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Summary 

A new purification procedure for the multienzyme of gramicidin S-synthe- 
tase has been developed. In vitro proteolysis with partial inactivation is sup- 
pressed by protease inhibitors EDTA, phenylmethylsulfonylfluoride, and fast 
preparation methods during initial separation steps. 

Activity has only been assayed by the total reaction of gramicidin S-synthe- 
tase, not by partial reactions of amino acid activation. The assay has been im- 
proved by evaluation of inhibitory concentrations of buffers, salts, and the 
product gramicidin S. It has been demonstrated that the rate of peptide syn- 
thesis in extracts containing both enzymes of gramicidin S-synthetase depends 
on protein concentration in a second order function. 

The multienzyme or heavy enzyme has been purified about 1400-fold to a 
specific activity of 24 nM/min per mg of protein, and the relation of this ac- 
tivity to the calculated in vivo activity is discussed. 

Introduction 

Gramicidin S, the decapeptide (D-Phe-Pro-Val-Orn-Leu)~, is synthesized by 
two enzymes [1--3] of Bacillus brevis ATCC 9999 at the beginning of sporula- 
tion. These enzymes are called gramicidin S-synthetase and consists of a 
multienzyme, or heavy enzyme, of molecular weight of 280 000, and the 
phenylalanine-racemase, with a molecular weight of 100 000. The latter enzyme 
(EC 5.1.1.11 ~ ~itiates peptide biosynthesis by transfer of thioester-activated 

Abbrev ia t ions :  TES, triso(hydro~ymethyl)-rnethyb2-amino-ethane-sulfonic acid; Tricin, N-tris- 
(hydroxy-methyl)-methylglycine; HEPES, N-2'-hydroxy-ethyl-piperazine-2-ethane-sulfonie acid.  
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D-phenylalanine to a specific site of the multienzyme [4]. While the racemase 
has been purified extensively [5--7], only incomplete data have been availabie 
on the multienzyme. Some authors claim to have purified the enzyme to or 
almost to homogeneity [8--10], but exclude any data on specific activity and 
details of polyacrylamide gel electrophoretic characterization in different buL 
fer systems and at different gel concentrations. Also it has to be pointed out 
that  none of these investigators has presented evidence for a fully active en- 
zyme, not  partially degraded by proteolysis. This requires sodium dodecyl sul- 
fate polyacrylamide gel electrophoresis combined with a second separation 
method in order to detect  impurities or peptide fragments, together with sub- 
unit composition and stoichiometry. 

We have improved in vitro activity determination by investigation of buffer-, 
salt-, and protein-concentration dependence of peptide synthesis. We report 
here a different procedure for the purification of the multienzyme, avoiding in 
vitro proteolytic degradation by use of  protease inhibitors and exclusion of 
time consuming steps such as ultracentrifugation and Sephadex G-200 chro- 
matography. The enzyme has been purified about 1400-fold to a specific ac- 
tivity of  24 nM/min per mg of protein. It is approximately 95% pure according 
to techniques of polyacrylamide gel electrophoresis; details of these investiga- 
tions will be given in an accompanying report [11]. 

Methods and Materials 

Growth of  organism 
B. brevis ATCC 9999 spores were prepared on potato afar [12] and grown 

in a glutamate minimal medium [13] in a 500 1-fermenter. Growth was stopped 
at a cell density of 4 • l 0  s cells per ml by temperature shift-down to 8°C by the 
addition of ice. Cells were collected by centrifugation at a rate of 200 l/h, frozen 
and stored in liquid nitrogen. 

Alternatively cells were grown in a 120 1-fermenter in the same medium sup- 
plemented with 1% glycerol, but  excluding vitamins. Cells were harvested half 
an hour after the end of logarithmic growth, frozen and stored at --20°C. 

Preparation of  crude extract 
50 g of  cells were thawed in a stream of cold air together with 10 ml of buf- 

fer B (50 mM tris(hydroxymethyl)-methyl-2-amino~thane-sulfonic acid, pH 
7.2, 10 mM dithiothreitol,  5 mM EDTA, 1 mM phenylmethylsulfonylfluoride).  
The paste was passed through a cooled French press at 15 000 lb/inch 2 into 
240 ml buffer B. The suspension was homogenized by treatment with 2.5 ml 1 
M MgCl: and 1 mg DNAase for 10 min at 4°C, and then centrifuged 5 min at 
3500 X g and 10 min at 45 000 X g. The supernatant was adjusted to 55% sat- 
uration of  ammonium sulfate by the addition of a saturated solution (pH 7.5, 
0.1 mM EDTA). After 20 min at 4°C the precipitate was collected by centri- 
fugation for 10 min at 45 000 X g, dissolved in 30 ml buffer P (20 mM sodium 
phosphate, pH 7.2, 5 mM dithiothreitol,  2 mM MgC12, 0.25 mM EDTA) and 
desalted on a Sephadex G 50 medium column (2.5 X 50 cm) equilibrated and 
eluted with buffer P. Alternatively buffers containing triethanolamine instead 
of phosphate or buffers without  Mg 2÷ were used. 



1043 

DEAE-cellu lose chromatography 
100 g DEAE-cellulose was equilibrated with 5 1 of buffer P without  dithio- 

threitol and EDTA. Desalted crude extract was applied and eluted with a linear 
potassium phosphate gradient (0.5 M) in buffer P containing only 2 mM of 
dithiothreitol  at a flow rate of  120 ml/h. Active fractions were located by filter 
assay and conductivity measurement. 

Sepharose 6B filtration 
Active DEAE-fractions were precipitated with ammonium sulfate and ap- 

plied in a volume of 6 ml buffer P to a Sepharose column (2.5 × 90 cm). Elu- 
tion was performed with buffer P at a rate of 30 ml/h. Enzymes were assayed 
by addition of either phenylalanine racemase or multienzyme. 

Hydroxyapatite chromatography 
Active Sepharose-fractions were applied to a hypati te  C-column (2 × 5 cm) 

equilibrated with buffer P. Elution was performed with 200 ml of a linear sodi- 
um phosphate gradient (0.25 M) at a rate of  100 ml/h. Enzyme activity was 
estimated with complementary phenylalanine racemase. 

Sucrose gradient centrifugation 
Hydroxyapat i te  purified enzyme was precipitated with twice its volume 

saturated ammonium sulfate solution, the precipitate dissolved in 1 ml buffer P 
and dialysed for 30 min against 500 ml buffer P. The sample was layered onto 
a linear sucrose gradient (10--30%, w/total  v) in buffer P (32 ml). Centrifuga- 
tion was carried out  in a SW 27-rotor for 20 h at 0°C, and 27 000 rev./min. 

Test of enzyme activity 
Gramicidin S synthesis was estimated by the millipore filter assay of Gevers 

et al. [14]. Each assay contained 10 mM sodium-phosphate, pH 7.2, 5 mM ATP 
(pH 7 with NaOH), 25 mM MgC12,5 mM dithiothreitol,  5 mM of Phe, Pro, Val, 
Leu, 50 nM [3H] Orn (specific activity 50 C/M), and 6.25 nM EDTA, in a vol- 
ume of  0.2 ml. Incubation was carried out  for 10 min at 39.5°C. 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
The gels contained 5% acrylamide and 0.28% N,N'-methylene-bis-acryl- 

amide, and were run in 0.1 M Tris • HC1 at pH 8.5 with 0.1% sodium dodecyl  
sulfate and 0.2% 2-mercapto-ethanol. Samples were treated with 0.2% sodium 
dodecyl sulfate and mercaptoethanol for 10 min at 50°C and applied directly 
in buffer P or triethanolamine-buffer onto the gel. Electrophoresis was carried 
out for 1 h at 1 mA/gel, than at 4 mA/gel. At the end of  the run, gels were cut 
at the bromphenol blue position and stained according to Weber and Osborn 
[15]. Destaining was done by diffusion in 10% methanol/acetic acid/water 
(1 : 1 : 8 ,  v/v). 

Protein determination 
Protein was determined either by a slightly modified method of Schaffner 

and Weissmann [16] or by absorbance measurement of polyacrylamide gels at 
590 nm, using each time bovine serum albumin as a standard. 
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Prepara tio n o f  phenylalanine racemase 
Racemase as obtained from the Sepharose 6B column was used. This prep- 

aration contained approximately 2--5% enzyme. 

Materials 
Triethanolamine-hydrochloride was obtained from Boehringer, TES, tricin 

and HEPES from Serva, dithiothreitol  from RSA. High specific activity [3H]- 
L-ornithine (NEN) was diluted to the desired concentration. Column materials 
were DE 52 from Whatman and Hypati te  C from Clarkson Chem. Co., William- 
sport. 

Results and Discussion 

Effect o f  ion and buffer concentrations 
Although optimal conditions for substrates have been evaluated previously 

[17,14],  and ammonium sulfate and KCI have been excluded from assay mix- 
tures [18,10] ,  less at tention has been given to buffer  concentrations. 

The results of  this section refer to crude enzyme preparations only. Gener- 
ally, we observe inhibition of peptide synthesis with increasing ionic strength. 
Purely cationic buffers such as Tris and triethanolamine behave like KCI 
(Fig. 1), whereas buffers such as tr is-(hydroxymethyl)-methyl-2-aminoethane- 
sulfonic acid (TES), N-2'-hydroxyethylpiperazine-2~thane-sulfonic acid 
(HEPES), or N-tris-(hydroxymethyl)-methylglycine (Tricin), can be used to 
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Fig. 1. Pept ide-synthes iz ing  ac t iv i ty  in the  c rude  e x t r a c t  as a f u n c t i o n  of  t h e  ionic s t r eng th  of  KCt (cir- 
cles), T r i s .  HC1 (squares) ,  and  t r i e t h a n o l a m i n e / H C l  ( t r iangles) .  T h e  ionic s t r eng th  of  b u f f e r s  was  calcu- 
la ted f r o m  pk°values  (8 .0  for  Tris0 8 .16  fo r  t r i e t h a n o l a m i n e ) ,  a ssuming  d issoc ia t ion  co n s t an t s  to  b e  in- 
dependent  of  c o n c e n t r a t i o n .  Assay c o n d i t i o n s  were  a sdesc~ ibed  in Methods ,  p h o s p h a t e  be ing  rep laced  by  
20 m M  t r i e t h a n o l a m i n e .  Reac t ions  were  car r ied  ou t  w i t h o u t  p ze in cu b a t i o n  for  10 min .  A typ ica l  exper i -  
m e n t  y ie lded  10 000  c p m  g ramie id in  S, w h e r e a s  200  c p m  [3H]  L-orn i th ine  were  d e t e c t e d  as p ro te in -  
b o u n d  in a c o n t r o l  o m i t t i n g  the  o t h e r  a m i n o  acids. 

Fig. 2. S t i m u l a t i o n  of  pe p t i de  syn thes i s  b y  p h o s p h a t e  (circles,  K +, squares  Na +, pH 7.2) .  Crude  e n z y m e  
in 20 m M  t r i e t h a n o l a m i n e  was  used ,  t he  cond i t i ons  were  as descr ibed  in Methods ,  the  final assay v o l u m e  
being,  h o w e v e r ,  0 .25  ml.  
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much higher concentrations (above 0.1 M) without  significant effect (results 
not shown). The nature of this inhibition is not  entirely determined by the 
chloride ion, since activity and ion concentration with Tris • HC1, triethanol- 
amine • HC1, KC1, and MgC12 could not  be correlated at ionic strength above 0.1 
(evaluation not  shown). 

If the crude extract is stored in 20 mM triethanolamine, peptide synthesis 
may be stimulated by phosphate {Fig. 2). The stimulation is dependent on the 
concentration of Mg 2÷ (Fig. 3) or Mn ~÷ (results not  shown). High Mg2÷/ATP 
ratios of 4--5 were required to saturate the system. At smaller ratios, added 
phosphate or pyrophospatase generated a stimulating effect (results not 
shown). The nature of these observations cannot be further discussed, since 
many still unknown ion equilibria are involved. 

Effect of pH 
Many pH-profiles for various buffers have been published [19--21]. We shall 

not discuss them, for the results are contradictory and need reevaluation. It can 
be noted that  each buffer may have a different opt imum for the incorporation 
of each amino acid into the peptide. This can be expected, since at least 18 dif- 
ferent partial reactions are involved in the synthesis of gramicidin S. However, 
since very similar catalytic reactions such as the transfer of activated amino 
acids and peptides to thiols are involved, we would expect the overall rate to be 

100 

50  

mM MgCI 2 

2 5 10 20 50 100 

0 " 1  - ' ' 1 ~ "  , I , I 
-2 -1 0 

100 

:~ 5o 

Log I (~jCI 2) pN (37°C) 

Fig. 3. S t i m u l a t i o n  and  inh ib i t ion  of  pe p t i de  synthes is  b y  MgCI 2 in p resence  of  5 m M  ATP  and  20 mM 
p h o s p h a t e .  S t i m u l a t i on  by  p h o s p h a t e  at  low MgC12, and  inh ib i t ion  of  synthes is  at high salt r ep resen t  
new  detai ls  ( open  circles, squsxes a n d  lozenges  r e p r e s e n t  th ree  sets  of  e x p e r i m e n t s ) ;  whi le  o t h e r  d a t a  (full 
circles,  no  p h o s p h a t e  a d d e d )  is c o m p a r a b l e  to  p rev ious ly  pub l i shed  w o r k .  Crude  e x t r a c t  was  used ,  b u t  
DNAase  t r e a t m e n t  was  o m i t t e d ,  and  the  ub f fe r s  d id  n o t  c o n t a i n  Mg2+-ions. These  da t a  can  t h e r e f o r e  n o t  
be  re la ted  to  Fig. 2, w h e r e  s t i m u l a t i o n  is obse rved  a t  h igher  MgC12- co n cen t r a t i o n s .  

Fig. 4. D e p e n d e n c e  of  p e p t i de  synthes is  o n  pH .  M e a s u r e m e n t s  were  car r ied  o u t  w i th  c rude  e n z y m e  in 20 
m M  sod ium p h o s p h a t e ,  and  50 m M  (squares)  o r  125  m M  sod ium p h o s p h a t e  ( o p en  circles) ,  o r  HEPES 
b u f f e r  (full  circles) to  a f inal  c o n c e n t r a t i o n  o f  0 . 1 2 - - 0 . 2 5  M, were  added .  I t  was  c o n f i r m e d  tha t  the  ra te  
is no t  s ignif icant ly  d e p e n d e n t  o n  H E P E S - c o n c e n t r a t i o n  u n d e r  t h e  cond i t i ons  used.  p H  values  were  de ter -  
m ined  wi th  a glass e l ec t rode  a t  25°C, a nd  were  c o r r e c t e d  to  37°C. 
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related to (1) deprotonat ion of a thiol by some base, and (2) hydrolysis o~ 
thiol-bound substrates and intermediates. We expect the second limiting reac  
tion to be strongly dependent  on the nature of the buffer system employed  
This is the interpretation of the pH-profile we have evaluated, using two differ- 
ent buffers at two different concentrations (Fig. 4). Apparently, deprotonatiol~ 
of thiols is related to some functional groups with a pk of 6.5, since the acidic 
side of the curve seems to be independent of buffer and buffer concentration, 
and Leung and Baxter [9] obtained a similar part of the curve by measuring 
pH-dependence of thioester-formation from activated amino acid in 0.2 M sodi- 
um cacodylate. 

P r o d u c t  i n h i b i t i o n  

It can be noted that  production of antibiotic stops at concentrations as low 
as 10 -6 M gramicidin S with partially purified enzyme [17]. We found that  a 
crude system is completely inhibited at 2" 10 -4 M gramicidin S, which cor- 
responds approximately to the highest yields of preparative enzymatic synthe- 
sis of  the antibiotic (Ref. 22, and Koischwitz and Kleinkauf, manuscript in 
preparation). 

P r o t e i n  c o n c e n t r a t i o n  

It is well established that  the biosynthesis of gramicidin S depends on two 
complementary and separable enzymes. So far no evidence for a complex of 
these enzymes in solution has been presented, indicating a small association 
constant under these conditions. In a crude extract, which contains equimolar 
amounts of synthetase and racemase [6], we would thus expect a second order 
relation between protein concentration and rate of gramicidin S formation, if 
no stable complex is formed: 

d p / d t  = k l e l e 2 ,  (1) 

with el = e2 becomes 

d p / d t  = k l e  2 (2) 

(p stands for product,  e for enzyme concentration). Indeed Tzeng et al. [23] 
noted a linear concentration dependence of specific activity of crude extracts. 
We have confirmed the function (2) over a wide range of concentrations (Fig, 
5). At the present time, we ascribe deviations from this function to product in- 
hibition. 

It must be noted that  other mechanisms involving dimerisation of the multi- 
enzyme, cannot be excluded, since product  formation depending on the reac- 
tion 

2 El ~ [E112 (3) 

could also account for the observed kinetics; combination of  both equations 
(2) and (3) gives the similar second order relation (4): 

d p / d t  = k l e  2 + k 2 e  2 = ( k l  + k 2 ) e  2 (4) 
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F ig .  5. Prote in-concentrat ion  dependence  of  pept ide  synthes is  in  c r u d e  e x t r a c t .  A s  e x p e c t e d  f o r  a t w o -  

e n z y m e  r e a c t i o n  w i t h  l i m i t i n g  e n z y m e  c o n c e n t r a t i o n s ,  a s e c o n d  o r d e r  r e l a t i o n s h i p  w a s  c o n f i r m e d .  R a t e s  

w e r e  m e a s u r e d  f o r  1 0  r a i n  w i t h o u t  p r e i n c u b a t i o n .  D i f f e r e n t  s y m b o l s  i n d i c a t e  5 s e t s  o f  e x p e r i m e n t s ,  
s q u a r e s  s h o w  e x p e r i m e n t s  in  w h i c h  L-ornithine concentra t ions  w a s  r a i s e d  t o  0 .1  p M  t o  e l i m i n a t e  s u b s t r a t e  
l i m i t a t i o n .  

Resolution of  the type  of  enzyme interactions involved has to come from 
purified enzymes, bu t  so far no evidence for a catalytic function of  dimerisa- 
tion of  the mult ienzyme could be elucidated from concentrat ion dependence 
data (results not  shown). The possibility, however,  cannot be excluded, since 
we do not  know the rate-limiting step of  the system. 

Comment  on in vitro protease action 
Since the work of  Gevers et al. [14],  gramicidin S-synthetase has been as- 

sayed using amino acid dependent  ATP-PPi exchange. This method,  however,  
which only detects aminoacyl adenylates, is by no means evidence for the com- 
plete functioning enzyme system. It has been noted that peptide synthesizing 
activity is rapidly lost during purification, while activation reactions still are 
measurable [10].  Since the work of Lee and Lipmann [24--26] it is known 
that tyrocidine synthesizing mult ienzymes can be split by  an enzyme activity 
into subunits which catalyse amino acid activation. We have suggested that  in 
vitro proteolyt ic  modification may account  for the differences observed in 
initial velocities at the ATP-PPi exchange reaction [27,28] by several authors 
[6,9,14,29,30].  Although much evidence has been collected (Refs. 27, 28 and 
unpublished work) in favour of  this interpretation, it has not  been proved by 
isolation and observation of  direct action of  B. brevis proteases. In the follow- 
ing paper we present evidence that  the active mult ienzyme contains no sub- 
units [ 11 ]. 

Enzyme  preparation 
A new procedure has been worked ou t  based on the work of  Kleinkauf et al. 

[31],  and Bredesen et al. [18].  For  50 g of  cells, a buffer  to cell ratio of  5 was 
used, and we finally selected 50 mM TES, since 20 mM triethanolamine could 
not  prevent pH drop, while 50 mM triethanolamine already displayed an in- 
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Fig. 6. Gel  f i l t ra t ion  of  DEAE-pur i f i ed  ex t r ac t  o n  Sepharose  6B. Dashed  line: abso rbance  at  280  n m;  solid 
circles: g ramic id in  S f o r m a t i o n  w i t h  phe ny l a l a n ine  r a c e m a s e  ( F r a c t i o n  46) ;  o p e n  circles: g ramic id in  S for- 
m a t i o n  wi th  m u l t i e n z y m e  ( F r a c t i o n  35) .  In  the  p reced ing  pu r i f i ca t ion  s tep,  a KC1 grad ien t  had  b e e n  used.  
When  a p h o s p h a t e  g rad ien t  was  used ,  t he  second  p r o t e i n  p e a k  ( a r row)  cou ld  be  e l imina ted .  

Fig. 7. H y d r o x y a p a t i t e  c h z o m a t o g r a p h y  of  Sepharose-pur i f i ed  m u l t i e n z y m e .  Pro te in  has b e e n  e s t ima ted  
b y  p o l y a c r y l a m i d e  gel e l ec t rophores i s  and  is given in re la t ive  un i t s  (dashed  l ine):  m u l t i e n z y m e  c o n t e n t  
( squares)  is cor re la ted  wi th  ac t iv i ty  (open  circles),  which  has  b e e n  d e t e r m i n e d  us~ig the  c o m p l e m e n t a r y  
e n z y m e .  Ful l  circles show c o n d u c t i v i t y  in m m h o ,  wh ic h  can  be  used  for  local isa t ion of  ac t iv i ty .  

hibitory effect on peptide formation. To keep all thiots in reduced form, 10 
mM dithiothreitol were used, which proved superior to 2-mercaptoethanol.  
During the first purification step 5 mM EDTA and 1 mM phenylmethyl-  
sulfonylfluoride were used to prevent protease action. It must be kept in mind 
that the protease content of  cells is determined by time and conditions em- 
ployed for freezing the cells. 

Ultracentrifugation and streptomycin sulfate precipitation were omitted,  and 
the 45 000 X g supernatant was treated directly with ammonium sulfate solu- 
tion at constant pH. To remove the salt fast and quantitatively, since it is 
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Fig. 8. Sucrose  g r ad i en t  c en t r i fuga t i on  o f  h y d r o x y a p a t i t e - p u ~ f i e d  e n z y m e .  In this  e x p e r i m e n t  cent r i fuga-  
t i on  was  cazried ou t  in 10 m M  t r i e t h a n o l a m i n e ,  5 m M  MgCl 2, and  5 m M  d i th io thze i to l  for  18 ,5  h, Pro te in  
was  e s t i m a t ed  by  p o l y a c r y l a m i d e  gel  electrophozes~s,  and  c o m p a r e d  to  bov ine  se rum a l b u m i n  as a s tan- 
da rd  ( o p e n  circles).  Ac t iv i ty  cou ld  on ly  b e  loca t ed  in t he  second  p r o t e i n  p e a k  (ful l  circles),  b a c k g r o u n d  
m e a s u r e m e n t s  in the  c o m p l e t e  g rad ien t  are  n o t  shown .  I m p u r i t i e s  were  loca ted  in t h e  lef t  shou lde r  o f  t h e  
p ro t e in  peak ,  as can  be  seen  f r o m  p ro t e in -ac t iv i t y  co r re l a t ion  ( a r row) .  
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Fig. 9. Control of last purification step by sodium dodecyl sulfate polyacrylamide gel electrophoresis. The 
procedure  has  b e e n  descr ibed  in Methods•  Gels c o n t a i n e d  5% acry lamide .  Prote in  1 c o r r e s p o n d s  to  the  
m u l t i e n z y m e ;  n o t e  that  th e  band is broad and apparent ly  split  in gel  1. Work o n  evaluat ion  o f  i n h o m o -  
gene i ty  is in progress .  Prote in  2 c o r r e s p o n d s  to  the  separated p e a k  in Fig. 8,  d isplaying subuni t s  o f  7 0  0 0 0  

daltons.  Prote in  3 are t races  o f  th e  i m p u r i t y  separated o n  h y d r o x y a p a t i t e  ( subuni t s  o f  3 5  0 0 0  da l to ns ) .  

strong inhibitor of  peptide synthesis, gel filtration was used. These preliminary 
steps were completed within 2 h. 

The crude extract (about 1 g of  protein) was fractioned on a DEAE-cellulose 
column using a linear potassium phosphate gradient (0.5 M). This gives a higher 
resolution than KC1, and a higher yield of  activity, since inactivation has been 
observed in 0.5 M KC1. No significant separation of  b o t h  enzyme fractions 
occurred. To resolve them, a Sepharose 6B column was used instead of Sepha- 
dex G-200, to obtain a higher f low rate (Fig. 6). By now the mult ienzyme con- 
tained only two major impurities: a protein of  a molecular weight of  280 000 
with subunits of  35 000 daltons, and a protein of  a molecular weight of  
420 000 with equal subunits of  70 000 daltons (unpublished observations). 
These could be separated by chromatography on hydroxyapatite (Fig. 7) and 
sucrose gradient centrifugation (Figs. 8 and 9). 

Conclusion 

The purification steps are summarized in Table I. To our knowledge only 
one comparable specific activity (18.9 nM/min per mg) has been reported by 
Bredesen et al. [18] ,  but these results have not  been substantiated by follow- 
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T A B L E  I 

S U M M A R Y  O F  P U R I F I C A T I O N  S T E P S  

T h e  s y n t h e s i s  o f  g r a m i c i d i n  S has  b e e n  m e a s u r e d  as d e s c r i b e d  in M e t h o d s ;  the concentrat ion  o f  m u l t i -  
e n z y m e  w a s  b e l o w  5 0  /zg/ml  in t h e  a s say ,  a n d  su f f i c i en t  r a c e m a s e  has  b e e n  a d d e d  t o  s a t u r a t e  t he  sys t em.  
Specif ic  ac t iv i ty  is exp re s sed  in n M  g r a m i c i d i n  S / r a m  a n d  m g  of  protein.  

P u r i f i c a t i o n  s t ep  G r a m i c i d i n  S P r o t e i n  Specif ic  
( c p m  × 10--6) (mg)  activity 

S e p h a d e x  2 4 0  1 0 2 0  0 .3  
DEAE-ce l l u lo se  2 2 0  1 2 0  2 .2  
Sepharose  6B 3 0  6 .3  5.9 
H y d r o x y a p a t i t e  2 4  2.1 14 .2  
Sucrose g r a d i e n t  13 .5  0 .7  24.1  

ing publications from this laboratory [ 10].  From estimations of  in vivo activity 
we would expect a 10 to 100-fold higher specific activity. Work is in progress 
to avoid protein concentration and gel filtration after DEAE-chromatography, 
which cause a dramatic loss of  activity. The homogeneity of  the purified 
multienzyme has been checked by gel electrophoretic techniques (Fig. 9) [11] ,  
and is evident from protein-activity correlations in the last purification steps 
(Figs. 7 and 8). However, more details are needed in regard to low specific ac- 
tivity, which have to come from active site titrations. 
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