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SUMMARY: L-Pyrroline-5S-carboxylic acid is a naturally occurring nonprotein amino acid
present in human plasma that changes concentrations with diet. L-pyrroline-5-carboxylic acid
inhibited net synthesis of globin in untreated reticulocyte lysates in a dose dependent manner.
This inhibition was greater than that observed with equimolar GSSG or NADP* and was
prevented by a NADPH generating system. L-pyrroline-5-carboxylic acid also inhibited net
synthesis of proteins from brome mosaic and alfalfa mosaic virus mRNAs to different extents.
However, no effect on the translation of the naturally uncapped encephalomyocarditis virus
mRNA was observed. In general, mRNAs that are considered strongly competitive, such as
alfalfa mosaic virus 2 and 4, were more resistant to this inhibitory process. These results indicate
that pyrroline-5-carboxylic acid can initiate a differential effect on proteins synthesized from
different mRNA species by an as yet unidentified mechanism. ¢ 1988 acagemic press, nc.

Although it has been firmly established that optimal protein synthesis in rabbit reticulocyte
lysates requires both sugar phosphates and a NADPH generating system coupled with a
thioredoxin/thioredoxin reductase system the precise reasons for these requirements remain
unclear (1-6). Changes in cellular NADP*/NADPH ratios may effect enzymatic reactions
dependent on either NADPH or NADP*. Since NAD(H) exists primarily in the reduced state it
appears that mechanisms capable of generating NADP' may have the greatest regulatory
significance (7,8). The nonprotein amino acid L-pyrroline-5-carboxylic acid (P5SC) has been
indirectly shown to affect the NADP*/NADPH couple using the activity of the oxidative limb of
the pentose pathway as an end point (9-11). P5C is also a component of a proposed NADPH
linked hydride ion shuttle that has been demonstrated in a reconstituted system (12,13).
Additional evidence for such a NADPH linked shuttle has come from the kinetic characteristics of
liver pyrroline-5-carboxylate reductase (EC 1.5.1.2) and reconstitution of shuttle activity in a
cell-free liver system (14). L-P5C is present in human plasma and changes with diet, and in at
least one species it is present in unusually high levels in aqueous humor as compared to plasma
(15-17). More recent studies suggest that proline and PSC may have a regulatory role in the

Abbreviations: P5C, L-A1~pyrroline-5-carboxylic acid; elIF-4F, eukaryotic initiation factor-4F;
SDS, 5?an dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; TEMED,
N,N,N!,N*- tetramethylethylenediamine; DTT, DL-dithiothreitol.
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symbiotic relationship between soybean nodules and bacteroids (18). In view of the studies
suggesting a possible regulatory role for P5C, the effect of this nonprotein amino acid on protein
synthesis in a cell-free system was tested.

We report studies demonstrating that PSC, or a compound produced during its catabolism,
inhibits net protein synthesis in untreated rabbit reticulocyte lysates. The surprising findings
were that the degree of inhibition of globin synthesis observed with P5C was greater than that
seen with equimolar concentrations of GSSG and NADP™ and that PSC inhibited proteins
synthesized from several capped mRNAs to different degrees. Proteins synthesized from the
naturally uncapped eIF-4F insensitive mRNA of encephalomyocarditis virus was not effected by
the presence of P5C, however NADP* was inhibitory.

MATERIALS AND METHODS

Reagents: All reagents were from Sigma Chemical Co. (St. Louis, MO) unless specified
otherwise. Brome mosaic virus mRNA was from Promega Biotec (Madison, WI) and alfalfa
mosiac virus mRNA was a gift from Dr. Therese Godefroy-Colburn. Encephalomyocarditis
virus mRNA was prepared as previously described (19).

Enzymatic synthesis and purification of I-P5C: L-P5C was synthesized from L-ornithine

using rat liver ornithine amniotransferase as described previously (20). Stock solutions of 5-10
mM were stored in 1N HCl at 4° C. Immediately prior to its use in incubations small quantities
of stock were lyophilized, extracted with 100 ul of HPLC grade methanol (Fisher Scientific) to
remove salt, dried and then re-dissolved in 20-50 ul of 0.01 N HCL. The concentrated solution
was assayed and appropriate quantities diluted with 20 mM Hepes-pH 7.4 and pH adjusted with
2 N KOH immediately before it was added to incubations (21).

i i ndogen in mRN nslation in reticyl : Rabbit
reticulocyte lysate was prepared as described elsewhere except that hemin was added at the time
of lysis (22). Creatine phosphokinase and creatine phosphate were from Calbiochem (San
Diego, CA). Incubations were at 30° C with a final volume of 100 1 and contained: 80 pl
lysate, 20 mM Hepes-pH 7.4, 0.5 mM ATP, 0.1 mM GTP, 15 mM creatine phosphate, 1.5 units
creatine phosphokinase, 100 mM KCl, 0.5 mM MgCl,, 49' or 20 uM hemin as specified, 25 uM
each of 19 amino acids (minus methionine), and 10 u%ii [~-S] methionine (1000 Ci/mmol, New
England Nuclear). All other additions were pH adjusted immediately prior to their addition
(particularly P5C, GSSG or nicotinamide coenzymes) and incubations were started by adding
lysate. Samples (5 ul) were removed with a fixed volume pipet, spotted on Whatman 3MM
filters and processed as described elsewhere (1). Cell-free translations of viral mRNA were in
incubations as described above using untreated reticulocyte lysate. Samples were taken at the
times specified in legends, analyzed by 10% SDS-PAGE and fluorography using Enlightening
(New England Nuclear) with the recommended procedure of the manufacturer (23).

RESULTS AND DISCUSSION

Initial studies showed that PSC markedly inhibited the translation of endogenous globin
mRNA in rabbit reticulocyte lysates. The inhibition of globin synthesis by the presence of P5SC
was dose dependent (Fig. 1, Panel A) and was observed in at least 5 laboratory prepared and 2
commercial (Promega Biotec, Madison, WI) lysates. The effect varied from a 70% to 40%
inhibition of control levels depending on which lysate preparation was studied. In Figure 1,
Panel B the inhibition observed with the P5C at a final concentration of 1 mM is compared with
that of GSSG, NAD*, and NADP*. Addition of glucose plus NADPH at the start of
incubations prevented the inhibition of globin synthesis in lysates containing P5C (Fig. 1, Panel
©). These results indicated that the inhibition observed in lysates containing P5SC could at least
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be prevented by a NADPH generating system. However, the reason for different extents of
inhibition with equimolar GSSG, NADP*, and P5C remain unclear at this time. The
observation that 1 mM P5C produced a greater inhibition than 1 mM NADP* suggests that PSC
was not acting solely by its ability to generate NADP* during its catabolism to proline.

To further study this inhibitory phenomenon the effect of P5C on the translation of several
well studied viral mRNAs (brome mosaic virus, BMV; alfalfa mosaic virus, AMV; and
encephalomyocarditis virus, EMC) was determined. Addition of P5C to lysates containing both
endogenous globin mRNAs and exogenous BMV mRNAs produced a quantitatively different
degree of inhibition of proteins synthesized from individual viral mRNA species (Fig. 2, Panels
A, B, and C). The apparent degree of inhibition was enhanced if lysates were preincubated with
P5C prior to the addition of [35S]methionine (Fig. 2, Panel B and C). Untreated lysates were
still active after this 60 min preincubation as demonstrated by a continued increase in proteins
synthesized up to 120 min of incubation (Table I). Quantitation of proteins synthesized from
different mRNA species in incubations containing 1 mM P5C indicated that BMV 1a+2a and
BMY 3a were inhibited to a greater extent than globin or BMV 4 mRNA (Fig. 2, Panel C).
Similarly, studies with alfalfa mosaic virus (AMV) mRNAs indicated that proteins synthesized
from messages considered more competitive were relatively resistant to the inhibition caused by
the addition of P5C (Fig. 2, Panel D). Globin synthesis was reduced by up to 35% but no
effect on the synthesis of proteins from the more competitive AMV 2 and AMV 4 mRNAs was

seen.

Although the mechanism of this differential effect on net protein synthesis from viral mRNAs
has not been identified, one possible explanation would be a defect in a message discriminatory
initiation factor (24). Evaluation of the reported relative competitive efficiencies of BMV, AMYV,
and globin mRNAs indicate that the general pattern of inhibition observed in lysates containing P5C
was consistent with greater inhibition of the less competitive mRNAs (24,25). Proteins
synthesized from the naturally uncapped EMC mRNA were not decreased in lysates containing
P5C (Fig. 3, Panel A and B). However, NADP did inhibit synthesis of EMC mRNA encoded
proteins (Fig. 3, Panel A). This observation is of interest and suggests that EMC mRNA
translation may be particularly sensitive to NADP*. The lack of a P5C effect on protein
synthesized from EMC mRNA sunggests that the 5' cap or other structural features absent in EMC
mRNA may in some way be important in the inhibitory process observed with globin, BMV and
AMYV mRNAs. In addition, the possibility of altered thiol/disulfide status of initiation factors being

’ c ; 2l f the effe her oxi g
n venti i Incubgﬂltions (100 ul)
containing 80 pl of untreated reticulocyte lysate were as described in Methods. [>°S]Methionine
incorporation into trichloroacetic acid insoluble protein was determined in 5 pl samples at the
indicated times. Panel A: As indicated either 50 nmol of P5C or 50 nmol of designated amino
acids, 100 nmol P5C or an equal volume of buffer (control) was added to separate incubations
immediately before adding lysate. The final hemin concentration in all incubations was 20 uM.
Panel B: Incubations were identical to those in Panel A except 40 pM hemin was present and, as
indicated 100 nmol NAD™, 100 nmol GSSG or 100 nmol P5C was added immediately prior to
starting incubations. Panel C: Incubations were identical to those in Panel A except that either 100
nmol P5C and/or a NADPH generating system (500 nmol glucose and 50 nmol NADPH) was
present as indicated.
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Lysates Igg ted with L-PSC. Incubations were identical to those in Fig. 1 except the Xcontamed 50
HCi of [*°S])methionine (1330 Ci/mmol), purified viral nRNA, and P5C or NADP™ were present
as indicated. Panel A: Purified brome mosaic virus (BMV) mRNA (1.0 ug) (Lanes 2 and 3) and 2
mM P5C ( Lane 3) were present at the start of incubations. Samples (5 pg) were taken at 100 min
and one third analyzed by SDS-PAGE as described in Methods. Gels were treated for
fluorography and autoradiograms prepared as described in Methods. The autoradiogram shown
was obtained following a 24 h exposure. Panel B: Incubations were identical to those in Panel A
except that three separate incubations containing BMV had final concentrations of 1 mM P5C (Lane
2), 2 mM P5C (Lane 3), and 2 mM NADP™ (Lane 4), respccnvely The incubation represented in
Lane 1 had only purified BMV mRNA added. In addition [ S]mcthlomne was not added until
60 min of incubation and samples were taken at 100 min and analyzed as in Panel A. The
autoradiogram shown was obtained following a 48 h exposure. Panel C: Incubations were
identical to those in Panel B where [3SS]Methionine was not added until 60 min and samples were
taken for analysis at 100 min. Quantitation of globin and viral proteins synthesized was done by
densitometric scanning of autoradiograms using a Joyce Loebl laser densitometer. Values are
expressed as percent of control (PSC absent) incubations. Quantitation of BMV 1a+2a (o), BMV
3a (13), BMV 4 (A) encoded proteins and globin (@) synthesized are shown here. Pane] D:
Incubations were identical to those in Panel A (no preincubation) except they contained 0.5 Hg of
purified alfalfa mosaic virus (AMV) mRNA. Quantitation of protein synthesized from AMV 1 (o)
AMY 2 @), AMV 4 (A) and globin () mRNA following 120 min of incubation are shown.
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Table 1. Quantitation of Proteins Synthesized in Preincubated Reticulocyte Lysates

Incubation time (min)
80 100 120

Control 61,285 114,371 136,149

+ BMV mRNA 87,721 145,687 168,675

To determine the effect of a 60 min preincubation on lysate activity total protein synthesis was
quarn gated in the control incubations for the experiments described in the legend for Fig. 2, Panel
C. [®“S]Methionine gzas added to incubations after 60 min. Samples (5 ul) were taken at
indicated times and [ 5S]methionine incorporation into total protein was determined as described
in Methods. The absence (control) or presence of BMV mRNA (1 pg) is indicated. The data
represent acid insoluble radioactivity recovered and are expressed in CPM per 5 1l samples.

involved in this mechanism is worth noting. Particularly in view of the evidence for thiol and
disulfide groups in the 25 kDa mRNA cap binding protein, the existence of a 24 kDa protein in
reticulocyte lysates that changes its thiol /disulfide status depending on incubation conditions, the
indirect evidence that P5C can alter NADP*/NADPH ratios in intact cells and lysates, the evidence
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iti Panel A: Incubations were identical to those in Fig. 2, Panel A (n
preincubation) except 0.3 g of purified encephalomyocarditis (EMC) mRNA (Lanes 4-6) was
present and either 2 mM P5C (lanes 2 and 5) or 2 mM NADP* (Lanes 3 and 6) was present at the
start of incubations. Samples were taken after 100 min of incubation, analyzed by SDS-PAGE and
fluorograms prepared following a 24 h exposure. Panel B: Incubations were done under the same
conditions as those in Panel A. Quantitation of EMC A+B proteins (o) and globin (e) synthesized
in the presence of 1 mM or 2 mM PSC after 100 min are shown relative to control incubations (No
P5C).
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that specific cysteine residues are essential for the activity of at least some RNA binding proteins,
and the report that NADPH is required for eIF-2B activity (6,9,10,27-29).

It is not yet clear if P5C itself, a carbon atom metabolite, or an indirect by-product generated
during the catabolism of P5C is responsible for the effects reported here. Although the physiologic
significance of these findings remain uncertain at this time, they may have implications for
understanding the mechanism of in vivo translational control of a liver enzyme, ornithine
aminotransferase (EC 2.6.1.13), that catalyzes the synthesis of P5C from ornithine (2,30,31).
Furthermore, the possibility of pharmacologically manipulating the expression of either
endogenous or transfected genes in animal systems or different cDNAs in a multicomponent BMV
vector in plant systems is raised (31).
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