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Abstract

A Zymomonas mobilis gene coding for the enzyme that catalyses the last step in proline
biosynthesis was cloned and heterologously expressed, and the recombinant protein was
purified and characterized. Contrary to &'-pyrroline-5-carboxylate reductases from most other
sources, it showed in vitro a distinct preference for NADH as the electron donor. The
molecular basis of this feature was investigated by analysis of the dinucleotide binding
domain in silico. Results are discussed in view of the obligately fermentative metabolism of

this bacterium.
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Background

Besides being needed as a building block for protein synthesis, variations in the
intracellular homeostasis of free proline play a role in a variety of cellular functions during
development and stress adaptation [1, 2]. Moreover, the interconversion of glutamate and
proline contributes to control the redox status and the NADP(H) to NAD(H) ratio in the cell
[3, 4], and seems involved in the regulation of cell proliferation vs apoptosis [5]. As a
consequence, an increasing body of evidence shows that the enzymes involved in proline
metabolism are subject to a complex array of regulative mechanisms at both the
transcriptional [6] and post-translational [7] levels.

3-Pyrroline-5-carboxylate (P5C) reductase [EC 1.5.1.2] catalyzes the final conversion
of P5C to proline in both biosynthetic pathways from glutamate and ornithine [1]. Although a
few alternative routes have been described in some microorganisms [8], null mutants of P5C
reductase have consequently been found embryo-lethal [9], and specific inhibitors of the
enzyme exert cytotoxic effects in plants [10], bacteria [11] and human cells [12]. The enzyme
has been isolated from a variety of sources but, because P5C is not commercially available, in
most cases activity has been measured in vitro as the reverse oxidation of proline (or even
proline analogue) at a non-physiological, basic pH. As a consequence, a reliable functional
characterization has been performed only for a limited number of enzymes, and some features
are still a matter of debate. Among them, the preference for NADPH or NADH as the co-
substrate. All P5C reductases so far described can use both dinucleotides in vitro [13], but the
effective use in vivo has been found questionable by the occurrence of differential inhibition
by NAD", NADP*, proline and salt, depending on whether NADH or NADPH act as the
electron donor [7, 14, 15].

We previously purified and characterized P5C reductase from several sources, ranging

from the bacteria Streptococcus pyogenes [14] and Bacillus subtilis [16], to the higher plants



Arabidopsis thaliana [7], Oryza sativa [15] and Medicago truncatula [17]. When the reaction
of the enzyme was measured as the P5C-dependent oxidation of NAD(P)H, in all cases a
clear-cut preference for NADPH as the electron donor was found. A thorough sequence
analysis on the dinucleotide binding domain allowed to hypothesize about the amino acid
residues involved in substrate preference [13]. However, no information was available at that
time on P5C reductases with a distinct preference for NADH, though the human isoform 1
had been found able to use either electron donor with similar efficiency [18].

Here we report the characterization of P5C reductase from the facultatively anaerobic,
obligately fermentative bacterium Zymomonas mobilis. In this case, the comparison of
catalytic efficiency and product inhibition with NADH and NADPH accounted for a
preferential use of the former, a result that allowed us to re-investigate the molecular basis for

co-factor preference.

Methods

The sequence coding for a putative P5C reductase from Zymomonas mobilis (NCBI
Reference Sequence: WP_011240243.1) was cloned into vector pMCSG68 that was used to
overexpress the gene in E. coli BL21(DE3) pLysS cells. Transformation, induction by IPTG
treatment and affinity purification of the enzyme were as described previously [16], with
minor modifications. Protein concentration was determined by the Coomassie blue method
[19], using bovine serum albumin as the standard.

P5C reductase activity was measured by following at 340 nm the P5C-dependent
oxidation of NAD(P)H at 30°C. Unless otherwise specified, the reaction mixture contained, in
a final volume of 200 puL, 4 mM DL-P5C and 0.5 mM NAD(P)H in 50 mM Tris-HCI buffer,

pH 7.5. P5C was synthesized by the periodate oxidation of 5-allo-hydroxylysine. Each sample



was carried out at least in triplicate (technical replications). Every experiment was repeated
twice on two different enzyme preparations (biological replications). Data were analysed
using Prism 6 for Windows, version 6.03 (GraphPad Software, San Diego, CA).

In silico structural analysis was performed in UCSF Chimera [20] and Coot [21].

Results and discussion

Using homogeneous protein obtained through heterologous expression in E. coli and
affinity purification, the functional features of Z. mobilis P5C reductase (ZmP5CR) were
determined thoroughly. Results are presented in Table 1. Maximal activity ranged from 200 to
900 nkat mg™ protein depending on the electron donor used, values that correspond to 6-27
catalytic events for second. The same results were obtained after removing the Hise-tail. Data
reflect an unusually low catalytic rate if compared with the values obtained not only for the
plant enzyme (350-4700; [7, 15, 17]), but also for other bacterial P5C reductases (20-800; [14,
16]). When the pH-activity relationship was assessed, a second, pronounced optimum was
found at pH 6.5 besides the expected one at neutral pH. Concerning the electron donor,
similarly to the enzyme from most other sources, higher maximal activity was evident with
NADH. However, in the other cases this was counteracted by a strikingly higher affinity for
NADPH, resulting in a higher or similar Kea/Km ratio. In this case, on the contrary, also a
higher affinity was found for NADH (and for P5C when NADH was the co-factor as well),
accounting for a 23.3-fold higher catalytic efficiency with NADH than with NADPH. If also
considering that NADP* was found not inhibitory at physiological concentrations, while
NAD" preferentially inhibited the NADPH-dependent activity (Table 1), the whole set of data
suggest that in this species NADH is the preferred electron donor in vivo.

To investigate the molecular basis of NADH preference, amino acid sequences of all

P5C reductases characterized to date by measuring the physiological reduction of P5C were



aligned (Fig. 1B). Previously, we have thoroughly investigated the coenzyme preference from
a structural perspective on the basis of M. truncatula P5C reductase complexes with NAD*
(PDB ID: 5bsf [17]) and NADP™* (PDB ID: 5bsg). Results indicated a specific fragment in the
protein sequence, a loop that interacts with the 2°O-phosphate of NADP* (motif A, Fig. 1).
Three residues of the motif A (45HSN47) were directly involved in hydrogen bonding with
the phosphate group. It is therefore very interesting to note a deletion of one residue in the
motif A in Z. mobilis and in B. cereus, which is the next example of a bacterial species with
the preference towards NADH over NADPH, with respective catalytic efficiencies ratio of
4.00 (Fig. 1). In the absence of direct structural data, we can speculate that a shorter loop of
the motif A in these two species is unable to accommodate the 2°O-phosphate. Moreover, the
hydrophobic side chains of 1le36 and Pro38 in ZmP5CR cannot H-bond the phosphate. The
side chain of Arg37, although positively charged, may be too bulky and collide with the
phosphate. Significance of the motif A sequence in coenzyme preference is also evident in H.
sapiens P5C reductase isoform 1 (ratio of catalytic efficiency with NADH or NADPH of 2.88,
Figure 1A). In this case, the presence of a negatively-charged Asp36 is seems responsible for
electrostatic repulsion of the 2°0O-phosphate (Figure 1C), even though the enzyme can bind
NADPH, as shown in the crystal structure (PDB 1S:5uat [22]). In summary, kinetic data on
ZmP5CR paired with analysis of sequence variability allow to postulate the rationale for
NADH specificity while supporting the motif A sequence as the main determinant of
coenzyme preference in P5C reductases. It is also interesting that sequences of P5C
reductases that at first appear closely related, in fact have discrete NAD(P)H preference (e.g.
B. subtilis and Z. mobilis, Figure 1A). This suggests that local variations, such as in motif A,
but not overall sequence identity must be considered while trying to assign a coenzyme to a
particular P5C reductase a priori.

Z. mobilis lacks an oxidative electron transport chain and is obligately fermentative.



During glucose conversion into ethanol via the Entner-Doudoroff pathway, an early reduction
of fermentative activity was reported that was accompanied by variations in nucleotide
availability and a decrease of internal pH from 6.4 to 5.0 [23]. The occurrence of a pH
optimum around 6.5 for P5C reductase activity seems therefore functional to maintain proline
synthesis in a phase in which cell proliferation is still ongoing. Concerning nicotinamide
dinucleotides, NADP* was found at a constant, very low level throughout, which seems
consistent with its inability to modulate enzyme activity. On the contrary NAD™ rapidly
dropped from 4 to 1 nmol mg? protein [23], possibly relieving product inhibition and
allowing in the late exponential phase of growth the use of the -more abundant- NADPH for
P5C reduction. However, more experimental evidences will be needed to support these
hypotheses, also taking into account that a second gene coding for a putative P5C reductase

has been reported (GenBank: AAV89927.1) in this species.
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Legend to figure

Fig. 1. Sequence analysis of P5C reductases for which experimental data for the catalytic
efficiency of P5C reduction with either NADH and NADPH are available. Sequences have
been aligned using Clustal Omega [24]. The corresponding cladogram and the ratio between
catalytic efficiency (i.e. the Kca/Km ratio) with NADH and NADPH are shown in panel A.
Alignment and conserved fingerprint motifs involved in dinucleotide binding (Motifs A, B, C
forming the so-called Rossmann fold) are presented in panel B. The following sequences
were used, with UniProt id, PDB id (if available) and reference for enzyme characterization
indicated in parentheses: Bacillus subtilis ProG (Q00777 [16]); Zymomonas mobilis
(Q5NQR9; this work); Streptococcus pyogenes M1 GAS (Q9A1S9; 2AHR [14]); Bacillus
subtilis ProH (POCI77 [16]); Bacillus cereus (Q81C08; 3GTO; Forlani and Nocek,
unpublished data); Homo sapiens (P32322; 2GER [25]); Oryza sativa ssp japonica (Q8GTO01
[15]). Arabidopsis thaliana (P54904 [7]); Medicago truncatula (G7TKRMS5; 5BSE; [17]).
NAD* and NADP" binding modes with H. sapiens P5Cred isoform 1 (PDB ID: 2izz,
unpublished) and M. truncatula P5C reductase (PDB ID: 5bsg [17]) are depicted in panels C
and D, respectively. Both coenzymes are shown in ball-and-stick model. Protein chains are
represented as light gray ribbons except for the residues next to 2°’0OH or 2°O-phosphate, for

which main- and side-chain atoms are shown.
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Table 1. Properties of Zymomonas mobilis P5C reductase.

Specific activity (vapH) @
Specific activity (vappr) 2
pH optimum ®

Kwm @pp) for L-P5C (napH) ©
Kwm (app) for L-P5C (naDPH) ©
Kwm @pp) for NADH ©

K (app) for NADPH ©
Vmax (napH) ¢

VMax (psc, with NADH as the co-substrate) ©
Vmax (nappH) ©

VMmax (psc, with NADPH as the co-substrate) ©
Kcat (NADH) per monomer d
Kcat (NADPH) per monomer d
Kcat/Km (naDH)

Kcat/Km (nappH)

NAD™ ICso (vapH) ©

NAD* ICs0 (naDPH) ©
NADP™ ICs (nabH) ©
NADP* ICs0 (vaDPH) ©
Proline ICso (vaDH) ©
Proline ICso (naDPH) ©

NaCl ICso (vabH) ©

NaCl I1Cso (vappH) ©

609 + 14 nkat (mg protein)™
155 + 4 nkat (mg protein)*
6.47 £0.06 and 7.63 = 0.05
273+ 23 uM
1053 + 242 uM
135+ 9 uM
719+ 91 uM
892 + 20 nkat (mg protein)™
911 + 30 nkat (mg protein)™
192 + 14 nkat (mg protein)*
217 + 36 nkat (mg protein)*
27 st
6s?
1.96« 10°M1s?
0.084 « 10° Mgt
7.4+08mM
1.4+0.2mM
22.6 £ 2.7 mM

not inhibitory in the range tested

96 £ 7 mM
107 £ 29 mM
1144 + 105 mM
130 + 37 mM

a

Specific activity was calculated under standard assay conditions at 30°C (2 mM L-P5C and 0.5
mM NAD(P)H in 50 mM Tris-HCI buffer, pH 7.5). Data are mean + SE over three independent

enzyme preparations.

The pH dependence of activity was evaluated by assaying the purified enzyme for up to 5 min
in the presence of 100 mM phosphate buffer, brought to the desired pH value (from 5.8 to 8.0)
with KOH. The actual pH value in the reaction mixture was measured at the end of the reaction

with a microelectrode. The same biphasic profile was obtained with either NADPH or NADH.



c

Apparent affinity constants and maximal catalytic rates were estimated from the plots obtained
at varying NADH or NADPH concentration at a nearly saturating P5C level, and vice-versa.
Concentrations for the invariable substrate were 2 mM for L-P5C and 0.5 mM for NADH and
NADPH. Variable substrates ranged 90-960 uM and 300-1400 uM for the couple NADPH -
P5C, and 90-600 uM and 100-700 uM for the couple NADH - P5C, respectively. Data and
confidence intervals were computed using the corresponding functions in Prism 6 for Windows,
version 6.03 (GraphPad Software, San Diego, CA).

Catalytic constant was calculated from the computed maximal catalytic rate on the basis of a
molecular weight of 30.24 kDa, estimated from the cloned gene sequence and taking into

account the 6-His-tail.

The inhibitory effect of products and salt on enzyme activity was evaluated by measuring the
P5C-dependent NAD(P)H oxidation in the presence of increasing levels of NAD* (0.2-25 mM),
NADP* (0.1-12.5 mM), proline (10-500 mM) and NaCl (20-500 mM). Activity was expressed
as percent of that in untreated controls, and the concentrations inhibiting activity by 50% (1Cso)
and their confidence intervals were computed by using the function log(inhibitor) vs.

normalized response - variable slope in Prism 6.



