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Abstract-Pro-tRNA synthetase from D. rrgia and P. aweus lost enzymic activity more rapidly at 0” than at 
room temperature. The enzyme from a number of higher plants that produce azetidine-2-carboxylic acid (A2C) 
was more rapidly inactivated in the cold than the enzyme from plants which do not contain A2C. The rate of 
cold inactivation was dependent on temperature and on the concentration of glycerol, protein and sulphydryl- 
reducing reagents. Substrates of Pro-tRNA synthetase also stabilized the enzyme against cold inactivation. 
Enzyme which had been completely inactivated by storage in the cold, could be reactivated by warming in the 
presence of a sulphydryl-reducing reagent. The rate of reactivation was dependent on temperature. pH and the 
concentration ofsulphydi-yl-reducing rcagcnt. Kinetic analysis indicated the existcncc of more than one molecular 
form of the enzyme. It is suggested that the cold-lability of Pro-tRNA synthetase may be due to dissociation 
of the active enzyme molecule into inactive subunits. 

INTRODUCTION 

RECENT investigations in the authors’ laboratories has provided considerable information 
concerning the properties and substrate specificity of Pro-tRNA synthetase extracted from 
higher plants.‘-4 The enzyme from species which synthesize A2C e.g. Delonix regia, is able 
to discriminate more efficiently against imino acid analogues which are less bulky than 
Pro, than the enzyme from species which lack A2C e.g. Phaseolus aureus.2’3 The efficiency 
of such discrimination may partly depend on the presence of ATP.3 Many plants synthe- 
size non-protein amino acids which are capable of acting as analogue molecules. The abi- 
lity of specific aminoacyl-tRNA synthetases from such plants to discriminate against these 
potentially toxic compounds has been discussed elsewhere.5-* In some cases these synthe- 
tases are unstable during purification2,3V6-9 and more sensitive to salts2*’ and heat 2V3 than 

’ PETERSON, P. J. and FOWDEN. L. (1965) Bioclzmm. J. 97, 112. 
’ NORRIS, R. D. and FOWDEN, L. (1972) Phytochemistry 11, 2921. 
3 NORRIS, R. D. and FOWDEN, L. (1973) Phytochemistry 12, 2 109. 
4 NORRIS, R. D. and FOWDEN, L. (1973) Phytochemisfry 12, 2829. 
5 LEA, P. J. and NORRIS, R. D. (1972) Phytochemistry 11, 2897. 
’ LFA. P. J. and FOWDEX. L. (1972) Phytochemistry 11, 2129. 
’ A~IXKSON, J. W. and FOWIXN. L. (1970) Bioclr~r. .!/. 119, 677. 
* SMITH, I. K. and FOWDEN, L. (1968) Phytochrmistry 7, 1065. 
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the corresponding enzymes from plants which do not contain amino acid analogues. Pro- 
tRNA synthetase from D. wgiu is particularly heat-labile in the abscncc: of substrates’.” 
and becomes inactivated very rapidly during purification. cspeciall~~ at low tempera- 
tures.“.4 Although the Pro-enzyme is the most heat-stable of the aminoacyl-tRNA sy-nthe- 
tascs from P. IM~ws,~~~ it also becomes inactivated during length! purification proce- 
dures.’ 4 We previously reported that cnzymically active preparations of PI-~-IRNA syn- 
thetase from D. rqitl often could onI> be obtained by preheating the cnqme for several 

minutes prior to assay.‘.” This reactivation was dependent on the prcst~~~ of a sulphydryl- 
reducing reagent.“.4 Papas and Mehler I ’ have suggested that the Pro-rRNA synthctasc 
from Eschichh co/i undergoes modification at low temperatures. Lee and Mucnchl’ 
have proposed that this is due to a dissociation of the active enzyme into inactive subunits. 
We have shown that the rate of ATP-“‘PPi exchange catalyscd bc Pro-(RNA synthctase 
from both D. wyiu and P. ~~UIYJUS sho\\s a complex dcpcndcnce on tempcraturc.” This was 
thought to be due in part to the existence of different molecular forms of the enzyme. In 

this paper we explore more fully the nature of the cold-lability of Pro-tRNA s\inthctase 
from both A?C-producer and non-producer plants and present further data concerning 
the reactivation of these enzymes. 

RESC LTS 

Enzyme jixctionution 

Crude homogenates or (NH,),SO, fractions of L). rcyia containing Pro-rRN,4 synthe- 
tase activity were unstable to fractionation on Scphadcx Cl00 at 4 . even in the presence 

of 15’1; glycerol. Passage through Sephadcx G75 in the absence of mcrcaptoethanol often 
caused partial inactivation of the enzyme (10~40”,,,). However. at room tumpzraturc in the 
presence of 40 mM mcrcaptocthanol. no loss of enzyme activity \+a~ observed following 
passage through Sephadex G7S. although a dccreasc in activit? accompanied fractionation 
of Sephadex Cl 00 or G200. By carrying out enzyme extraction and (NH,),SOJ fractiona- 
tion at room temperature in the presence of mercaptoethanol a slightly higher specific acti- 
vity of Pro-tRNA synthctase was obtained than at 4 . Desalted (NIH,),SO, fractions of 
DcJlorzi.\- enzyme w-ere extrcmclq unstable on DEAE-cellulose at 0 4 C and active cn/qmc 
preparations could only bc obtained n,ith a fast Ilo\i rate and high gl~ccrol concentration 

(> I Y,,) in the elution bulfer. Fractionation on DEAE-cellulose at 30 ga\c better yields 
of active enzyme but further purification on Sephadex was impossible even in the presence 
of X)“,, glycerol and 40 mM mercaptoethanol. Pro-[RNA synthctase from Ptrrl~imc~~~icr CKX- 
lcatu and Cu771‘~~/1117~112 77z~~j~rli.5 (both AX-producer plants) exhibited similar fractionation 
characteristics to the Defo77i.~ enzyme. The enzyme from I’. U~IYUS V,X less stable to frac- 
tionation on DEAF -cellulose at 4 than at room fcmpcrature and further fractionation 
on hydroxyapatite resulted in considerable loss of ATP “PPi exchange acti\ it). Elution 
profiles from hydroxyapatite columns were variable, even under identical running condi- 
tions and there u-as often a complete inactivation of the enzyme on columns run at 3 

(NH4)2S04 fractions of Pro-tRNA synthetase from P. LIUV~~ZIS were fLl11) stable in solu- 

tion for several days at 2” in the presence of IS’,, glycerol and 40 mM mercaptoethanol. 

lo NOHRIS. R. D. and F;OWOI.V. L. ( IV731 Bio~~/ric~~ Bioph~,~. lm 312. 605. 
” PAPAS. T. S. and M~.iir.t.~c. .4. tf. (I%& .I. Rio/. c‘licv~i:243, 3767. 
I’ I-II %l -1. awl Mr I xc’,,. K tf. I I’M)) ,I Hi<,/ CJic,,>i. 244. 2’7 
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but lost most of their ATP-32PPi exchange activity within a few hours in the absence of 
these reagents. (NH&SO, precipitates were considerably more stable at -20” than the 
redissolved pellet. Although some variation in the rate of cold-inactivation of DEAE-cellu- 
lose fractions was observed, these were always more labile than (NH&SO4 preparations. 

TABLE 1. EFFECT ok IO~'IC STREKGTH, pH AND PROTEIN CONCENTRATION ON THE STORAGE PROPERTIES AT 2” OF 
PROI Yl.-@,NA SYUTHI-TASf, FROM ~d0~li.X ~/ill 

Storage conditions* 

:;, ATP-3ZPPi exchange activity remain- 
ing after 5 min 

(duplicate results) 

0.1 M Tris-maleate KOH buffer, pH 6.5 
0.1 M Tris--maleate KOH buffer, pH 7.0 
0.1 M Tris-maleate KOH bulk. pH 7.5 
0.1 M Tris-maleate KOH buffer, pH 8.0 
0.1 M Tris-maleate KOH buffer, pH 9.0 
0.1 M Tris-HCI buffer, pH 8.0, protein cont. 5@100 pg/ml 
0.02 M Tris-HCI buffer, pH 8.0, protein cont. 5&100 pg/ml 
0.002 M Tris+HCl buffer, pH S.0, protein cont. 50-100 pgiml 
0.02 M Tris-HCl buffer, pH 8.0, protein cont. 500 pg:mlt 
0.02 M Tris-HCl buffer, pH 8.0. protein cont. 30 pg/ml 

50 25 
20 19 
37 26 
15 14 
20 27 
32 35 
30 22 
18 11 
42 30 
27 22 

* (NHJ2S0, fractions desalted on Sephadex G75 were used for these experiments. 
t Protein concentration diluted to 30 pg/ml prior to assay. 

The ionic strength and concentration of protein during storage also appeared to influence 
the rate of inactivation of Pro-tRNA synthetase at low temperatures (Table 1). Under all 
storage conditions, the enzyme from Rammculus bulbosa and Hemerocallis filva (plants 
which do not produce A2C) appeared to be marginally less stable than that from P. aureus 
(also a non-producer of A2C). Preparations of Pro-[RNA synthetase from A2C-producer 
plants were extremely unstable to storage at low temperature, complete loss of activity 
being observed within 30 min at 2” (in the absence of glycerol and mercaptoethanol). The 
rate of inactivation of these enzymes at 2’ was reduced by including a sulphydryl-reducing 

TABLE~.ABILITYOFPOLYOLSANDSULPHYDRYL-REDL~CINGREAGENTS TO PROTKT PRO-tRNA SYNTHETAASE AGAINST 

I~ACTIVAT~~Y oy STORAGF AT 2 

Additions to storage medium* 

‘::, ATP-3LPPi activity remaining after storage 
for 20 min at 2” 

Duloni.~ reyiu Phasrolus aureus 

None 8 
Glycerol, 15%t 20 
Glycerol, 25% 46 
Glycerol, 5Opd 79 
Ethylene glycol, 15% I5 
Ethylene glycol, 25’;/, 41 
Ethylene glycol, 50% 63 
Sucrose, 15:; 12 
Sucrose. 25% 20 
Mercaptoethanol, 40 mM 10 
Dithiothreitol, 40 mM I 0 
Thioglycollic acid, 40 mM 8 

* The storage medium always contained 0.05 M Tris-HCI buffer pH 8 and 0.05 M MgCI,. 
7 All percentages based on wjv. 

15 
52 
80 
95 

87 

27 
17 
18 
15 
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reagent or a polyol. c.g. glycerol. in the storage medium. The degree to which such com- 

pounds protected the synthetase against cold-inactivation was dependent on their nature 
and concentration (Table 2). Although sulphydryl-reducing reagents protected the enzyme 
only marginally, the inclusion of a polyol together with the sulphydr\,l-reducing reagent 
appeared to synergistically enhance the stability of the enrvme on storage at 2 (Fig. I ). 

0 2 4 6 8 IO 

Time, hr 

Similar patterns of stabilization were observed with DEAE-cellulose fractions from those 

plants which do not contain AX. ATP, Pro and several Pro analogues also prevented 
inactivation of the enzyme from both Dela,~ir and P/US~O~US at 0~ (Table 3). The P/~trs~nl~rs 
enzyme appeared to be more efficiently protected by A?C than that from lklor~i.\-. En7yrne 

inactivation at (& 5’ in the presence or absence of substrates followed approximately iirst- 
order kinetics although the Pro-rRNA synthetase from AX-producer plants exhibited 
slight deviations from this pattern (Fig. 1). Experiments conducted at pH values from 5.5~ 9 
(using Tris~malcate~KOH and Tris- HCI buffers) were generally inconclusive; large vari- 
ations in the rate of decay of similar enzyme preparations wet-c observed under the same 
conditions of pH. ionic strength and protein concentration. 

When freshly prepared cnryme from either Dchis or P/7ast~hrs w~ls stored at room 
temperature or at 37 in the presence of mercaptocthanol, very little inactivation (< loll,,) 
was observed within 20 min. The presence of glycerol was not essential to maintain enzyme 
stability at these temperatures. 

At room temperature in the presence of mercaptoethanol. glycerol protected Pro-[RNA 
synthetase from both Pl~asc~~lus and Dclor7i.u against inactivation by urea. The time t;rken 
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for urea (4 M) to reduce enzyme activity by 50% was increased in the presence of 15% gly- 
cerol from O-7 to 7 and from 0.3 to 1.5 min for the Phaseolus and D&nix enzymes respect- 
ively. 

TABLE 3. ABILITYOF SUBSTRATESOF PRO-tRNA SYNTHETASE TO PROTECTTHE ENZYME AGAINST INACTIVATION AT 
0 

Substrate 

‘:‘, ATP-3’PPi exchange activity remaining after 
20 min at 0 

Delonix reyia Pklsrolus (IurYus 

None 
L-Proline (4 mM) 
L-Proline (0.4 mM) 
L-Azetidine-2-carboxylic acid (20 mM) 
L-Azetidine-2-carboxylic acid (4 mM) 
3,4-Dehydro-oL-proline (20 mM) 
3,4-Dehydro-DL-proline (4 mM) 
L-Thiazolidine-4-carboxylic acid (20 mM) 
ATP (2 mM) 

9 15 
96 98 
80 91 
45 84 
18 80 
70 
39 
14 18 
99 99 

* Enzyme was always dissolved in 0.01 M Tris-HC1 buffer containing 0.05 M MgClz 

Enzyme reactivation 

Pro-tRNA synthetase from D. reyia, following loss of ATP-32PPi exchange activity, 
appeared to be gradually reactivated during several days storage at G-2” in the presence 
of mercaptoethanol or dithiothreitol. Enzyme preparations from D. regiu and P. acdeata, 
inactivated at O-2”, could also be reactivated by incubation at 37” in the presence of a sul- 
phydryl-reducing reagent. The extent of reactivation was dependent on the concentration 
of sulphydryl-reducing reagent, preincubation time and pH (Figs. 2-4). No reactivation 

40 80 120 I60 

Cone mercaptoethonol, mM 

0 IO 20 30 40 50 60 

Reactivation time. min 

FIG. 2. EFFECT OF MERCAPTOETHAKOL CONCENTRATION ON KZACTIVATION OF PRO-tRNA SYNTHETASE 
FROM Dehiu. 

Inactive enzyme in 0.02 M Tris-HCl buffer. pH 8-O was preincubated for 15 min in the presence of 
various concentrations of mercaptoethanol, then diluted so that the assay tubes contained 2 mM mer- 

captoethanol. Results corrected for control containing mercaptoethanol but not preincubated. 

FIG.~.TIME COURSE OF REACTWATION OF Pno-tRNA SYNTHETASE FROM Dehix. 
Inactive enzyme in 0.02 M Tris-HCl buffer, pH 8.0 was preincubated at 37” for various lengths of time 
prior to assay for ATP-“PPi exchange activity. Preincubation and assay conditions; U----O, no dith- 

iothreitol; A----- & +5 mM dithiothreitol; +--0. +40 mM dithiothreitol. 
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was observed in the absence of sulphydryl-reducing reagents and Pro. ATP and glycerol 
had no effect on this reaction. Dithiothreitol (40 mM) was 15”,, more efficient than the 
same concentration of mercaptocthanol in promoting reactivation but cysteinc. thiogly- 
collie acid and reduced glutathionc wcrc far less eiTccti\e. A similar rcacti\:ltion of cold- 

treated Pro-tRNA synthetase from P. UIIIYLI.~ could also bc dcmonstratcd although the 
extent of reactivation was comparatively less. The fIr/or~i.\- onrymc could be qclod through 
active and inactive forms in the absence of glycerol by allo~\iu, ~7 the cn~\mc to dccny at 
0 in the presence of mercaptoeth~~nol followed 17~ heating at 37 (Fig. 51. ~OLVCLC~.. a vari- 

able loss of ATP--“‘PPi exchange activity (5 Xl”,,) accompanied each qclc of activation 
and reactivation of the Dr/or~i.\- enzyme. whilst only 2 or 3 c~~clcs of reactivation could be 

obtained with the enzyme from PIILIS~Y~IILS. The addition of 25”,, gl~ccrol. Pro or ATP et‘fcc- 
tively prevented this cycle of decay and reactivation by maintaining the enzyme in the 
active form. Cold-inactivated enzyme from both P/~LISCO/IIS and Dc/orri.\- could hc rencti- 
vatcd even after storage for I week at & I? but preparations left for longer periods became 

increasingly refractory. When the II~/o~is enzyme had completely lost its ATP ~‘“PPi 
exchange activity by storage at 2 in the presence of glycerol and mrrcal~toethanol (I 5 -35 
days). no reactivation of the enzyme could be dcmonstratcd. 

The kinetics of reactivation were investigated using two methods (see Methods section). 
(a) Assay at 4”: if it is assumed that the enzyme exists in an inucticc form at lo\\ tempcra- 
tures and an active form at high temperatures, assay of the amount of active enzqmc at 
any particular time will depend on the cquilihrium. actixc form G inactive form.’ T (1~) 
Assay at 37’; this method is based on the observation that at 10~. mc:rcayltoethanol con- 
centrations there is little reactivation of Pro-TR NA s)~nthctasc. Both assa! methods pro- 
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Reactivation temperoture 

‘11 \ \ 
2 

\ 

‘1 
‘\ 

3- 
‘\ 

4- 

5- 

\ 0 

Reoctwation time, min IPKx103 

F1c.6. KINETICSOF REACTIVATIONOF PRO-(RNA SYNTHETAS~FROM Delonix 

Inactive enzyme (prepared by storage for 9 hr at 0”) was preincubated in the presence of a buffer con- 
taining 0.02 M Tris-HCl pH 8 and 40 mM dithiothreitol at a range of temperatures. Aliquots were 

removed at various times for assay at 4”. 

FIG. 7. ARRHFNIM PLOTOF REACTIVATION KINETICSOF Dehix ENZYME. 

duced similar results and the time course for both types of assay were shown to be linear. 
The reactivation kinetics for the Delonix enzyme (Fig. 6) could be expressed in terms of 
the second order rate constants of reactivation using the formula: 

k =IX-_ 
t a(a - x) 

where t = time in min; a = original concentration of “monomer” [ = 2C,, where C, is the 

total amount of enzyme present assuming that it is a dimer in its active form i.e. in this 
case 4 “4” units” (see Fig. 6)]; .Y = concentration of “monomer” reacting in time t [ = 2CA, 

where CA is the amount of active enzyme present at any particular time]; k = second order 
rate constant of reactivation. The initial rates of reaction were calculated from Fig. 6 and 
plotted in the form of an Arrhenius plot (Fig. 7). The equilibrium constants were also cal- 
culated by using the formula: 

(see Ref. 12) and plotted against the reciprocal of the absolute temperature (Fig. 8). In both 
plots, a break in the line was observed at a temperature corresponding to about 22-25°C. 
In other experiments the breaks occurred at 18-22” and 19-24”. Similar kinetics were 

obtained for the Phaseo~trs enzyme but the breaks in the Arrhenius plots were not ade- 
quately defined because of the lower efficiency of enzyme reactivation. However, a slight 
change in the slope of the plots was observed between 16 and 25”. 

Attempts to separate active and inactive forms of Pro-tRNA Synthetase 

To test whether the cold-inactivation of Pro-rRNA synthetase was due to a dissociation 
of the active enzyme into inactive subunits, the behaviour of the molecule on Sephadex 

G200 and on sucrose or glycerol density gradients was observed under a variety of condi- 
tions. Chromatography of either the Drlonix and Phnseolus enzyme on Sephadex G200 



in the presence of dithiothrcitol resulted in indistinct clution profiles and large losses of 
enzyme activity. The enryme from both plants appeared to clutc at :I position correspond- 

ing to a MW of I.2 I% x 10’. When chromatograph> was performed at a scrics of con- 
stant temperatures between 1 and 30 . Pro-(RNA synthctasc appeared to elutc as a broad 
peak corresponding to a MW of 7-14 x IO’. However. no definite correlation was 
obtained between the running tcmpcraturc and the position of thr peak of en7!‘me activity. 

11°K~ IO’ 

01234567 8 9 to I/ 12 13 14 I5 16 17 

Fractton number 

Attempts wcse made to distinguish between the active and inactive forms of the cnqmc 
by incubating fractions obtained from a column of Sephadel G200 (run at 2 in the prcs- 
cnce of dithiothreitol) at 37 for IS min prior to assay. in order to COIIVCI-t inacti\;c enzyme 
into the active form. (If the active form of the enzyme was composed of tLvo or more idsnti- 
cal subunits \vhich dissociate into an inactive form the Iattcr ~vould lx retarded on 
Sephadex G200 relative to the former). However. this method was unahlc to resolve two 
forms of enryme. 

Similar cxpcrimcnts using bucrose or glycerol density grvdicnts were conducted at 
several temperatures in the presence or absence of dithiothrcitol. In gcncxll. II better reso- 
lution of Pro-tRNA synthetase activity was obtained bvith glycerol pradicnts than with suc- 
rose gradients. The results were variable, but when gradients \\.erc run in the presence of 
dithiothrcitol. two peaks of Pro-dcpcndcnt ATP “‘PPi cschangc activity ~f~rc occa- 
sionally observed following a preincubation treatment at 37 in the prescncc of a sulphyd- 
ryl-reducing rcagcnt. Although thcsc peaks \vere not \vclI detincd. there appeared to be 
a greater amount of a lighter specks of Pro-tR NA sqnthetase in gradients run at 0 8 com- 
pared with those run at higher tcmperaturcs (Pig. 9). Howcvcr. the tempaxturc control of 
the centrifuge was not stable at hi3hcr tcmperaturcs. thus precluding an> accurate 
measurement of MW. 
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DISCUSSION 

The lability of aminoacyl-tRNA synthetases under a variety of conditions is well docu- 
mented.‘0,13”4 However, reports that some synthetases are more unstable at low tempera- 
tures (&lo’) than at room temperature are rare. Lee and Muench12 have demonstrated 
that Pro-tRNA synthetase from E. coli is cold-labile, whilst an unconfirmed report of 
Attwood and Cocking has suggested that the purified Ala-tRNA synthetase from tomato 
roots is more stable to storage at 37” than at lower temperatures.‘5 However, with the 
exception of the Pro-enzyme all the synthetases from P. aureus appeared to be more stable 
at 4” than at 25” (Norris and Fowden, unpublished results). The increased specific activity 
of Pro-tRNA synthetase from higher plants obtained by carrying out enzyme purification 
at room temperature rather than in the cold, suggests (by analogy with the E. co/i enzyme) 
that the synthetase may dissociate into inactive subunits at low temperatures. 

Differences in the elution profile of the E. coli enzyme on hydroxyapatite columns have 
been observed when different concentrations of glycerol are present in the elution buffer. 
The instability and variability of the elution profiles of the plant enzymes on these and 
DEAE-cellulose columns may be due to dissociation of the enzyme into inactive subunits. 

The results of the reactivation experiments, when plotted in the form of Arrhenius or 
Van? Hoff plots, indicate that there is a change in the type of subunit structure of the 
enzyme as the temperature is increased from 6” to 42”. The breaks in these plots may indi- 
cate that at temperatures below about l&24”, the enzyme is predominantly in the form 
of subunits (monomers) which exhibit no catalytic activity whilst at temperatures above 
this, catalytic dimers may predominate. Enzyme reactivation may thus be due to the as- 
sociation of subunits to form the active enzyme. The calculations used in the above kinetics 
have assumed that the MW of the inactive form of the enzyme is half that of the active 
form. The possibility that the plant enzyme is able to dissociate into more than two 
subunits on cold inactivation cannot be ruled out. However, since the deactivation of 
freshly prepared enzyme obeys first order kinetics (which reflects a simple dissociation of 
the protein into two inactive subunits), it is assumed that if there are more than two 
subunits, some of these are more strongly bound together leading to an initial fast split 

into two portions of the molecule. The low temperature modification of the Pro-tRNA 
synthetase from higher plants differs from that of the bacterial enzyme in that (a) the reacti- 
vation of the latter is not dependent on the presence of a sulphydryl-reducing reagent (b) 
deactivation of the plant enzyme, especially with purer preparations, is generally more 
rapid. 

The possible identification of two molecular forms of the Pro-tRNA synthetase with dif- 
ferent MW (the inactive form exhibiting a lower MW) must be regarded with care because 
some variability occurred in the positions (volumes) at which characteristic marker pro- 
teins were eluted under identical conditions. However, on the basis of the position of the 
marker enzyme, alcohol dehydrogenase, it would seem that the MW of the enzyme from 
both Phaseolus and Delonix is slightly higher than that of the bacterial Pro-tRNA synthe- 
tase. The indefinite position of peaks during centrifugations (see Fig. 9) also indicated that 
the active form of the enzyme was dissociating as it moved down the density gradients. 
However, the relative levels of enzyme in the two peaks in gradients run at different tem- 
peratures appeared to substantiate the data concerning the kinetics of thermal reactiva- 

I3 LOFTFIELD, R. B. (1971) in Protein Sydwsis (MCCONKEY, E., ed.) Vol. I, p. 1, Marcel Dekker, New York. 
I4 REZNIKOVA, M. B. (1965) Biokhimiya 30, 727. 
” ATTWOOD. M. and COTKING. E. C. (1965) Biochrm. J. 96, 616. 
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tion. The variable results obtained by chromatography of the enzyme on Sephadcs G200 
also may reflect the dissociation of the enzyme as it moves down the coloumn. Such vari- 
able profiles for Pro-tRNA synthetase have been noted for the bacterial enzyme.’ ‘.I6 

It is well known that glycerol stabilizes aminoacyl-[RNA synthetases against loss of acti- 
vity on storage’ 7 and against heat denaturation.“’ This action is probably due to the abi- 

lity of this compound to protect hydrogen bonding (and hence tertiary structure) in protein 
molecules. The comparative storage properties of Pro-tRNA synthetase from various 
higher plants suggests that the enzyme from those plants which contain AX dissociates 
more readily into subunits than the cnrymc from plants w:hich do not contain the ana- 
logue. This is supported by the results of the urea denaturation experiments. The apparent 
difference in the ability of various types of polyols to protect either type of enzyme against 
cold inactivation (see Table 7) may merely reflect the dil’ferences in the ?iIW of these com- 
pounds. 

The ability of sulphydryl-reducing reagents to marginally protecr the Pro-tRNA synthe- 
tax against cold inactivation may reflect a rote of the sutphq-dry1 group in maintaining 
the tertiary structure of the enzyme. The enhanced storage ability of 2 obtained by includ- 

ing both glycerol and a sutphydryl-reducing reagent in the medium also suggests an impor- 
tant role of this group in preventing enzyme dissociation. The ability of ATP. Pro and 
several Pro-analogucs to protect the synthetase against inactivation at low temperatures 
indicates that these compounds may alter the conformation of the enc!‘me so preventing 
unfolding of the polypeptide chain about the active site. In this respect we have already 
shown that the binding of substrates causes the active site of the cnr>mc to become more 
rigid.” The ability of AX to protect the P/~rrs~~o/u.s enzqmc against cold-inactivation more 
efficiently than it did the Dr/or~i.~ enzyme may bc rclatod to the diffcrcnccs in the active 
sites of these proteins.’ ‘These observations of substrate protection ma! also indicate that 
the active site of the enzyme bridges the subunit. 

The ability of sulphydrqt-reducing reagents to marked]! decrease the rate of enzyme 
decay at 37 in the absence of glycerol suggests that this ctevated tempcrsturc is fulfilling 
a role equivalent to that of glyccrot in maintaining the cnrymc conformation required for 

catalyticactivity. The observation that the cnrkme could not be reactivated after complete 
decay at 0’ in the presence of glycerol and dithiothreitol also supports thic conclusion. 
Thus it appears that the en7ymc exists in the active form at relatively higher temperatures 
in the presence of sulpliycfrvt-l-educing reagents although at low tcmpcraturt’s (0 10 ‘) it 
becomes inactivated rapidly even in the prcs~ice ofsulptl\~dr~l-rcc1~lcing reagents. The abi- 
lity of the enzyme to undergo reversible changes between active and inactive forms merelq 
by alteration of temperatilrc is of considerable interest with regard to aminoacylation irl 
ciw. Whether or not the dissociation of Pro-tRNA s>nthetase into inactive subunits at 
low temperatures is able to control the level of protein synthesis irk r,iro b\, reducing the 
level of aminoacylated-Pro-tR NA in the cell remains an intriguing question. 



Cold-lability of prolyl-[RNA synthetase 1687 

Radioisotopic chemicals. Sodium (3’P)orthophosphate was obtained from the Radiochemical Centre. Amer- 
sham. (3*P)Pyrophosphate was prepared by the method of Beil’* to give a product of specific activity 0‘20.4 $i/ 
pmol. 

Determirzation ofprotein. Protein was determined by the Lowry method ry with bovine serum albumin as a 
standard. 

Ellzyme~actionntioll. Pro-tRNA 
Assam urocedure hv AT-“‘PPi 

synthetase was fractionated by methods previously described.2-4 
exchawe. Incubation mixtures generallv contained: Tris-HCl buffer pH 8 

(200&ol), MgCI, (400 pmol), ATP (4 p&l), 32PPi (4 ymol), Pro-( 100 /~mol) and enzyme preparation; total 
volume I ml. Reactions were allowed to proceed at 37” for 16 min then terminated by the addition of 5% (w/v) 
TCA. Labelled ATP was seoarated from uncharged j2PPi bv absorbing the nucleotide triphosphate on to char- 
coal.” A unit of enzyme activity is defined as the number of nmol PP> exchanged mg-“protein min- ’ at 37 
Occasionally, the assay was conducted at 4’ [see below) and the 4” unit of activity was then defined as the number 
of nmol PPi exchanged mg- ’ protein min- ‘. 

Errz~nte rmcticution. Inactive enzyme (prepared by storage of the active enzyme for 9 hr at 0’) was preincubated 
at various temperatures in the presence of mercaptoethanol or dithiothreitol (40 mM). Aliquots were taken at 
different time intervals in order to assay the amount of reactivated enzyme. The amount of reactivated enzyme 
was measured by 2 methods (i) assay at 4”: If ATP-PPi exchange is carried out at high temp, considerable 
amounts of active enzyme would be formed from inactive enzyme during the assay period. thus leading to spur- 
ious results. Therefore, the whole assay procedure was carried out at 4 where httle spontaneous reactivation 
would occur. This, however, leads to the difficulty that inactivation of the enzyme at this low temp might be 
encountered. This was previously shown not to occur in the presence of the substrates required for the ATP- 
j2PPi exchange reaction. In this experiment the assay time was extended to 1 hr and high sp. act. ‘“PPi was 
used. (ii) assay at 37‘: Aliquots of reactivated enzyme were diluted so that the assay mixture contained less than 
I mM sulpl7gdryi-reducing reagent to prevent further reactivation during assay. The assay was then conducted 
at 37” as described for the standard ATP--J”PPi exchange procedure. For both these types of assay it was essential 
to use enzyme preparations with low endogenous ATP--32PPi exchange activity in order to eliminate any stabiliz- 
ing effect due to the liberation of Pro by proteolytic activity. 

Density gradient cemrifirgation. The procedure followed that of Martin and Ames” and Britten and Roberts.” 
A linear gradient of 5520% sucrose or 10-3So/, glycerol was used, containing 0.05 M Tris-HCI buffer pH 8, with 
or without mercaptoethanol(40 mM). An enzyme suspension (0.2 ml) was placed on top of the gradient and cen- 
trifuged in a MSE superspeed SO at 130000 g for IO hr using a 3 x IO ml swing out rotor. Yeast alcohol dehydro- 
genase was used as a marker enzyme and assayed by the method of Racker.“3 

Sephades G2OO ~~~~~~~~~~~r~p~y. The method followed that outlined by Fischer.L4 The column (60 x 2 cm) was 
calibrated for MW determination with cytochrome c. ribonuclease. yeast alcohol dehydrogenase, bovine serum 
albumin, catalase and urease (all obtained from Sigma). 
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