THA2|E4THA2_CALNY              -MNYNNAIVNVPYPQNEAQYSYAPGTKERDLLKNALKDLKSQVIDIPLIIGGKEIRTGDK	59
UPI003C28BE2A                       MFLFNNSIVKIPYPENEPVYSYAPGTKERELLKNAINELRNQKIEIPLIIGGKEVRTGKL	60
tr|D3PD64|D3PD64_DEFDS              MFLVNNSIVKLPYPENEPVYSYAPGTKERELLRKAIDELRNQKIEIPLIIGGKEVKTGKL	60
                                              :    :*   .:   ::..  *    .       : *::***:.: : . 

tr|A0A0K9HEN2|A0A0K9HEN2_GEOSE      ITSINPANKAEVIGRVAKATKELAERAMKTADEAFRTWSRTSPEARADILFRAAAIVRRR	111
tr|D4H8C9|D4H8C9_DENA2              VEITAPFDHSIKLGKFHQAGPKEIQLAIDTAMEARKAWSKMPWFHRAGIFLKVAELISTK	117
tr|A0A410JZB9|A0A410JZB9_9BACT      VEITAPFDHSIKLGKYHKAGQPEIQQAIDAAMTAREAWGKMPWYHRAGIFLKVAELISTK	117
UPI0022450535                       VEITAPFDHSIRLGKYHKAGQPEIQQAIDAAMAAREAWGKMPWFHRAGIFLKIAELISTK	117
tr|F8E887|F8E887_FLESM              GKVVCPHDHQHVLAEYHKAGKKEVQMAIEASQEAWKEWQEYSWEDRVAIFMKAAELLSTK	120
tr|E4THA2|E4THA2_CALNY              GKIVCPHNHGHVLAEYHKAGEKEVLLAIEESQKAWKEWQKLRYEERISIFLKAADLLSTK	119
UPI003C28BE2A                       GKVVCPHDHNHVLAEYHMAGENEVKMAIEAALEAWKEWQKYRWEERAAIFLKAAELLAGK	120
tr|D3PD64|D3PD64_DEFDS              GKVVCPHDHNHVLAEYHMAGEKEVKMAIEASLEAWKEWQKFRWEERAAIFLKAAELLAGK	120
                                         * ::   :..   *       *:. :  * . * .     *  *::: * ::  :

tr|A0A0K9HEN2|A0A0K9HEN2_GEOSE      KHE-FSAWLVKEAGKPWREAD-ADTAEAIDFMEYYGRQMLKLKDGIPVESRPGETNRFFY	169
tr|D4H8C9|D4H8C9_DENA2              YRAQMNAATMLSIGKTAVQAEIDSACELIDFLRFNTYFMQQIYSEQPMLNSKGMWNSLQY	177
tr|A0A410JZB9|A0A410JZB9_9BACT      YRAQMNAATMLSIGKTAVQAEIDSACELIDFLRFNVYFMQQIYAEQPLHNSKGVWNSLQY	177
UPI0022450535                       YRAQMNAATMLSIGKTAVQAEIDSACELIDFLRFNVYFMQQIYAEQPLHNSKGVWNSLQY	177
tr|F8E887|F8E887_FLESM              YRYLINAATMLSVSKTAHQAEIDSACELIDFWRFNCYFVQQIYAEQPLINPKGIWNYTHT	180
tr|E4THA2|E4THA2_CALNY              YRYLLNAATMLSISKNAYQAEIDSACELIDFWRFNSYYAQQIYKEQPLYSPKGTWNYTQQ	179
UPI003C28BE2A                       YRYILNAATMLSVSKNVFQAEIDSACELIDFWRFNTYFMQQIYTDQPPYSPKPTWNYVQH	180
tr|D3PD64|D3PD64_DEFDS              YRYLLNAATMLSVSKNVFQAEIDSACELIDFWRFNTYYMQQIYSDQPPYSPKPTWNYVQH	180
                                     :  :.*  : . .*   :*:  .:.* *** .:      ::    *  .     *    

tr|A0A0K9HEN2|A0A0K9HEN2_GEOSE      IPLG-VGVVISPWNFPFAIMAGTTVASLVTGNTVLLKPASATPVVAYKFVEVLEEAGLPA	228
tr|D4H8C9|D4H8C9_DENA2              RPLEGFVLAVTPFNFT-AISGNLPTAPAMMGNVCIWKPSTDAVYVPYLLMKIFKEAGMPD	236
tr|A0A410JZB9|A0A410JZB9_9BACT      RPLEGFILAVTPFNFT-AISGNLPLAPAMMGNVVLWKPSGDAAYVPNLLMKIFKEAGLPD	236
UPI0022450535                       RPLEGFILAVTPFNFT-AISGNLPLAPAMMGNVVLWKPSGDAAYVPNLLMKIFKEAGLPD	236
tr|F8E887|F8E887_FLESM              RPLEGFVFAVTPFNFT-AIAGNLPTSPAIMGNVTIWKPASTALYAPYFLMKIFKEAGLPD	239
tr|E4THA2|E4THA2_CALNY              RPLEGFIFAVTPFNFT-AIGGNLPTSPAIMGNVVLWKPASSAIYAPYFIMKILQEAGLPD	238
UPI003C28BE2A                       RPLEGFIFAVTPFNFT-SIGGNLPTAPAIMGNVVVWKPASTAVYAPYFIMKLLKEAGLPD	239
tr|D3PD64|D3PD64_DEFDS              RPLEGFIFAVTPFNFT-SIGGNLPTAPAIMGNVVVWKPASTSVYAPYFIMKLLKEAGLPD	239
                                     **  . ..::*:**  :* ..   :  : **. : **:  :  .   ::::::***:* 

tr|A0A0K9HEN2|A0A0K9HEN2_GEOSE      GVLNYIPGSGAEVGDYLVDHPRTRFISFTGSRDVGIRIYERAAKVHPGQIWLKRVIAEMG	288
tr|D4H8C9|D4H8C9_DENA2              GIINLIPCKSSDLSNIAFSSRDFGGIHFTGSTKVFKTIWETIGKNIWDYKSYPRIVGETG	296
tr|A0A410JZB9|A0A410JZB9_9BACT      GVVNYVPSDAKDISAATFSSPDFGGIHFTGSTGVFKNIWETIGKNIYKYKSYPRIVGETG	296
UPI0022450535                       GVVNYVPSDAKDISAATFSSPDFGGIHFTGSTGVFKNIWETIGKNIYTYKSYPRIVGETG	296
tr|F8E887|F8E887_FLESM              GVINFVPGSGSTVGNVCFNDPRLAGVHFTGSTAVFQSMWKQVGTNIAKYNSYPRIVGETG	299
tr|E4THA2|E4THA2_CALNY              GVINFIPGSASIVGDICIKHPLMAGIHFTGSTAVFQKMWKDVGANIAKYTNYPRIVGETG	298
UPI003C28BE2A                       GVINFIPGSGSTVGNVVLRDPNLAGIHFTGSTEVFQNMWKIVGENIKNYKYYPRIVGETG	299
tr|D3PD64|D3PD64_DEFDS              GVINFIPGPGSTVGNIVLRDPNLAGIHFTGSTEVFQNMWKVVGENIKNYKYYPRIVGETG	299
                                    *::* :*  .  :.   .       : ****  *   :::  .          *::.* *

tr|A0A0K9HEN2|A0A0K9HEN2_GEOSE      GKDGIIVDKEADLELAAQSIVASAFGYSGQKCSACSRAIIVEDVYDQVLNRVVELTKQLN	348
tr|D4H8C9|D4H8C9_DENA2              GKDYIFAHNTADIEQLVAASVRGSFEYQGQKCSAASRAYIPMSMKDEYMKRMKEVIGTIK	356
tr|A0A410JZB9|A0A410JZB9_9BACT      GKDFIFAHKSADVDALAVASVRGAFEYQGQKCSAASRAYVPFGMREAYLKKVKELVGEIK	356
UPI0022450535                       GKDFIFAHKSADLDALAVASVRGAFEYQGQKCSAASRAYVPMSMKDAYLKRVKELVGEIK	356
tr|F8E887|F8E887_FLESM              GKDFIFAHKTADVRKLAIAMIRGAYEYQGQKCSAASRSYIPKSLWGEVREILETEIAKIK	359
tr|E4THA2|E4THA2_CALNY              GKDFVFAHSSADIKKLVVALVRGAFEYQGQKCSAASRAYIPRSIWGKTWEIMEAELKNLK	358
UPI003C28BE2A                       GKDFVFAHNSANIKKLVTALVRGAYEYQGQKCSAASRAYIPKSIWKDVKEMMIEEIKSIK	359
tr|D3PD64|D3PD64_DEFDS              GKDFVFAHNSANVKKLVTALVRGAYEYQGQKCSAASRAYIPKSIWNDVKEMMIEEMKTIK	359
                                    *** ::... *::   . : : .:: *.******.**: :  .:     : :      ::

tr|A0A0K9HEN2|A0A0K9HEN2_GEOSE      VGDPAEQATFMGPVIDQGAYNKIMEYIEIGKQ--EGRLMTGGEGDDSKGFFIQPTVFADV	406
tr|D4H8C9|D4H8C9_DENA2              MGSPFDFTNFMTACVSKKAFKDITSYIDFAKDAKDAEVAIGGGYDDSKGWFIEPTVITTQ	416
tr|A0A410JZB9|A0A410JZB9_9BACT      MGSPMDFRNFMTAVVSKRAYESIIAYIDYAKQAKDAEIVIGGGYDSSKGWFIEPTVITTQ	416
UPI0022450535                       MGSPMDFRNFMTAVVSKRAYKSIIAYIDYAKQATDAEIVIGGGYDESKGWFIEPTVITTQ	416
tr|F8E887|F8E887_FLESM              MGDVEDFTNFMNAVIDKNAFSDITGYIDYAKDSDDAEVIIGGNYDDSKGYFVEPTVILTT	419
tr|E4THA2|E4THA2_CALNY              MGDVEDFTNLINAVIDESAFESITEYIDYAKNSKDAEIIFGGKYDKSIGYFIEPTVILAK	418
UPI003C28BE2A                       IGGPEDFSNFFNAVIDESAFESIKSYIDYAKNSNEAEILVGGGCDKSVGYFIEPTLVETT	419
tr|D3PD64|D3PD64_DEFDS              MGGPEDFTNFFNAVIDEAAFENIKSYIDYAKNSNEAEILAGGGCDKSVGYFIEPTLIQTT	419
                                    :*.  :  .::   :.: *:..*  **: .*:  :..:  **  *.* *:*::**:.   

tr|A0A0K9HEN2|A0A0K9HEN2_GEOSE      DPNARIMQEEIFGPVVAFA--KARDFDHALEIANN-TEYGLTGAVISRNRANLEKA--RH	461
tr|D4H8C9|D4H8C9_DENA2              NLEFKTFKEEIFGPVLTVTFYEDAKCDEYLEYCNSGNEYALTGAIFSSEREFIAKALEVL	476
tr|A0A410JZB9|A0A410JZB9_9BACT      NLEFKTFREEIFGPVLTVTFYEDEKYEEYLKLCNSGNEYALTGSIFAGCRNAIITAFELL	476
UPI0022450535                       NLEFKTFREEIFGPVLTVTFYEDEKYEEYLKLCNSGNEYALTGSIFARCRDAIITAFELL	476
tr|F8E887|F8E887_FLESM              NPKFKTMEEEIFGPVMTVYVYDDDKYEETLDICDKTSPYALTGAVFATERGAVRTAMKKL	479
tr|E4THA2|E4THA2_CALNY              DPHFKTMEEEIFGPVLTIYVYDDEKFEETLEICDRTSPYALTGAIFANDRKVISMMMEKL	478
UPI003C28BE2A                       NPKFKLMEEEIFGPVLTVYVYDDDKYEETLELCNNTSPYGLTGAIFGEDRKAISIALEKL	479
tr|D3PD64|D3PD64_DEFDS              NPKFKLMEEEIFGPVLTVYVYDDEKYEETLELCNSTSPYGLTGAIFGEDRKAVSIALEKL	479
                                    : . : :.*******::.   .  . :. *. .:  . *.***:::.  *  :       

tr|A0A0K9HEN2|A0A0K9HEN2_GEOSE      EFHVGNLYFNRGCTGAIVGYHPFGGFNMSGTDSKAGGPDYLILHMQAKTVSEMF------	515
tr|D4H8C9|D4H8C9_DENA2              EDSAGNFYINDKPTGAVVGQQPFGGGRGSGTNDKAGSYLNLIRWVNTRTIKENFVPPVSI	536
tr|A0A410JZB9|A0A410JZB9_9BACT      EDAAGNFYINDKPTGAVVGQQPFGGGRGSGTNDKAGSYLNLVRWVNTRTVKETFVPPLAI	536
UPI0022450535                       EDAAGNFYINDKPTGAVVGQQPFGGGRGSGTNDKAGSYLNLIRWVNTRTVKETFVPPLAI	536
tr|F8E887|F8E887_FLESM              EHAAGNFYVNDKPTGSIVGQQPFGGARASGTNDKAGSYQNLIRWVSTRAVKENFNAPESF	539
tr|E4THA2|E4THA2_CALNY              EFAAGNFYINDKPTGAVVGQQPFGGGRASGTNDKAGSILNLYRWVSTRAVKENFIAPDEI	538
UPI003C28BE2A                       EYAAGNFYVNDKPTGAVVGQQPFGGSRASGTNDKAGSYLNLIRWVTPRTVKENFDAPENY	539
tr|D3PD64|D3PD64_DEFDS              EYAAGNFYVNDKPTGAVVGQQPFGGSRASGTNDKAGSYLNLIRWVTPRTIKENFDAPEDY	539
                                    *  .**:*.*   **::** :**** . ***:.***.   *   :  :::.* *      

tr|A0A0K9HEN2|A0A0K9HEN2_GEOSE      --------	515
tr|D4H8C9|D4H8C9_DENA2              EYPHMEAE	544
tr|A0A410JZB9|A0A410JZB9_9BACT      GYPHMEAE	544
UPI0022450535                       GYPHMEAE	544
tr|F8E887|F8E887_FLESM              EYPFMGEE	547
tr|E4THA2|E4THA2_CALNY              GYPFMLDK	546
UPI003C28BE2A                       RYPFMAEE	547
tr|D3PD64|D3PD64_DEFDS              RYSFMNEE	547
[image: ]
B. L-glutamate-γ-semialdehyde dehydrogenase sequences
tr|A0A0K9HEN2|A0A0K9HEN2_GEOSE refers to the L-glutamate-γ-semialdehyde dehydrogenase from Geobacillus stearothermophilus, 
tr|D4H8C9|D4H8C9_DENA2 refers to the L-glutamate-γ-semialdehyde dehydrogenase from Denitrovibrio acetiphilus, tr|A0A410JZB9|A0A410JZB9_9BACT refers to the -glutamate-γ-semialdehyde dehydrogenase from Geobacillus thiophllus, UPI0022450535 refers to the glutamate-γ-semialdehyde dehydrogenase from Geobacillus ferrireducens, tr|F8E887|F8E887_FLESM refers to the glutamate-γ-semialdehyde dehydrogenase from Flexistipes sinusarabici, tr|E4THA2|E4THA2_CALNY refers to the glutamate-γ-semialdehyde dehydrogenase from Calditerrivibrio nitroreducens, UPI003C28BE2A refers to the glutamate-γ-semialdehyde dehydrogenase from Deferribacter thermophiluls, and tr|D3PD64|D3PD64_DEFDS refers to the glutamate-γ-semialdehyde dehydrogenase from Deferribacter desulfuricans.

Fig. 1 (A&B).  Sequence alignments and phylogenies of the L-proline dehydrogenase (part A) and L-glutamate-γ-semialdehyde dehydrogenase (part B) proteins from  Geovibrio ferrireducens and related bacteria.  
4. 
5. L-PROLINE CATABOLISM IN ANAEROBIC LACTIC ACID BACTERIA

The lactic acid bacteria are a large group of Gram-positive non-spore-forming microbes that produce lactic acid as a byproduct of their metabolism (Khalid, 2011).  They lack cytochromes and cannot use oxygen as a terminal electron acceptor.  Although lactic acid bacteria can grow anaerobically by the fermentation of many organic substrates including some amino acids (Fernández & Zuñiga, 2006), the evidence for the utilization of L-proline in very limited.  Tammam et al. (2000) and Williams et al. (2001) reported that this amino acid was metabolized by several Lactobacillus sp. isolated from Cheddar cheese as measured by the reduction of a tetrazolium dye in Biolog MT microplates™.  The positive reaction required the presence of 2-oxoglutarate (α-ketoglutarate), even though this compound was not itself metabolized.  The product of proline catabolism was not identified and the mechanism of dye reduction was unclear.  L-proline is a cyclic imino acid and not usually susceptible to transamination, deamination, or decarboxylation reactions.

One possible explanation for this observation is that the enzyme L-Δ1-pyrroline-5-carboxylate (P5C) reductase (EC 1.5.1.2) is functioning in the reverse direction.  This enzyme normally catalyzes the final step in L-proline biosynthesis. This is shown in Scheme 4.  L-glutamate is first converted to L-γ-glutamyl phosphate by γ-glutamyl kinase, the product of the proA gene, which is then converted to γ-glutamyl semialdehyde by the product of the proB gene.  This compound is in equilibrium with L-Δ1-pyrroline-5-carboxylate, which is then reduced to L-proline using NADPH as an electron donor.  L-Δ1-pyrroline-5-carboxylate reductase is the product of the proC gene. 

Many Lactobacillus species such as L. delbrueckii subsp. bulgaricus have this proC gene (Zheng et al, 2012).  While L-Δ1-pyrroline-5-carboxylate reductase is often described as a biosynthetic protein, several investigators have shown that this enzyme can work in the reverse direction and catalyze the oxidation of proline to form P5C (Costilow & Cooper, 1978; Forlani & Funck, 2020; Kenklies et al., 1999; Rena & Spittstoesser, 1975).

A search of the UniProKB data at www.expasy.org indicated that many Lactobacillus species can potentially form L-Δ1-pyrroline-5-carboxylate (P5C) reductase.  These include Levilactobacillus brevis (Lactobacillus brevis, J7LK50), Lactobacillus delbrueckii subsp. delbrueckii (A0AAU9R4F7), Lactobacillus delbrueckii subsp. lactis (A0A061CEZ3), Limosilactobacillus reuteri (Lactobacillus reuteri, A0A7X2FZK7),  Lactiplantibacillus plantarum (Lactobacillus plantarum, A0AAX1K828), Limosilactobacillus reuteri (Lactobacillus reuteri, A0A7X2FZK7), and Weissella viridescens (Lactobacillus viridescens, A0A3P2RG32).  Fig. 2 shows an alignment of these six sequences with the ProC sequences from Escherichia coli (P0A9L8) and Bacillus subtilis (P0CI77). There was an overall sequence identity of only 15/267 = 5.6% and considerable variation among the lactic acid bacteria.  None of the lactic acid bacteria proteins has been purified, but it has been shown that expression of proC increases during osmotic stress so that prolne can be accumulated as an osmoprotectant (Glaasker et al., 1996; Luo et al., 2025).  

Nocek et al. (2005) did a multiple sequence alignment of many bacterial, plant, and animal ProC proteins and identified the common residues.  The corresponding residues in this set of proteins are highlighted in bold in Fig 2. They include several key prolines, glycines, and asparagines.  Nocek et al. (2005) also prepared crystals of the ProC proteins from Neisseria meningitides and Streptococcus pyogenes and identified the amino acids near the NADP+ binding site in the Sp protein.  Although the numbers are different, similar residues appear to be present in the lactic acid bacteria proteins.  An important future line of investigation might involve the purification of the L-Δ1-pyrroline-5-carboxylate (P5C) reductases (ProC proteins) from several lactic acid bacteria and a detailed analysis of their kinetics and regulation in the forward and reverse directions..   








[bookmark: _Hlk219979887]Scheme 4. Conversion of glutamate to proline using L-Δ1-pyrroline-5-carboxylate (P5C) reductase (from Csonka & Leisinger, 2013)
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tr|A0A7X2FZK7|A0A7X2FZK7_LIMRT      --------------MTLKIYSFGGGQMVEAMLRAALKKKVITPETTGVTDI-SIDRVNYL	45
sp|P0CI77|P5CR1_BACSU               MRTKKRTKEMLPIFDQKKVAFIGAGSMAEGMISGIVRANKIPKQNICVTNRSNTERLTEL	60
tr|A0A3P2RG32|A0A3P2RG32_WEIVI      ----------------MQVGIIGIGHMGQAIIDGLLNKI--DPNEFILAAHRTNDAMQTY	42
tr|A0AAU9R4F7|A0AAU9R4F7_9LACO      ----------------MKVGFIGLGNMGSAIARAVAKCDDV---SLLLSSH-NPEKAGKL	40
tr|A0A061CEZ3|A0A061CEZ3_LACDL      ----------------MKVGFIGLGNMGSAIARAVAKCDDV---SLLLSSH-NPEKAGKL	40
sp|P0A9L8|P5CR_ECOLI                --------------MEKKIGFIGCGNMGKAILGGLIASGQVLPGQIWVYTP-SPDKVAAL	45
tr|A0AAX1K828|A0AAX1K828_LACPN      ----------------MKIGFIGAGNMGRAIIDGWLKQQAVVPADIYIHSA-HAASYQPY	43
tr|J7LK50|J7LK50_LEVBR              ----------------MKIGFIGVGGMAQAIIGGLLRAKTFAPTEIVVHSH-RKESYESY	43
                                                     ::  :* * *  .:  .             :            

tr|A0A7X2FZK7|A0A7X2FZK7_LIMRT      TDTYHIHASQQPDWTAVENADLVILGVRPQDNWQEIMKELVAHHY--QKDVLSIIAGVTV	103
sp|P0CI77|P5CR1_BACSU               ELQYGIKGAL-PNQLCIEDMDVLILAMKPKDA-ENALSSLKSRIQ-PHQLILSVLAGITT	117
tr|A0A3P2RG32|A0A3P2RG32_WEIVI      HDELGLQITT-DYQDVLDAAPEFLIFTTPAPLTLDVMAQFKG--LDPKVTILSAAGGVPL	99
tr|A0AAU9R4F7|A0AAU9R4F7_9LACO      QAEIGGQLLD--NAQVAAESDVVFLGVKPYQV-ASTIKEIGENSNNGSI-WISMATGVSL	96
tr|A0A061CEZ3|A0A061CEZ3_LACDL      QAEIGGQLLD--NAQVAAESDVVFLGVKPYQV-ASTIKEIGENSNNGSI-WISMATGVSL	96
sp|P0A9L8|P5CR_ECOLI                HDQFGINAAE-SAQEVAQIADIIFAAVKPGIM-IKVLSEITSSLNK-DSLVVSIAAGVTL	102
tr|A0AAX1K828|A0AAX1K828_LACPN      AQKNGLQACD-TNLAVAQAADVIVLAVKPNIA-LAALKEVQAALT--GKWVITMVSGLSL	99
tr|J7LK50|J7LK50_LEVBR              AQAHGLQTAE-QNSDVADQSDLVVVAVTPNVA-ASVLQEIKPQVADGQTTVISIVAGLSL	101
                                          :               ..    *       : ..           ::   *:  

tr|A0A7X2FZK7|A0A7X2FZK7_LIMRT      AQLSSQE-DLFAITRIIPNTLTDVAMGYSGVVKNNRANQTV---IEDFLNSFGKVDYIDE	159
sp|P0CI77|P5CR1_BACSU               SFIEQSLLNEQPVVRVMPNTSSMIGASATAIALGKYVSEDLKKLAEALLGCMGEVYTIQE	177
tr|A0A3P2RG32|A0A3P2RG32_WEIVI      ADIQKKF-PQNPVALLMPNTPVAINHGTLGVSMGSQVTDGV--KIETFLALLGDVFTVSA	156
tr|A0AAU9R4F7|A0AAU9R4F7_9LACO      ETLAKLL-PGHDLVRMMPNTPVAIGQGMTSYTSQSSQAKDV---FKELMAHSGKIVEIQE	152
tr|A0A061CEZ3|A0A061CEZ3_LACDL      ETLAKLL-PGHDLVRMMPNTPVAIGQGMTSYTSQSSQAKDV---FKELMAHSGKVVEIQE	152
sp|P0A9L8|P5CR_ECOLI                DQLARALGHDRKIIRAMPNTPALVNAGMTSVTPNALVTPEDTADVLNIFRCFGEAEVIAE	162
tr|A0AAX1K828|A0AAX1K828_LACPN      ADYATV-APDLPVLRIMPNVNVAIGAGMTALVGNDALTPEQYAAGQQLFDAIGATSAIAE	158
tr|J7LK50|J7LK50_LEVBR              AEMADILGDNVPILRTLPNVNVEVGAGMTAVAANARLTGTDLDAALRVFNTIGSTTTLAE	161
                                                :   :**.   :  .  .                 .:   *    :  

tr|A0A7X2FZK7|A0A7X2FZK7_LIMRT      SLLDVFTGYGVAGPNYIYNFLISFTNAGVLAGMPRQQANKLALENLRAAAAFVEQSGKHP	219
sp|P0CI77|P5CR1_BACSU               NQMDIFTGIAGSGPAYFYYLMEFIEKTGEEAGLDKQLSRSIGAQTLLGAAKMLMETGEHP	237
tr|A0A3P2RG32|A0A3P2RG32_WEIVI      EEFGIFGTITGCGPAFVDVFMAALADAGVKNGLGRELAYQAAASMVKGSASLLQESGLTP	216
tr|A0AAU9R4F7|A0AAU9R4F7_9LACO      GLMDAATAVAGCGPAFVYQFIEALGDAGVQNGLSRSQAIEMAAQTVLGSAQMVLATGQHP	212
tr|A0A061CEZ3|A0A061CEZ3_LACDL      GLMDAATAVAGCGPAFVYQFIEALGDAGVQNGLSRSQAIEMAAQTVLGSAQMVLATGQHP	212
sp|P0A9L8|P5CR_ECOLI                PMIHPVVGVSGSSPAYVFMFIEAMADAAVLGGMPRAQAYKFAAQAVMGSAKMVLETGEHP	222
tr|A0AAX1K828|A0AAX1K828_LACPN      KDFPTFSALAGSSPAYIYFFIDAMARAGVKHGLSKDAATKIAAQATLGSAQNVLASDKIP	218
tr|J7LK50|J7LK50_LEVBR              DQFGVFSALAGSSPAYIDFFIDSLSRAGVKYGLTKAQATQIAAQATLGSAKMVLESDKIP	221
                                      :        ..* :.  ::  :  :.   *: :  : . . .   .:*  :  :.  *


tr|A0A7X2FZK7|A0A7X2FZK7_LIMRT      AELLDINNSAGGVGITAQHELDKSSFSAGIENAVLAAVKRTKELGKQNKGD---------	270
sp|P0CI77|P5CR1_BACSU               EILRDNITSPNGTTAAGLQALKKSGGGEAISQAIKHAAKRSKEISEDIEKTAAPLSGVIK	297
tr|A0A3P2RG32|A0A3P2RG32_WEIVI      DVLKDQVTTPGGSTIRGVVALEKHAFRSAVIDAVDASNN---------------------	255
tr|A0AAU9R4F7|A0AAU9R4F7_9LACO      AQLRDAVTSPGGSTIAGVVELEKNGFRYAAISAVNAALKRNQELG---------------	257
tr|A0A061CEZ3|A0A061CEZ3_LACDL      AQLRDAVTSPGGSTIAGVVELEKNGFRYAAISAVNAALKRNQELG---------------	257
sp|P0A9L8|P5CR_ECOLI                GALKDMVCSPGGTTIEAVRVLEEKGFRAAVIEAMTKCMEKSEKLSKS-------------	269
tr|A0AAX1K828|A0AAX1K828_LACPN      FDLIDQVSSPGGTTVAGLLAMEEAGFMTAVVKGIDATIAKELGES---------------	263
tr|J7LK50|J7LK50_LEVBR              FALIDQVASPGGSTVAGLLAMEEAGLMTAVVKGIDATIKRDAGDPA--------------	267
                                      * *   : .*    .   :.: .   .  ..:                          

Fig. 2.  Alignment of ProC sequences from various lactic acid bacteria, Escherichia coli, and Bacillus subtilis.  tr|A0A7X2FZK7|A0A7X2FZK7_LIMRT refers to the pyrroline-5-carboxylate reductase from Limosilactobacillus reuteri, sp|P0CI77|P5CR1_BACSU refers to the pyrroline-5-carboxylate reductase from Bacillus subtilis, tr|A0A3P2RG32|A0A3P2RG32_WEIVI refers to the pyrroline-5-carboxylate reductase from Weissella viridescens, tr|A0AAU9R4F7|A0AAU9R4F7_9LACO refers to the pyrroline-5-carboxylate reductase from Lactobacillus delbrueckii, sp|P0A9L8|P5CR_ECOLI refes to the pyrroline-5-carboxylate reductase from Escherichia coli, tr|A0AAX1K828|A0AAX1K828_LACPN refers to the pyrroline-5-carboxylate reductase from Lactiplantibacillus plantarum, and tr|J7LK50|J7LK50_LEVBR refers to the pyrroline-5-carboxylate reductase from Levilactobacillus brevis.                                             

6. 
5.	CATABOLISM OF D-PROLINE

The D isomers of alanine, proline, and some other amino acids are commonly found in the cell walls and specialized peptides formed by bacteria (Miyamoto & Homma, 2021).  D-proline  is not a substrate for the aerobic enzyme L-proline dehydrogenase but it can be degraded anaerobically by the Stickland reactions described in Section 1.  D-proline can be converted to L-proline by those bacteria that contain a proline racemase activity (Albery & Knowles, 1986).  The L-isomer can then be further metabolized, although this most commonly occurs with hydroxylated derivatives of D amino acids (Radkov & Moe, 2013).

Fig 3.  Structures of L-proline and D-proline 
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Although the PutA proteins with L-proline dehydrogenase activity have a strict substrate specificity for the L isomer, several other enzymes can catalyze the catabolism of D-proline under aerobic conditions.  These enzymes are normally FAD-containing flavoproteins that carry out the sequence of reactions shown in Scheme 5.

Scheme 5. Catabolism of D-amino acids (from Rosini et al., 2016)

[image: ]

The D-isomer undergoes oxidation in which electrons are transferred to FAD to form FADH2 and an imino acid is produced.  The reduced FADH2 coenzyme may then be reoxidized and the electrons transferred to molecular oxygen to form hydrogen peroxide (H2O2) or used to reduce a colored dye.  The imino acid may then undergo deamination to form ammonium and an α-keto acid, which can be further metabolized through the citric acid cycle.  With D-alanine as the substrate, the final product pyruvate but with D-proline as the substrate, the final product is α-ketoglutarate (2-oxoglutarate).  

One such enzyme is D-amino acid dehydrogenase (EC 1.4.99.6), which is found in both Gram-positive and Gram-negative bacteria (Franklin & Venables, 1976).  This enzyme is similar to the D-amino acid oxidases (EC 1.4.3.3) found in eukaryotic cells (Fischer et al., 1996).  The enzyme has been most often studied with D-alanine as the substrate but it is active on a wide range of amino acids and their derivatives.  The enzyme has been characterized from Escherichia coli (Olsiewski et al., 1980), Helicobacter pylori (Tanigawa et al., 2010a), Proteus mirabilis (Xu et al., 2017), Pseudomonas aeruginosa (Marshall & Sokatch,1968), and Salmonella enterica (formerly called S. typhimurium, Wild et al., 1974). The FAD-containing flavoprotein is normally attached to the cytoplasmic side of the plasma membrane and donates electrons to ubiquinone in the aerobic electron transport chain.  D-amino acid dehydrogenase can be dissociated from the membrane fraction and reconstituted with it (Jones & Venables, 1983a; Jones & Venables, 1983b), where it donates electrons to the electron transport system (Tanigawa et al., 2010b).  Interestingly, it does not compete with D-lactate dehydrogenase for binding to membrane vesicles containing the same electron transport chain (Haldar et al., 1982).  The genes for D-alanine dehydrogenase have been isolated and sequenced from Escherichia coli (Lobocka et al., 1994; Wild & Klopotoski, 1981) and Pseudomonas aeruginosa  PAO1 (He et al., 2011).  They encode three proteins: dadA  is the gene for the D-alanine dehydrogenase flavoprotein which consists of 432 amino acids, dadX is a gene for an alanine racemase of 356 amino acid, and dadR is a gene for a transcriptional activator.  Both enzymatic proteins are inducible by L-alanine, which binds to the regulator DadR.  Transcription is also inhibited by D-glucose through the cAMP-Catabolite Repressor Protein (CRP) complex. 

Another enzyme capable of oxidizing both D-proline and D-alanine is glycine oxidase (EC1.4.3.19), which was originally described in 1997 and 1998 based on sequencing of the genome of Bacillus subtilis (Kunst et al., 1997; Nishiya & Imanaka, 1998).  This tetrameric protein also contains FAD as a cofactor but has a broader substrate specificity and can oxidize glycine, sarcosine (N-methyl glycine) and N-ethylglycine in addition to the D-amino acids.  It differs in sequence from D-amino acid dehydrogenase and can be expressed as a cytoplasmic protein in E. coli (Job et al., 2002; Molla et al., 2003).  The reaction has been characterized in detail and the key residues involved in substrate binding identified using the enzyme from Bacillus cereus ATCC 14579 (Seok et al., 2020).  While oxidation of glycine results in the formation of 2-iminoacetate which then undergoes hydrolysis to form glyoxylate, oxidation of D-proline results in the formation of Δ1-pyrroline-2-carboxylate which is hydrolyzed to form glutamate and eventually 2-oxoglutarate.  Monomeric forms of glycine oxidase capable of metabolizing D-proline had also been described in Pseudomonas putida KT2440 (Equar et al., 2015) and Azotobacter vinlandii CA6 (Mena-Rodriguez et al., 2025).

To compare these D-amino acid dehydrogenases and glycine oxidases to L-proline dehydrogenase, the amino acid sequences of the DadA proteins from E. coli, Helicobacter pylori, Proteus mirabilis, and Pseudomonas aeruginosa were retrieved from the UniProtKB database at www.expasy.org and aligned with the glycine oxidase (GO) sequences from Bacillus subtilis, Bacillus cereus, and Pseudomonas putida.  They were compared to the trifunctional L-proline dehydrogenase (PutA)  protein from E. coli and the monofunctional proline dehydrogenases from B. subtilis and Thermus thermophilus.  The PutA protein from E. coli is much longer than the others so there were large gaps at the amino-terminal and carboxyl-terminal ends in addition to local areas where the sequences did not match.  There was a large gap of about 40 amino acids in the amino-terminal region of the GO sequences compared to the DadA sequences.  The four DadA sequences did show an overall sequence identity of 71/427 = 16.6%,  although the protein from H. pylori was noticeably  different from the others.  The three GO sequences showed 59/368 = 16.0% identity.  The four DadA and three GO sequences combined showed an overall sequence identity of only 5.0 %.  Neither the DadA sequences nor the GO sequences showed very much similarity to the L-proline dehydrogenase sequences and most of the identical residues were occasional glycines.

Seok et al., (2020) described the active site of the glycine oxidase from B. cereus based on a crystal structure, The FAD-binding domain included the residues Ala47, Leu49,Tyr334, Gly337, Ile338, and Leu339.  The glycine (substrate)-binding domain included the residues Arg308 and Arg335.  Examination of the alignment of all 10 sequences indicated that a residue equivalent to R308 was present in all of them except for the L-proline dehydrogenases from Thermus thermophilus and B. subtilis.  This is shown in Fig. 4.  The arginine residue is highlighted in bold and occurs in the sequence W-X-G-L-(or F or N)-R-P.   There thus may be some similarity in the binding of D-proline as a substrate to these proteins.

One area worth investigating further is the basis of D-proline selectivity by these enzymes.  While the D-amino acid dehydrogenases from from Helicobacter pylori (Tanigawa et al., 2010) and Pseudomonas aeruginosa (He et al., 2011) exhibit good activity with D-proline, those from Escherichia coli (Olsiewski et al., 1980), Proteus mirabilis (Xu et al., 2017), and Rubrobacter xylanophilus (Takahashi et al., 2014) have little or no activity.  Another area worthy of further investigation is the regulation of D-amino acid dehydrogenase and glycine oxidase by D-proline.  He et al. (2011)  showed that D-proline was a good substrate for the DadA protein from Pseudomonas aeruginosa PAO1 but a relatively weak inducer of its expression.  It is not known if it induces transcription of other-amino acid dehydrogenases or glycine oxidases.  


                                                                   
sp|A3KEZ1|DADA_HELPX        AAFTQPFEMKDAIEWCGFRPLTPNDIPYLGYDK--RYKNLIHATGLGWLGITFGPAIGKI	385
sp|Q9HTQ0|DADA1_PSEAE       DLYPEGGDISQATFWTGLRPATPDGTPIVGATR---YRNLFLNTGHGTLGWTMACGSGRY	394
sp|B4EXU2|DADA_PROMH        DLYEGGGDISKATFWTGLRPMTPDGTPIVGPTA---YRNLSLNTGHGTLGWTMACGSGQL	393
sp|P0A6J5|DADA_ECOLI        DLYPRGGHVEQATFWTGLRPMTPDGTPVVGRTR---FKNLWLNTGHGTLGWTMACGSGQL	393
sp|Q88Q83|GLYOX_PSEPK       ELLPELEGATVVAHWAGLRPGSPEGIPYIGPVP--GHEGLWLNCGHYRNGLVLAPASCQL	341
sp|O31616|GLYOX_BACSU       TMLPAIQNMKVDRFWAGLRPGTKDGKPYIGRHP--EDSRILFAAGHFRNGILLAPATGAL	341
tr|L7T8Y9|L7T8Y9_BACCE      TILPALKEAEWESTWAGLRPQSNHEAPYMGEHE--EIKGLYTCTGHYRNGILLSPISGQY	347
sp|P09546|PUTA_ECOLI        AALT--QPLNALREWAANRPELQALCTQYGELAQAGTQRLLPGPTGERNTWTLLPRERVL	1194
sp|Q72IB8|PRODH_THET2       ------------------------------------------------------------	307
sp|O32179|PROD1_BACSU       ------------------------------------------------------------	302
                                                                                        
                               
Fig. 4.  Partial Alignment of D-alanine dehydrogenase, glycine oxidase, and proline dehydrogenase amino acid sequences.  sp|A3KEZ1|DADA_HELPX refers to the DadA protein from Helicobacter pylori,sp|Q9HTQ0|DADA1_PSEAE refers to the DadA protein from Pseudomonas aruginosa, sp|B4EXU2|DADA_PROMH refers to the DadA protein from Proteus mirabilis, sp|P0A6J5|DADA_ECOLI refers to the DadA protein from Escherichia coli, sp|Q88Q83|GLYOX_PSEPK refers to the glycine oxidase protein from Pseudomonas putida, sp|O31616|GLYOX_BACSU refers to the glycine oxidase protein from Bacillus subtilils, tr|L7T8Y9|L7T8Y9_BACCE refers to the glycine oxidase protein from Bacillus cereus, sp|P09546|PUTA_ECOLI refers to the PutA protein from Escherichia coli, sp|Q72IB8|PRODH_THET2 refers to the L-proline dehydrogenase protein from Thermus thermophilus, and sp|O32179|PROD1_BACSU refers to the L-protline dehydrogenase protein from Bacillus subtilils.                   

5.	CATABOLISM OF THIAZOLIDINE CARBOXYLATES (THIAPROLINES, THIOPROLINES)

L-thiazolidine-2-carboxylate (T2C or beta-thiaproline) and L-thiazolidine-4-carboxylate (T4C or gamma thiaproline) are sulfur-containing analogues of L-proline.  Most experimental work has focused on T4C, which has been shown to be inhibitory to the growth of Escherichia coli  and Pseudomonas aeruginosa in a minimal salts medium (Kay & Gronlund, 1969; Unger & DeMoss, 1966).  It also inhibits the growth of eukaryotes such as Saccharomyces cerevisiae (Paterniiti Jr. et al., 1975) and Trypanosoma cruzi  (Magdaleno et al., 2009).  The inhibition of E. coli by T4C can be reversed by the addition of L-proline (Unger & DeMoss, 1966). The sensitivity of E. coli T4C as measured by a minimum inhibitory concentration increased when the bacteria were grown aerobically in media with increasing concentrations of NaCl, but bacteria grown anaerobically were generally resistant to this analogue (Reese et al. 1996).  

Fig 5.  Structures of thiazolidine-2-carboxylate (beta thiaproline) and thiazolidine-4-carboxylate (gamma thiaproline)
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The mechanism of growth inhibiton by thiazolidine carboxylates is related primarily to its effects on protein synthesis.  T4C can be actively taken up by E. coli,  attached to tRNAs by prolyl-tRNA synthetase, and then incorporated into cellular proteins (Morris & Schlesinger, 1972; Roland & Tristram, 1975; Unger & DeMoss, 1966).  More recent studies have indicated that T2C can also be attached to proline-specific tRNAs (Busiello at al., 1979; Hartman et al., 2006) and incorporated into proteins.  Liu et al. (2020) showed that T4C can be misincorporated into a wide range of proteins.  This may lead to their up-regulation or down-regulation and alters cellular sensitivity to oxidative stress.  Since T4C can compete with L-proline for binding to prolyl-tRNA, it can effectively reduce the amount of normal proline-dependent protein synthesis. 
		
Three pathways for the catabolism of T4C and T2C have been identified.  Oxidation of T4C leads to the formation of 2,3-thiazolidine-4-carboxylate, which is then hydrolyzed to give N-formylcysteine (Cavallini et al., 1956; Unger & DeMoss, 1966).  This compound is then further form L-cysteine and formaldehyde, which may then be further oxidized to formate as shown in Scheme 6. Deutch (1992) showed that membrane fractions from Escherichia coli containing the PutA protein could catalyze T4C oxidation and that fractions from mutants lacking this protein could not.  T4C was a competitive inhibitor of L-proline oxidation by L-proline dehydrogenase and vice versa.  T4C could also act as an inducer ot putA gene at low concentrations.  Mao et al. (2021) more recently confirmed this observation using the purified protein from Sinorhizobium meliloti and demonstrated that T2C is also a substrate for the L-proline dehydrogenase activity in the PutA protein.  The Km values for both T4C and T2C were lower than that for L-proline but oxidation of T2C did not result in the formation of L-cysteine or other products.  

Scheme 6.  Oxidation of T4C by the PutA protein (from Deutch, 1992)[image: ]

Deutch (1992) showed that an E. coli mutant containing a putA::Tn5 mutation could still use T4C as a cysteine source for cysteine auxotrophs.  The mutant also consumed oxygen in the presence of T4C as one fourth the rate of the parental strain and one half the rate of the putA mutant.  Further studies indicated that this was due to the reversed activity of the biosynthetic enzyme L-Δ1-pyrroline-5-carboxylate (P5C) reductase encoded by the gene proC.  The T4C oxidation activity was found in the soluble fraction of E. coli rather than the membrane fractions, was inhibited by pyrroline-5-carboxylate, and co-purified with P5C reductase during ammonium sulfate fractionation, dye-affinity chromatography on Cibachron 3GA agarose, and ion-exchange chromatography on DEAE-cellulose.  The oxidation of T4C used NADP+ as the electron acceptor and the Km for T4C in the oxidative direction was about 1/30 of that seen with P5C in the reductive direction.  A mutant of E. coli containing both the putA::Tn5 mutation and a proC mutation had no detectable T4C oxidation or P5C reductase activity.  P5C reductases from humans (Patel et al., 2021) and the archaeon Sulfolobus solftaricus (Meng et al., 2009) can also catalyze the oxidation of T4C.  A general model for the binding of substrates to the ProC protein has been proposed (Polverini et al., 2026).  It is not known if L-Δ1-pyrroline-5-carboxylate reductase can also oxidize T2C.

Sarcosine oxidase (EC 1.5.3.1) is a large family of FAD-containing enzymes that catalyze the oxidation of sarcosine (N-methyl glycine) and other amines (Lahham et al., 2021)  Following the initial oxidaton and reduction of the flavin cofactor, most transfer electrons directly to molecular oxygen.  Some are monomeric but others are tetrameric.  The enzyme from Bacillus  sp. B-0618 (SoxB) is a monomeric one (EC1.5.3.1) that has a broad substrate specificity including L-proline and some of its analogues (Wagner et al., 2000; Wagner & Jorns, 2000).  Zhang et al. (2025) studied the reaction with sarcosine as the primary substrate and with L-proline, D-proline, and L-T4C as minor substrates.  The specific activity with T4C was very low, but the apparent Km was lower than that of L-proline or D-proline.  D/L selectivity varied with the substrate.  A model for the binding of these substrates to the protein and their reactions with FAD was proposed. 

It is not known if L-Δ1-pyrroline-5-carboxylate reductase or sarcosine oxidase can also oxidize T2C, so this would be a good line of further research.  Another area of further investigation might be the regulation of sarcosine oxidase by T4C and T2C. T4C is both a substrate and an inducer of L-proline dehydrogenase (Deutch, 1992), and while it is a substrate for sarcosine oxidase, it is not known if it regulates its formation.  Expression of the protein is controlled by Sigma-54 and the SoxR activator protein  in Bacillus thuringiensis (Peng et al., 2016).  In Pseudomonas aeruginosa, a similar regulatory protein has been called SouR (Willsey & Wargo, 2016).  It would be important to determine if the SoxR protein can bind T4C, T2C, or proline.  A third area of investigation might be to determine if there are any other pathways for the degradation of these analogues.  While a  putA::Tn5 :proC double mutant of E. coli had no detectable T4C oxidation activity, sarcosine oxidase was not induced.  It is possible that there are other enzymes that might be detected if their substrates were included in the medium. 

6.  CATABOLISM OF L-AZETIDINE-2-CARBOXYLATE

L-azetidine-2-carboxylate (A2C) is a toxic analogue of L-proline which contains one fewer carbons in its ring system (Rodgers et al., 2025; Santos et al., 2024).  

Fig 6.   L-azetidine-2-carboxylate Catabolism
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	L-azetidine-2-carboxylate		2-hydroxy-4-amino butyrate		

It naturally occur in the rhizomes and leaves of several plants in the bean family.  A2C can be attached to proline-specific tRNAs by prolyl-tRNA synthetase and incorporated into intracellular and extracellular proteins.  This substitution causes conformational changes in these proteins, resulting in altered activity (Zagari et al., 1990).  A2C also inhibits the growth and biosynthesis of L-proline in bacteria such as Escherichia coli under both aerobic and anaerobic conditions (Baich & Smith, 1968;  Reese et al., 1998’ Grant et al., 1975;Tristram & Thurstom, 1966).  Selection of mutants resistant to this analogue has led to the identification of several proline transport systems (Grothe et al., 1986; Wood, 1981).  

A2C is not a substrate for L-proline dehydrogenase or proline racemase.  However, Gross et al. (2008) identified an enzyme called A2C hydrolase from Pseudomonas sp. strain A2C which was capable of opening the ring system in A2C, leading to the formation of 2-hydroxy-4-amino butyrate (Fig. 6).  The enzyme was localized in the periplasm of the bacteria.  The gene isolated and characterized as a homologue of 2-haloacid dehydrogenases.  The enzyme was subsequently overexpressed in E. coli, purified to homogeneity, sequenced, and crystallized (Toyoda et al., 2010).  It contained 240 amino acid residues and predicted mass of 27,111 Da.  Gel filtration analysis indicated that it exists as a monomeric enzyme. Other studies on the purified enzyme from Novoshingobium sp. MBES04 indicated that protein shows 55% sequence identity to the Pseudomonas enzyme and resulted in the identification of key residues necessary for catalysis (Xu et al., 2023).  The enzyme showed no activity towards D-azetidine-2-carboxylate, D- or L-proline, or hydroxylated derivatives of proline or pipecolic acid.  A detailed mechanism for its reaction was proposed.  A BLAST analysis revealed sequence similarities to a large number of homologous sequences in other bacteria. A useful line of further research would be to look at some of these proteins and to determine their physiological functions and significance. 

7. CATABOLISM OF 3,4-DEHYDROPROLINE 

3,4-dehydroproline (DHP) is another toxic analogue of L-proline which contains a double bond in the ring system.  It inhibits the growth of both Gram-positive and Gram-negative bacteria including Lactobacillus arabinosus, Streptococcus lactis, Pediococcus cerevisiae, Leuconostoc dextranicum, and Escherichia coli (Smith et al., 1962).  The inhibitory effect can be reversed by adding L-proline or glycylproline to the growth medium.

Fig 7.  3,4-dehydroproline (DHP) Catabolism
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3,4-dehydro-DL-proline		----->		pyrrole-2-carboxylic acid
			
Most commercially-available preparations of DHP such as that from Sigma-Aldrich are racemic mixtures of the D- and the L-isomer.  3,4-dehydroproline can be taken up by several proline membrane transporters including the PutP and ProP systems (Dila & Maloy. 1986; Stalmach et al., 1983) and mutants in these systems can be selected on the basis of resistance to the analogue.  The primary mechanism of action of DHP is inhibition of γ-glutamyl kinase, the first enzyme in proline biosynthesis, leading to a reduction in protein synthesis (Kosuge & Hoshino, 1998; Smith et al., 1984).  DHP can also be attached to tRNAs and incorporated into proteins such as alkaline phosphatase and β-galactosidase, which then exhibit an increase in temperature sensitivity (Fowden et al., 1963; Morris & Schlesinger, 1972).

3,4-dehydroproline is a substrate for L-proline dehydrogenase (PutA) in Escherichia coli and Salmonella enterica (formerly S. typhimurium; Hahn & Maloy, 1986; Wood, 1981).  The product is pyrrole-2-carboxylate (Fig.7)..  Interestingly, mutants of E. coli lacking proline dehydrogenase activity can still oxidize 3,4-dehydro-DL-proline (Deutch, 2004; Wood, 1981).  This was shown to be due catabolism of the D isomer by D-alanine dehydrogenase (Deutch, 2004).  There was no activity with the purified L isomer.  The oxidation of 3,4-dehydro-D-proline was competitively inhibited by D-alanine and D-cycloserine, and there was no activity with a dadA mutant strain. 

3,4-dehydro-DL-proline was also found to be a substrate for a purified thiazolidine-4-carboxylate (T4C) dehydrogenase activity which was isolated from the soluble fraction of another mutant of E. coli lacking L-proline dehydrogenase activity (Deutch et al., 2001).  This activity was found to be identical to L-Δ1-pyrroline-5-carboxylate (P5C) reductase, the enzyme normally used in L-proline biosynthesis (see sections 4 and 5 above).  The two enzyme activities copurified and were simultaneously eliminated in a ProC mutant.   With 10 mM 3,4-dehydro-DL-proline as the substrate, the purified enzyme showed  64.4% of the activity found with 10 mM T4C and with 20 mM 3,4-dehydro-DL-proline as the substrate, the activity was 87.5% of that with 10 mM T4C.  It was not clear in these experiments which isomer of dehydroproline was used, but it was most likely the L form.  Further studies on the catabolism of 3,4-L-dehydroproline would be useful in identifying this other catabolic pathway. 

8. CONCLUSIONS 

One of the distinguishing features of prokaryotic microorganisms is their metabolic diversity.  While most contain the same core biochemical pathways for carbon, nitrogen, and energy metabolism found in archaea, eucaryotic protists, fungi, plants, and animals, bacteria often exhibit significant variations in the pathways and enzymes they use.  These have been attributed to genome size (Guieysse & Wuertz, 2012), the frequent presence of accessory genetic elements like plasmids (Goyal. 2018), horizontal transfer of genes between species (Glasner et al., 2019), and adaptations to extreme environments (Shu and Huang, 2022). Individual microbes may contain alternative or supplementary pathways for specific functions.  This review shows that this is true for the catabolism of the amino acid L-proline. One of the biochemical features that makes this possible is the ability of some enzymes to act on a wide range of substrates.  This is the case for some L-amino oxidases and D-amino acid dehydrogenases, which can accommodate amino acids of varying size and polarity at their active sites.  A second biochemical feature is the ability of some enzymes to act reversibly in either an anabolic or catabolic direction.  This is the case for the enzyme L-Δ1-pyrroline-5-carboxylate (P5C) reductase which can be used for both L-proline biosynthesis and degradation.  A third biochemical feature is the ability of microorganisms to adapt their proteins through evolution so they can grow in different oxygen concentrations.  Some are strict aerobes, some are strict anaerobes, and some are facultative.  As discussed here, the enzyme L-proline dehydrogenase can be modified to donate electrons from L-proline to either membrane-bound aerobic or anaerobic electron transport chains.  Further exploration of these alternative pathways and proteins is less well-studied microorganisms as suggested in each of the above sections will increase our understanding of the role of proline catabolism in bacteria.
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Fig. 1. Pathways of proline and T4C degradation.

regulates transcription of put4 and the adjacent putP
gene for the major proline carrier (Menzel & Roth,
1981 b; Ostrovsky de Spicer et al., 1991). Transcription of
these genes is induced by proline (Dendinger & Brill,
1970; Maloy & Roth, 1983). I have re-examined the
relationship between proline dehydrogenase and T4C
oxidation and demonstrated that this enzyme is partly
responsible for '_NC degradation.

Methods

Bacterial strains. E. coli K12 strains CSH4 (thi trp lacZ rpsL), JT31
(thi trp lacZ rpsL putAl::TnS), JT34 (thi trp lacZ rpsL putP3::Tn5)
and RM2 (thi trp lacZ rpsL AputPA101) were obtained from Dr Janet
Wood of the University of Guelph, Canada. Strains JM15 (cysES0 tfr-
8) and JM96 (cysHS6 thr-1 leuB6 trp-1 hisG1 argH 1 thi-1 ara-13 lac Y1
5 malAl xyl-1 mtl-1 strA9 tonA2 supE44 A-) were provided by Dr
Bachmann of Yale University, CT, USA. The putdl::Tn5
on in strain JT31 was moved into the cysteine auxotrophs by
ransduction (Curtiss, 1981). Kanamycin-resistant colonies were
ted on LB agar (Miller, 1972) containing 25 ug kanamycin mi~',
and tested on pur-indicator medium (Menzel & Roth, 19815).

Growth conditions. Bacteria were grown aerobically at 37°C in
minimal Medium A containing 0-5% (v/v) glycerol as previously
described (Deutch et al., 1985, 1989). L-Proline, L-thiazolidine-4-
carboxylate (Sigma) and other supplements were added as specified.
Radial streak tests for inhibition of growth by T4C were done as
described by Wood (1981).

Preparation of membrane fractions. Membrane fractions were
prepared from exponential-phase cells by the method of Abrahamson
et al. (1983) and stored in small aliquots at —80 °C. Membranes were
thawed prior to each experiment and used only once.

Identification of products. Membranes (50 pl) from strain CSH4
grown with 10 mM-L-proline were combined with 50 ul 0-1 M-T4C and
150 pl of Buffer B (10 mM-MOPS, pH 7-5, 20 mmM-MgCl,, 10%, v/v,

glycerol). After incubation at 37 °C for various times, the reaction
mixtures were heated in boiling water for 2 min and insoluble material
was removed by centrifugation at 10000 r.p.m. for 10 min ina TOMY
microcentrifuge. Supernatant fractions were spotted on 20 x 20 cm
squares of Whatman 3IMM paper along with standards, and the
chromatograms developed in phenol/water (80 : 20, v/v). The chroma-
tograms were dried overnight and dipped in acetone/ether (1:1, v/v).
They were sprayed with 0-3% (w/v) ninhydrin in acetone and heated at
100 °C to reveal amino acids, or sprayed with 4,4'-bis(dimethylamino)-
diphenylcarbinol (BDC-OH) reagent (Burt er al., 1976) to detect
compounds with thiol or carboxylic acid groups.

Thiazolidine-4-carboxylate oxidation assays. Aliquots of membranes
(10-50 pl) were combined with Buffer B to a volume of 0-9 ml in 1-5 mi
microcentrifuge tubes. After equilibration to 37 °C, 0-1 mlof 0-1 M-T4C
was added to each tube. After various times, the reactions were stopped
with 0-1 ml 50% (w/v) trichloroacetic acid; insoluble material was
removed by centrifugation for 10 min at 10000 r.p.m. in a TOMY
microcentrifuge, and the cysteine content of each supernatant fraction
was determined by the method of Gaitonde (1967). Duplicate 0-1 m!
aliquots were combined with water to a volume of 0-5 ml; 0-5 ml glacial
acetic acid and 0-5 ml acidic ninhydrin reagent (250 mg ninhydrin in a
mixture of 6 ml acetic acid and 4 ml HCI) were added to each tube.
After heating the tubes at 100 °C for 10 min and cooling them in water,
3-5 ml 95% ethanol was added to each tube and the absorbances at
560 nm measured in a Shimadzu 160U spectrophotometer. Cysteine
contents were determined from a L-cysteine standard curve. Assays of a
particular preparation were reproducible + 10%. An activity unit was
defined as the formation of | nmol cysteine equivalents min='.

Oxygen uptake studies. Exponential-phase bacteria were harvested,
suspended in Medium A without a carbon source, and incubated at
37 °C for 60 min to reduce endogenous substrates. A 2-7 ml volume of
each suspension was combined with 0-3 ml of 0-1 M-substrate solution
and equilibrated to 25 °C; oxygen uptake was measured with a Clark-
type electrode connected to a monitor (Yellow Springs Instruments,
model 5300) and a recorder (Kipp and Zonen, model B41). Assays were
reproducible + 10% for a particular culture. Substrate-dependent rates
of oxygen uptake were calculated by subtracting the rate without added
substrate.
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