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Summary 

The cyanobacterla produce mulh-L-argmyl-poly(aspartlc acid), a high mo- 
lecular weight (Mr = 25 000--125 000) branched polypephde conslstmg of a 
poly(aspartlc acid) core vnth L-arglnyl residues pephde bonded to each free 
carboxyl group of the poly(aspartlc acid) An enzyme whmh will elongate 
Arg-poly(Asp) has been isolated and purified 92-fold from the filamentous 
cyanobactermm Anabaena cyhndrzca The enzyme incorporates argmme and 
aspartm acid into Arg-poly(Asp) m a reaction which requires ATP, KC1, MgCl~, 
and a sulfhydryl reagent The enzymatic incorporation of arginme is dependent  
upon the presence of L-aspartic acid but not  visa versa, a finding which suggests 
the order of  amino acid addition to the branched polypeptlde-aspartlc acid is 
added to the core followed by the at tachment  of  an argmlne branch The 
elongation of Arg-poly(Asp) m-vitro is insensitive to the addltmn of protein 
synthesis mhibitors and to the addition of nucleases. These findings support the 
notion previously suggested from m-vlvo studies that  Arg-poly(Asp) is synthe- 
sized via a non-ribosomal route and also demonstrate that  amlno-acetylated 
transfer-RNAs play no part in at least one step of  the biosynthetic mechamsm 

Introduction 

The cyanobacterla produce a characteristic subcellular inclusion known as 
the cyanophycln or structured granule [1,2] This inclusion contains a high 
molecular weight branched polypeptlde (M~ = 25 000--125 000) whose struc- 
ture consists of  a poly(L-aspartlc acid) core with L-argmyl residues peptlde 
bonded to each free carboxyl group of the poly(aspartm acid) core [3,4] Since 

Abbreviations Arg-poly(Asp), multl-L-argmyl-poly(L-aspartlc acid), ATP, adenosme-5'-tnphos- 
phate, EDTA, ethylenedlammetetraacettc acid, POP, 2,5-dlphenyloxazole, dlmethyl-POPOP, 1,4-bls- 
2-(4-methyl-5-phenyloxazolyl)benzene, Trls, trls(hydroxymethyl)ammomethane 
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the molar ratm of  argmme to aspartm acid m the polypept lde is 1 1, each 
argmme branch is only one residue long Because of  the slmflar~ty m structure 
to synthetmally produced multmham poly(ammo acids) [5 ,6] ,  the branched 
polypept lde from the cyanobacterm has been called multl-L-argmyl-poly(L-as- 
partm acid) (Arg-poly(Asp)) [4].  

In wvo studms suggest that  the pathway of Arg-poly(Asp) biosynthesis 
differs from the normal route of protem synthesis [7] .  The addltmn of the 
protein synthesis inhibitor chloramphemcol to an exponentmlly growmg cul- 
ture of  the filamentous cyanobactermm Anabaena cyhndnca results m the 
mtracellular accumulatmn of Arg-poly(Asp) This observatmn mdmates that the 
synthesis of  Arg-poly(Asp) is non-ribosomal, although the involvement of  parts 
of  the normal protein synthetm machinery (e g transfer-RNA) m the bin- 
synthesis of  Arg-poly(Asp) cannot be excluded. 

This paper reports the ~dentffmatmn and lsolatmn of  a soluble enzyme 
which will elongate Arg-poly(Asp) Although the number of  enzymes revolved 
m the biosynthesis of  Arg-poly(Asp) is not  ye t  known, the enzyme reported 
here will be called multl-L-argmyl-poly(L-aspartlc acid) synthetase (EC 6 3 2 -) 

Materials and Methods 

Materaals and culture 
[3H] Argmme, [3H]aspar tm acid, Protosol, POP, and dlmethyl POPOP 

were purchased from New England Nuclear (Boston, Mass ). All blochemlcals 
mcludmg ATP, nucleases, chloramphenmol, and trypsin were purchased from 
Sigma Chemmal Company (St Louis, Mo ) All other chemmals were J T Baker 
(Phflhpsburg, N J ) reagent grade or equivalent. Arg-poly(Asp) was isolated 
from Anabaena cyhndrzca and purffmd using a dilute acid wash procedure [4] .  
Anabaena cyhndnca was grown as prewously described [7] 

Assay of Arg-poly(Asp) synthetase actwlty 
The activity of Arg-poly(Asp) synthetase was measured by following its 

ablhty to incorporate radioactive argmme into a trmhloroacetm acid insoluble 
product  Enzyme reactions were carried out  m 16 X 100 mm pyrex tubes and 
the standard reaction mixture contained the following in a total volume of  125 
pl 50 mM Tns, pH 8 2, 10 mM fl-mercaptoethanol, 20 mM KC1, 20 mM MgCl2, 
4 mM ATP, 34 /am chloramphemcol,  100 pm aspartm acid, 10 pm [3H] argl- 
nme-HC1 (400 mC1/mM), 0 87 mg/ml punfmd Arg-poly(Asp), 50 pl cell-free 
extract Assays were incubated m a shaking waterbath at 28°C. At timed inter- 
vals 50 pl-allquots are taken from each reaction mixture and placed on 2 3 cm 
diameter discs of  Whatman number 3 MM falter paper. After brmfly aUowmg 
the paper to soak up the added reaction mixture, the reaction was terminated 
by dropping the discs into 5% trmhloroacetlc acid containing 1 0 mM argmme 
HC1 The paper discs were washed two times with cold 5% trmhloroacetm acid 
followed by a brmf wash in 0.1 M potassmm phosphate buffer {pH 7 0) Since 
Arg-poly(Asp) is soluble m dilute acid [8] but  not  soluble m 5% tnchloroacetm 
acid [9] ,  a buffer wash prior to t~lc first dehydra tmn step was necessary to 
neutrahze the trmhloroacetlc acid remaining on the filter paper. If the buffer 
wash step was deleted, a slgmflcant fractmn of  the Arg-poly(Asp) was solubl- 
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hzed m the first dehydrat ion step The paper discs were dehydrated by washing 
them consecut:vely w:th 70% ethanol, 95% ethanol, absolute ethanol, etha- 
nol/ethyl  ether (1 : 1, v/v), and anhydrous ether. After the final ether wash, the 
discs were dried under a heat lamp, put In scintillation vmls, and 2 ml of  a 
toluene sclntfllatmn counting fluid consisting of  4 0 gm POP and 0.25 gm 
dlmethyl-POPOP in 1 hter of scintillation grade toluene was added The count- 
ing efflcmncy of  the paper disc method is approximately 10%, but the speed 
and number of assays which can be carried out  make this procedure the meth- 
od of  choice Enzyme actlwty is expressed as units where 1 unit  :s taken as that  
amount  of enzyme which will incorporate 1.0 nM of arglnlne into trmhloro- 
acetic acid-insoluble material m 1 h at 28°C usmg the standard reaction mix- 
ture described above. Specffm actlv:ty is given as umts of enzyme actlwty per 
mg of protein 

Isolation of mult~-L-arg~nyl-poly(L-aspartlc actd ) synthetase 
Arg-poly(Asp) synthetase was isolated from chloramphenmol treated cells 

When growing Anabaena cyhndrzca reached a cell density of  approxunately 0 1 
mg dry we:ght per ml, chloramphenlcol was added to the culture at a final 
concentration of 5 pg/ml Cells were harvested 48 h after the addition of the 
protein synthesis mh:bltor using a Szent-Gyorgyl and Blum continuous flow 
at tachment  on a Sorvall RC-2B centrifuge The fresh weight of the cell pellet 
was determined, and cells were resuspended (4 ml/g fresh weight) m a buffer 
containing 0.05 M Tns, 0.005 M/3-mercaptoethanol, 0 001 M MgC12, 0 001 M 
EDTA (pH 8 2) The cell suspension was cavltated using the flat-tip probe on a 
Bronson Sonlfier (W-185-C) for two 15-s periods of cavitation (setting 1), each 
period separated by 1 mm to allow coohng. The broken cell suspension was 
centrifuged for 60 mm at 37 000 × g in the SS-34 rotor of a Sorvall RC-2B 
centrifuge The supernatant was removed and centrifuged 4 h at 40 000 
rev /mln  in a Beckman 42.1 rotor (124 000 × g) usmg a Spmco Model L The 
supernatant from the 124 000 × g 4 h centrlfugatlon was then fractmnated by 
ammonmm sulfate precipitation A 100% saturated solution of ammonmm 
sulfate (pH 8 8) was added and the fractmn insoluble between 27% and 37% 
saturation was collected The 27%--37% fractmn was red:ssolved m a mercapto- 
ethanol buffer cons:sting of 0 02 M Tns, 0.005 M ~-mercaptoethanol, 0 001 M 
EDTA (pH 8 0) and dialyzed overmght against a large volume of the same 
buffer. The dmlyzed material was clarlf:ed by centrffugatlon and apphed to a 
DEAE-cellulose column (20 0 cm × 2 50 cm) whmh had been pre-equlhbrated 
w:th the mercaptoethanol buffer The column was washed w:th 100 ml of 
buffer and the enzyme eluted with a 1000 ml linear gradmnt of buffer and 
buffer containing 0.40 M KC1 Column fractmns of 13 ml each were collected 
and assayed for enzyme actlwty. The enzyme eluted just after the blue chromo- 
protein c-phycocyanln Fractions contammg enzyme were pooled and the pro- 
tern precipitated by the addltmn of solid ammonium sulfate to a final concen- 
tration of 50% saturation The hght blue precipitate was collected by centrlfu- 
gatlon, dissolved m a minimum volume of mercaptoethanol buffer and dialyzed 
against a large volume of this same solution overmght Following dialysis, ah- 
quots were frozen m solid CO 2 /ethanol and stored a t - - 7 0 ° C  The enzyme 
actlwty IS stable under these storage condltmns for at least 6 months 
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Analyszs of the reactzon product 
The lsoelectnc point  of  the reaction product  was determined by poly- 

acrylamlde gel lsoelectrlc focusing A 125 pl reaction mixture was incubated 
1 h at 28°C and then stopped by the addition of  5.0 ml cold 5% trlchloroacetm 
acid containing 1 mM argmlne HC1 The resulting precipitate was washed two 
times with cold 5% tnchloroacetm acid and once each with 95% ethanol, abso- 
lute ethanol and dmthyl ether Following the ether wash, the precipitate was air 
drmd and then dissolved m a solutmn containing 6 0 M urea and 10% sucrose 
The reaction product  was lsoelectncally focused on 10 0 cm rods of polymer- 
lzed acrylamlde (7 50% T, 2 6% C) containing 2.4% pH 3--10 amphohne (LKB 
Instruments Inc ,  Rockwlle, Md.) and 6 0 M urea [10] Following focusing, the 
gels were stained with 0.1% coomassm blue, and the pH profile of  parallel gels 
was measured [4] The positrons of  the stained materml in the gels were deter- 
mined by scanning the gels at 550 nm using the hnear transporter attached to a 
Gflford spect rophotometer  The d ls tnbutmn of radmactlwty in the stained gels 
was determined by cutting the gel into 1 mm slices and counting each slice in 
5.0 ml of  toluene based sclntfllatmn fluid (see above) to which 0 2 ml of  
Protosol/water  (9 1, v/v) was added 

The size dlstr lbutmn of the reactmn product  was measured by electro- 
phoresls in polyacrylamlde gels containing sodium dodecyl  sulfate The tn- 
chloroacetm acid insoluble product  was prepared as described above and dis- 
solved in a solutmn containing 0 04 M Tns (pH 7 0), 1 65% sodmm dodecyl  
sulfate, and 8 3% glycerol Following electrophoresls m rods of  polymenzed 
acrylamlde containing sodmm dodecyl  sulfate [11] ,  the gels were stained over- 
mght with 0.5% fast green In methanol/acetic acid/water (50 20 30, v/v/v) 
[12] and then destamed m methanol/acetm acid/water (10 7 5 82 5, v/v/v) 

T A B L E  I 

P U R I F I C A T I O N  O F  M U L T I - L - A R G I N Y L - P O L Y ( L - A S P A R T I C  A C I D )  S Y N T H E T A S E  

Deta i l s  o f  t he  p u n f m a t l o n  p r o c e d u r e  are  g iven  in Mater ia l s  and  M e t h o d s  One  u m t  of  e n z y m e  a c t l w t y  is 

d e f i n e d  as t he  a m o u n t  o f  e n z y m e  w h m h  wall i n c o r p o r a t e  1 n m o l  of  a r g l m n e  m 1 h at  28°C us ing  the  

s t a n d a r d  r e a c t i o n  m i x t u r e  desc r ibed  m Mater ia l s  and  M e t h o d s  

Pu r i f i ca t i on  s tep V o l u m e  Tota l  p r o t e i n  Tota l  ac t iv i ty  Speci f ic  ac t iv i ty  Ymld  Purlf i-  

(ml)  ( m g )  (un i t s )  ( u n l t s / m g  pro- (%) ca t ion  
tern) (-fold) 

1 S u p e r n a t a n t  
f luid 

37 0 0 0  X g 
(60  m m )  109 1 3 6 2  1927 1 41 100  1 0 

2 S u p e r n ~ t a n t  
f luid 
124  000  × g 
(240  m m )  86 886 1 2 6 0  1 42 65 4 1 0 

3 A m m o m u m  
sul fa te  pre-  
c lp l t a t lon  
(27-34% satu-  
r a t i o n )  19 50 6 800  15 8 41 5 11 2 

4 DEAE-ce l lu lose  10 5 6 0 779 130  40 4 92 1 
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The location of stained material and the measurement of the radmactlwty m 
the gels was camed out as described for the lsoelectnc focusing gels except that  
the gels were scanned for absorbance at 630 nm. For comparison, proteins with 
known molecular weights were electrophoresed on parallel polyacrylamlde gels 

The solubility propertms of the reactmn product  were determined by 
mcubatmg a 125 pl reactmn mmture for 1 h at 28°C, at whmh time 1 0 ml 
distilled water was added and the mixture placed on me to stop the reactmn 
Following centnfugatmn at 10 000 × g for 5 mm, the supernatant was removed 
and mixed vnth 1 0 ml of 20% trmhloroacetm acid, while 1 0 ml of 10% 
trmhloroacetm acid was added to the pellet The precipitates were washed once 
m 10% trmhloroacetm acid and twice with 95% ethanol After drymg at 40°C, 
the precipitates were taken up m 0 1 ml Protosol/water (90 10, v/v) and 
counted m toluene based scmtfllatmn fluid The solubility m dilute acid of the 
material sedlmentmg at 10 000 × g for 5 mm was determmed by centrifuging a 
second diluted reactmn mixture as above, but the pellet was resuspended m 1 0 
ml of 0 1 M HC1. After gentle agltatmn for 15 mm, the acid extract was 
centrifuged at 10 000 × g for 5 mm and the radmactlwty of the tnchloroacetm 
acid insoluble material m both the pellet and acid supernatant was measured 

The effect of  the trypm digestion upon the reactmn product  was deter- 
mined by addmg trypsin (EC 3.4.4 4) to one of  two parallel reactmn mixtures 
at a final concentratmn of 250 pg/ml Ahquots were taken prior to and 10, 20, 
and 40 mm following trypsm addltmn, and the [3H] argmme mcorporated mto 
tnchloroacetm acid-insoluble materml was measured 

Mzscellaneous assays 
Algal dry weight was determined as prewously described [8] Measure- 

ment of a-amino groups was by the method of Rosen [13], and protein was 
determmed by the method of Lowry et al [14] 

Results 

Pur~ftcatmn of  Arg-poly(Asp ) synthetase 
The enzyme purification is described m Materials and Methods and a 

summary of a typmal purification procedure is presented m Table I The en- 
zyme activity was punfmd 92-fold with a recovery of 40.4% of the activity 
initially m the 37 000 × g (60 mm) supernatant While the second isolation step 
(124 000 × g, 240 mm) gives no net purification, it is routinely carned out 
since removal of membrane fragments and ribosomes faclhtates the further 
steps of the pumfmatlon. Enzyme activity m Table I is measured as the ablhty 
to incorporate [3H]argmme mto tnchloroacetm acid-insoluble material, al- 
though the preparatmns will also mcorporate [ 3H] aspartm acid mto tnchloro- 
acetm acid insoluble material The ratm of argmme mcorporatmn to aspartm 
acid mcorporatmn is constant throughout  the various steps of the punfmatmn 
procedure, an observatmn whmh suggests that  one enzyme may be responsible 
for both actlwtms 

Properties o f  the enzyme reactton 
The enzyme isolated from Anabaena cyhndrtca mcorporates [ 3H] argmme 



412 

TABLE II 

RATE OF INCORPORATION OF ARGININE INTO TRICHLOROACETIC ACID-INSOLUBLE MATE- 

RIAL BY MULTI-L-ARGINYL-POLY(L-ASPARTIC ACID) SYNTHETASE AS A FUNCTION OF THE 

COMPOSITION OF THE REACTION MIXTURE 

The composltlon of the complete reactmn mlxture Is glven m Materials and Methods In the bolled con- 

trol, the cell free extract was boiled for 10 s prmr to its addltmn to the reactlon mixture Speclfm actlvlty 

is given as the nmol arglmne incorporated for 1 h per mg protein 

Reac t ion  m i x t u r e  Speclfm a c t lw ty  Percent c o m p l e t e  reac t ion  m~xture 

C o m p l e t e  125 100  
Boiled 0 0 0 
~-Mercaptoethanol 51 40 
- -Arg - po l y (A sp )  5 4 
- ~ h l o r a m p h e m c o l  122 98 
--KC1 17 5 14 
--MgC12 1 2 1 
- - A T P  1 0 1 

into trlchloroacetlc acid-insoluble material (Table II) Under the standard assay 
conditions the rate of amino acid mcorporatlon is linear for at least 40 mln and 
is directly proportional to the amount  of enzyme added to the reaction mix- 
ture Table II lists the effects of deleting components from the standard reac- 
tion mixture Little activity is measured if the enzyme preparation is boiled or 
if Arg-poly(Asp), KC1, MgC12, or ATP are left out of  the assay mixture The 
removal of chloramphenlcol from the reaction mixture does not affect the rate 
of  incorporation while the removal of fi-mercaptoethanol mhlblts incorporation 
by 60% No activity is recovered if a sulfhydryl reagent such as fi-mercapto- 
ethanol or dlthlothreltol is absent from the enzyme isolation buffer. The pH 
opt imum of the reaction is 8 2 and the opt imum temperature for incorporation 
is 28°C (Fig 1) 

Further characterlzatmn of the reqmrement for Arg-poly(Asp) is shown m 
Fig 2 The rate of amino acid incorporation is proportional to the Arg-poly- 
(Asp) concentratmn from 0 to 0 87 mg/ml, and at higher concentratmns the 
enzyme is inhibited The requirement for Arg-poly(Asp) cannot be met by 
other peptldes or proteins even though they may have an N- or C-termmal 
aspartlc acid or argmlne The matermls tested include the dlpeptldes, L-argmlne- 
L-aspartlc acid, L-aspartyglycme, and glycyl-L-aspartm acid, the synthetic poly- 
pept~des, poly-L-arglnlne and poly-L-aspartlc acid, and the proteins, bowne 
serum albumin, protamlne, soybean trypsm inhibitor, bovine hemoglobin, pan- 
creatm nbonuclease, and lysozyme Also, the addltmn at a final concentration 
of 1 mg/ml of each of  the above peptldes or proteins to a reaction mixture con- 
taming Arg-poly(Asp) had no effect on the rate of argmme Incorporation 

The reactmn is ATP-dependent and there is no incorporation if the follow- 
mg compounds are used to replace ATP /3,~/-methylene adenosme-5'-trlphos- 
phate, adenosme-5'-dlphosphate, adenoslne-5'-monophosphate, cychc adeno- 
sine-3' 5'-monophosphate, cychc adenosme-2' 3 '-monophosphate, cytldme- 
5'-tnphosphate, guanoslne-5'-tnphosphate, lnoslne-5'-trlphosphate, phospho- 
enolpyruvate, carbamyl phosphate, D-glucose 6-phosphate, 6-phosphogluco- 
nate, or D-rlbulose- 1,5-dlphosphate 
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F ig 1 ( A  and B)  The ac t t v l t y  o f  m u l t l - L - a r g m y ] - p o l y ( L - a s p a ~ m  acid)  synthetase as a f u n c t m n  o f  the  assay 
t empe ra tu re  and the p H  o f  the reac t ton  r m x t u r e  The  c o m p o s i t i o n  o f  the  enzyme assay m i x t u r e  is the  
same as g~ven m Mater ia ls  and Methods  Spec~ftc aet tv ] ty  Is g~ven as the  rm~oles argm~ne i nco rpo ra ted  f o r  a 
I h m e u b a t m n  per  mg p r o t e i n  Graph  A shows the  spec i f ic  ac t i v i t y  as a f u n e t m n  o f  the  assay t empe ra tu re  
i n  Graph  B, the pI-[ o f  the  Trts b u f f e r  m the reac t i on  m i x t u r e  was adjusted to  the  p H  values mdmated ,  and 
the specf fm ac t i v i t y  o f  the  enzyme  measured at 2 S ° C  

Fi g  2 T h e  e f f e c t  o f  v a r y i n g  t h e  c o n c e n t r a t i o n  o f  m u l t l - L - a r g l n y l - p o l y ( L - a s p a r t m  ac id )  in  t h e  r e a c t i o n  

m i x t u r e  o n  t h e  a c t i v i t y  o f  m u l t l - L - a r g m y l - p o l y ( L - a s p a r t m  a c i d )  s y n t h e t a s e  T h e  assay  c o n d l t m n s  are 

s i m i l a r  t o  t h a t  gaven m M a t e r i a l s  a n d  M e t h o d s  e x c e p t  t h a t  m u l t l - L - a r g m y l - p o l y ( L - a s p a r t m  ac id )  has  b e e n  

a d d e d  a t  v a r i o u s  f i n a l  c o n c e n t r a t i o n s  S p e c i f i c  a c t i v i t y  IS g i v e n  as t h e  n m o l  a r g l n m e  I n c o r p o r a t e d  f o r  a 

1 h i n c u b a t i o n  pe r  rng p r o t e i n  

The incorporation of  [3H]arglnme is dependent upon the presence of  
L-aspartm acid. If aspartm acid is either deleted from the reaction mixture or 
replaced by D-aspartm acid, arglnlne incorporation is mhlb]ted 98% (Table III). 
However, L-aspartlc acid incorporation is only moderately reduced (44% inhibi- 
tion) by the absence of  L-argmme or the replacement of  D-argmme for L-argl- 
nine 

The incorporation of  [ 3HI argmme by multl-L-arglnyl-poly(aspartm acid) 
synthetase ]s msensltwe to the addition of  a variety of  antlblotms including 
chloramphenmol (100 pg/ml),  erythromycln (25 pg/ml),  streptomycin sulfate 
(50  pg/ml),  tetracycline (25 pg/ml),  nfampln (25 pg/ml), 7-methyltryptophan 
(10 -4 M); and 7-azatryptophan (10 -4 M). The addition of  deoxynbonuclease  
(EC 3 1 4.5) or pancreatic rlbonuclease (EC 2 7 7 16) to the reaction mixture 
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T A B L E  I I I  

T H E  D E P E N D E N C E  O F  T H E  A M I N O  A C I D  I N C O R P O R A T I N G  A C T I V I T Y  O F  M U L T I - L - A R G I N Y L -  
P O L Y ( L - A S P A R T I C  A C I D )  S Y N T H E T A S E  O N  T H E  P R E S E N C E  O F  A M I N O  A C I D S  

T h e  r e a c t i o n  a s s a y  m L x t u r e  [s s*m*lar t o  t h a t  g i v e n  i n  M a t e r i a l s  a n d  M e t h o d s  R a d i o a c t * v e  a m i n o  a c i d s  
( 4 0 0  C [ / m o l )  w e r e  u s e d  a t  a f i na l  c o n c e n t r a t i o n  o f  10  g M ,  a n d  u n l a b e l e d  a m i n o  a c [ d s  w e r e  a d d e d  a t  a 
f i n a l  c o n c e n t r a t i o n  o f  1 0 0  p M  S p e c i f i c  ac tav*ty  *s g i v e n  as  n m o l  a m i n o  ac*d i n c o r p o r a t e d  f o r  1 h p e r  

m i l h g r a m  p r o t e i n  

R a d l o a c t * v e  a m i n o  a c i d  U n l a b e l e d  a m i n o  ac*d S p e c [ h c  a e t , v , t y  

L - [ 3 H ]  A r g * m n e  ( - - )  n o n e  2 6 

L - [ 3 H ]  A r g m m e  ( - - )  L - A s p a x h c  a c i d  9 5  0 

L - [ 3 H ]  A r g m m e  ( - - )  D - A s p a r h c  a c i d  2 2 

L - [ 3 H ]  A s p a r t [ c  a c i d  ( - - )  n o n e  7 9 

L - [ 3 H ]  A s p a r t [ c  a c i d  ( - - )  L - A r g m m e  1 4  0 

L- [  3 H ]  A s p a r t * c  a c [ d  ( - - )  D - A r g m m c  8 0 

at a final concentra t ion  o f  100  pg/ml  had no effect  on  the rate o f  incorpora- 
t ion,  even though  these  e n z y m e s  were able to  digest radioactive D N A  and R N A  
added to  a contro l  react ion mixture.  However ,  the addi t ion  of  the  argmme 
analogue canavanme ( 1 0 - 4 M )  inhibited the  mcorporatmn of  [3H]argmme 
72%, an inhib i t ion  which could  be overcome  by increasing the  concentra t ion  o f  
L-argmme m the  reactmn mixture  

Characterization of  the reaction product 
Arg-poly(Asp)  dissolved in 6 0 M urea and e lec trofocused  on  a polyacryl -  
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F*g 3 P o l y a c r y l a m [ d e  ge l  [ s o e l e e t n c  f o c u s , n g  o f  t h e  t r l c h l o r o a c e t * c  a c i d - i n s o l u b l e  e n z y m e  p r o d u c t  p r o -  
d u c e d  b y  m u l t * - L - a r g m y l - p o l y ( L - a s p a r t l c  a c i d )  s y n t h e t a s e  T h e  7 5% ge l s  c o n t a l m n g  6 0 M u r e a  a n d  2 4% 
p H  3 1 0  a m p h o h n e  w e r e  r u n  as  d e s c r i b e d  m M a t e r m l s  a n d  M e t h o d s  T h e  a b s o r b a n c e  a t  5 5 0  n m  o f  t h e  
c o o m a s s l e  b l u e  s t a i n e d  ge ls  is g [ v e n  as  a f u n c t i o n  o f  t h e  d i s t a n c e  f r o m  t h e  t o p  o f  t h e  gel  ( ) T h e  
p r o f i l e  o f  r a d [ o a c t [ v , t y  ,n  t h e  ge l  ( . . . . . .  ) w a s  d e t e r m i n e d  b y  c u t t i n g  t h e  ge l  I n t o  1 m m  shce~ a n d  

c o u n t i n g  e a c h  s h c e  
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T A B L E  I V  

T H E  S O L U B I L I T Y  P R O P E R T I E S  O F  T H E  T R I C H L O R O A C E T I C  A C I D - I N S O L U B L E  P R O D U C T  

F O R M E D  B Y  M U L T I - L - A R G I N Y L - P O L Y ( L - A S P A R T I C  A C I D )  S Y N T H E T A S E  

A r e a c t i o n  m i x t u r e  as  p r e p a r e d  a n d  f r a c t m n a t e d  as  d e s c r i b e d  m M a t e r i a l s  a n d  M e t h o d s  T o t a l  n m o l  o f  

a r g m m e  i n c o r p o r a t e d  a r e  f o r  a 1 h p e r i o d  a t  2 8 ° C  

F r a c h o n  n m o l  a r g m m e  i n c o r p o r a t e d  % o f  c o m p l e t e  % in  p e l l e t  

C o m p l e t e  r e a c t i o n  m i x t u r e  2 9 3  1 0 0  - -  

1 1 0 0 0 0  X g 1 5 m l n  

s u p e r n a t a n t  0 0 5  2 - -  

2 1 0 0 0 0  X g l 5 m m  

p e l l e t  2 6 6  91  1 0 0  

a 0 1 M HC1 s o l u b l e  2 3 0  78  9 0  

b 0 1 M HC1 i n s o l u b l e  0 27  9 10  

amlde gel contammg a pH gradmnt from 3 0 to 10.0 produces two bands a 
major band containing greater than 97% of the coomassle staining material at 
pH 4.75 and a minor band at pH 6.10 [4]. Arg-poly(Asp) synthetase incorpo- 
rates radmachve argmme into a product  with lsoelectric points similar to that  
for Arg-poly(Asp) (Fig. 3). In the figure shown 91.2% of the total radloachwty 
is incorporated into the major band and 8 8% into the minor band. 

Table IV lists the solubdlty properties of the reaction product.  Over 90% 
of the amino acids incorporated in a 1 h period are in a particulate fraction 
which sediments during centnfugahon at 10 000 × g for 5 mln The Arg-poly- 
(Asp) whmh was added to the reaction mixture is partmulate under the condl- 
hons  of the assay and is also sedlmented by this treatment.  90 percent of  the 
counts which sediment at 10 000 × g are soluble in 0 1 M HC1, a concentration 
of dilute acid which is known to solublllze Arg-poly(Asp) [8] 

The reactmn product  is resistant to tryplc digestion. The addition of 
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F i g  4 T h e  e f f e c t  o f  t r y p s i n  o n  t h e  i n c o r p o r a t i o n  o f  a r g l n m e  i n t o  t r m h l o r o a c e t m  a c i d  i n s o l u b l e  m a t e r m l  
b y  m u l t l - L - a r g m y l - p o l y ( L - a s p a r h c  a c i d )  s y n t h e t a s e  T h e  c o m p o s l h o n  o f  t h e  r e a c t i o n  m i x t u r e  is  g i v e n  m 
M a t e r i a l s  a n d  M e t h o d s  A t  t h e  t t m e  m d m a t e d  b y  t h e  a r r o w ,  t r y p s i n  a t  a f i n a l  c o n c e n t r a t i o n  o f  2 5 0  ~ g / m l  
w a s  a d d e d  to  o n e  o f  t w o  d u p h c a t e  r e a c t i o n  m i x t u r e s  A h q u o t s  w e r e  t a k e n  a t  t h e  t i m e s  i n d i c a t e d ,  a n d  t h e  

n m o l  a r g m m e  i n c o r p o r a t e d  i n t o  t r l c h l o r o a e e t l c  a c i d  i n s o l u b l e  m a t e r i a l  w a s  m e a s u r e d  
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Fig 5 S o d i u m  d o d e c y l  su l fa te -po lyacry la rn lde  gel e lec t rophores l s  of  the  t r l c h l o r o a c e h c  acid insoluble 
r e a c h o n  p r o d u c t  p r o d u c e d  by  mu l t l -L -a rgmyl -po ly (L-aspa r t l c  acid)  s y n t h e t a s e  Th e  p r e p a r a t i o n  of  reac-  
t m n  p r o d u c t  and the  a e r y l a m l d e  gel e lec t rophores l s  p r o c e d u r e s  are r u n  as desc r ibed  m Materials  and 
Methods  T he  a b s o r b a n c e  at  630  n m  of  a fast g reen  s tmned  gel m given as a f u n c t m n  of  the  d i s tance  f r o m  
the  top  of  the  gel ( ) The  prof i le  of  r ad ioac t iv i ty  m the  gel ( . . . . . .  ) was  d e t e r m i n e d  b y  cu t t ing  the  
gel in to  1 m m  shces and c o u n t i n g  each slice The  n u m b e r e d  a r rows  m d m a t e  the  posi t rons  of  m a r k e r  
p ro te ins  of  k n o w n  m o l e c u l a r  we igh t  w h i c h  were  run  on  paral lel  gels M r values 5, 13-1actoglobuhn 18 400 ,  
4 , g l y c e r a l d e h y d e - 3 - p h o s p h a t e  d e h y d r o g e n a s e  37 0 0 0 ,  3, o v a l b u m i n  43 500,  2, b o w n e  s e ru m a l b u m i n  
68 000 ,  1, g a m m a  g l o b u h n  150  000  

trypsin to the reaction mixture at a final concentration of 250 pg/ml inhibits 
further incorporation of  argmine into trichloroacetm acid Insoluble material, 
but does not  solublllze the counts already incorporated (Fig. 4) Measurements 
of the free a-amino groups m the reaction mixture before and after trypsin 
addition showed that  trypsin was active under the conditions of the assay 

The size distribution of the enzyme product was determined by electro- 
phoresls m the presence of the detergent sodmm dodecyl sulfate (Fig 5) Arg- 
poly(Asp) dissolved m sodium dodecyl sulfate m]grates as a broad band with a 
molecular weight range estimated by comparison to known markers of Mr = 
25 000 to 125 000, in agreement with previous findings [3] The distribution 
of fast green staining materml within this size range is not random and three 
weight classes can be distinguished with molecular weights centering at 39 000, 
67 000 and 100 000 The significance of this distribution of material is not 
known, although the enzyme incorporates radloactlwty into all molecular 
weight classes 

D i s c u s s i o n  

An enzyme which can incorporate radioactive argmme or aspartm acid 
into multl-L-argmyl-poly(aspartic acid) has been isolated and purified 92-fold 
from the filamentous cyanobactermm Anabaena cyhndr~ca Evidence that the 
enzymatic product  is Arg-poly(Asp) includes the following 

(1) The ]soelectrm points of the enzyme product  as determined by polyacryl- 
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amlde gel lsoelectnc focusing Is the same as that  for Arg-poly(Asp) (Fig. 3) 
(n} The enzyme product  is partmulate at neutral pH and low lomc strength 

but soluble in dilute acid (Table IV), properties similar to that reported for 
Arg-poly(Asp) [3,9]. 

(lil) The addition of trypsin to a reaction mixture inhibits further incorpo- 
ration but does not result m the solublhzatlon of  the radioactive amino acids 
already incorporated (Fig. 4), mdmatmg that  the enzyme product  is resistant to 
trypm hydrolysis. Arg-poly(Asp) is known to be insensitive to trypsin even 
though argmme constitutes one half of the residues m the molecule [4] 

(iv) The size dlstmbutlon of the product  as measured by sodmm dodecyl 
sulfate-acrylamlde gel electrophoresls ~s the same as isolated Argopoly(Asp) 

The mcorporatmn reactmn represents the elongatmn of  pre-existing chains 
of  Arg-poly(Asp) and not the de-novo synthesis of the polypeptlde because 
mcorporatmn will not  occur ff Arg-poly(Asp) is deleted from the reactmn 
mLxture (Table II, Fig. 2) and because the total amount  of argmme or aspartate 
which is incorporated is not enough to account for the high molecular weight 
material produced Estimates of the amount  of amino acids incorporated sug- 
gest that  each chain of  primer Arg-poly(Asp) is extended by the addition of  
several new residues. Whether addltmnal enzymes or factors are revolved m 
bmsynthesls, or whether different reactmn condltmns are needed for de-novo 
synthesis is not known 

The enzymatm reaction is dependent  upon the presence of MgC12, KC1, 
ATP, and a sulfhydryl reagent No high energy phosphate compound yet  trmd 
can replace ATP (see above) and the reaction cannot be driven by the analogue 
of  ATP, fi,7-methylene adenosme-5'-trlphosphate The reqmrement for a sulf- 
hydryl  reagent mdmates that  the enzyme may contain an active sulfhydryl 
group as is the case for the enzymes whmh synthesize the cychc peptlde ant~- 
bmtms tyrocldme and grammldme [15] 

While the enzymatm mcorporatmn of [ 3H] argmme mto Arg-poly(Asp)is 
dependent  upon the presence of L-aspartm acid (Table III), the reverse is not 
the case. [ 3HI Aspartlc acid mcorporatmn into Arg-poly(Asp)is only inhibited 
44% ff L-argmme ~s removed from the reactmn mixture or ff D-argmme replaces 
L-argmme Since Arg-poly(Asp) contains argmyl residues peptlde bonded to the 
carboxyl-groups of  a polyaspartm acid backbone, these observatmns suggest 
that  the mechamsm of chain elongatmn consists of the addltmn of an aspartm 
acid residue to the backbone and then the addition of an argmyl residue to the 
newly added aspartate Thus aspartm acid could be incorporated m the absence 
or argmme but no visa-versa Smce the enzyme will not add argmme to poly- 
(aspartm acid) or to any other pept~de or protem containing aspart~c acid, the 
sequence of addltmn must be quite specffm. 

None of the mhlbltors of protein synthesis used effects the mcorporatmn 
reactmn except for the argmme analogue canawnme, and this m a manner 
compet~tlve w~th argmme In wtro, the enzyme ~s not assocmted w~th ribo- 
somes, although ~ts mtracellular locatmn ~s unknown Because the enzymatm 
mcorporatmn of  amino acids is insensitive to the presence of  nucleases m the 
reactmn m~xture, transfer RNAs are not revolved m the reactmn mechamsm 

Protein mod~fmatmn enzymes are known whmh will transfer argmme to a 
polypept~de chain containing an aspartm acid N-terminal [16] However, Arg- 
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poly(Asp) synthetase will only transfer argmine to Arg-poly(Asp), and the 
modffmatmn mechamsm is known to proceed vm a charged transfer RNA, an 
mtermedmte excluded m the enzyme mechamsm 

The non-nbosomal synthesis of peptlde bonds is usually assocmted with 
the productmn of small peptldes as m the formatmn of glutathmne [17], 
peptlde antlbmtms [15], and the peptlde bridges m the peptldoglycan of bacte- 
rml cell walls [18,19] Thus the production of high molecular weight 
(25 000--125 000) branched polypeptldes by a soluble enzyme presents a 
umque opportumty to study the enzymology of peptlde bond synthesis 

Acknowledgements 

I would hke to thank Mr Christopher Gorchels and Miss Nancy Cooper 
for their excellent techmcal assistance, Dr Stanley Hattman for supplymg sam- 
ples of  radioactive nuclem acids, and Ms Lmda Welssegger for help m prepara- 
tmn of the manuscript. This work was supported by grant BMS72-02312 A01 
from the Natmnal Scmnce Foundatmn 

References 

1 Lang,  N J ( 1 9 6 8 )  A n n u  Rev  Mleroblol  22,  15 - -46  
2 Lang,  N J  , S t m o n ,  R D and Wolk, C P (1972)  A r c h  Mflcroblol 8 3 , 3 1 3 - - 3 2 0  
3 S imon,  R D ( 1 9 7 1 )  Proc Natl  Acad  S c l ,  U S 68,  2 6 5 - - 2 6 7  
4 S imon ,  R D (1975)  Bloch lm Blophys  Acta ,  m the  press 
5 Yaron ,  A and Berger,  A ( 1 9 6 5 )  Bloch lm Blophys  Ac ta  107,  3 0 7 - - 3 3 2  
6 Sela, M ( 1 9 6 6 )  Advances  I m m u n o l  5, 29 - -129  
7 S imon,  R D ( 1 9 7 3 )  Arch  Mlkroblol  92, 1 1 5 - - 1 2 2  
8 S imon,  R D ( 1 9 7 3 )  J Bacter lol  114,  1 2 1 3 - - 1 2 1 6  
9 S imon,  R D ( 1 9 7 4 )  Iso la t ion ,  Cha rac t e r i za t i on  and Phys io logy  o f  the  C y a n o p h y c m  Granules  f r o m  the  

Blue-Green  Alga Anabaena cyhndrtca L e m m  , Pb D Thesis,  Mlehtgan Sta te  Umver s l t y ,  East  Lansing,  
Mlch U S A 

10 Mauer ,  H R (1971)  Disc E lec t rophores l s  and Re la ted  T e c h m q u e s  of  Po lyac ry l amtde  Gel  Electro-  
phoresls ,  p 134,  Wal ter  d e G r u y t e r  and Co , N Y 

11 L a e m m h ,  U K and Favre ,  M ( 1 9 7 3 ) J  Mol Blol 80,  575 - -599  
12 G o r o v s k y ,  M A ,  Carlson, K and R o s e n b a u m ,  J L ( 1 9 7 0 )  Ana l  B lochem 35, 3 5 9 - - 3 7 0  
13 Rosen,  H ( 1 9 5 7 )  Arch  B loc he m Blophys  67,  10 - -15  
14 L o w r y ,  O H , R oseb rough ,  R J , Fan' ,  A L and Randal l ,  R J ( 1 9 5 1 )  J BIol Chem 1 9 3 , 2 6 5 - - 2 7 5  
15 L l p m a n n ,  F , Gevers ,  W ,  K l e m k a u f ,  H and Roskoskl ,  R ( 1 9 7 1 )  Advances  E n z y m o l  35, 1 - -34  
16 Soffer ,  R L ( 1 9 7 3 ) M o l  Cell B lochem 2, 3 - -14  
17 Mooz,  E D and Memter ,  A ( 1 9 7 1 )  m Methods  m E n z y m o l o g v  (Tabor ,  H and Tabor ,  C W , eds ), Vol  

17B,  pp 4 8 3 - - 4 9 5 ,  A c a d e m i c  Press, N Y 
18 S tewar t ,  T S ,  Rober t s ,  J and S t r o m m g e r ,  J L ( 1 9 7 1 )  Na tu re  230,  36- -38  
19 K a m l r y o ,  T and Matsuhaskl ,  M ( 1 9 7 2 )  J Blol Chem 247,  6 3 0 6 - - 6 3 1 1  


