
1052 

Biochimica et Biophysica Acta, 429 (1976) 1052--1061 
@) Elsevier Scientific Publishing Company, Amsterdam -- Printed in The Netherlands 

BBA 67811 

GRAMICIDIN S-SYNTHETASE 

ELECTROPHORETIC CHARACTERIZATION OF THE MULTIENZYME 

HANS KOISCHWITZ and HORST KLEINKAUF 
Max-Volmer-Institut fiir Physikalische Chemie und Molekularbiologie, Abteilung Biochemie, 
Technische Universitfft Berlin (Germany) 

(Received November 6th, 1975) 

Summary 

1. A method characterizing the fully active gramicidin S-synthetase (EC. 
6.3.2.--) mult ienzyme in protein mixtures by a combinat ion of  sedimentation 
and polyacrylamide gel electrophoretic mobili ty data has been described. 

2. The molecular weight of  280 000 has been reevaluated by gradient centri- 
fugation, gel filtration, and polyacrylamide gel electrophoresis in presence of  
sodium dodecyl  sulfate. The size of  the rnultienzyme is not  changed by sodium 
dodecyl  sulfate treatment.  

3. In polyacrylamide gel electrophoresis dimerisation occurs in Tris, while 
two bands, which may represent monomer  and dimer, are observed in phos- 
phate. 

4. Reliability of  molecular weight determinations of  sodium dodecyl  sulfate- 
protein complexes of  sizes up to 300 000 daltons has been determined, cor- 
relating either mobilities or  retardation coefficients. 

Introduction 

The mult ienzyme of gramicidin S-synthetase (EC 6.3.2.--) catalyses activa- 
tion of  the amino acids proline, valine, ornithine, and leucine as aminoacyl 
adenylates, which are transferred to thiols. By interaction with phenylalanine 
racemase (EC 5.1.1.11.) peptide synthesis is initiated with the formation of  
D-phenylalanyl-proline, which remains covalently linked on the mult ienzyme. 
Subsequent  peptidyl-transfers to 4 '-phosphopantetheine and from the cofactor  
to the specific amino acid give rise to pentapeptides enzyme-S-Leu-Orn-Val-Pro- 
D-Phe which combine antiparallel to the symmetric decapeptide gramicidin S. 

It has been pointed out  that  peptide formation is a relatively unstable func- 
tion of  the enzyme,  as compared to amino acid activation [7].  The reason for 
this inactivation may be partial proteolysis or specific cleavage of  4'-phospho- 
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pantetheine by a pept idyl  cartier protein hydrolase. We have observed that  in- 
homogeneous preparations may contain forms of  the enzyme with altered 
substrate specificity, or fragments down to 70 000 daltons, with no peptide 
formation activity (Ref. 4, and unpublished results). To obtain information 
on the structure of  the fully active enzyme,  we analysed the protein composi- 
t ion of  inhomogeneous preparations by a combinat ion of  the sedimentation 
profile with polyacrylamide gel electrophoresis or sodium dodecyl  sulfate-poly- 
acrylamide gel electrophoresis. Only one component  catalysed the synthesis 
of  gramicidin S, while others may carry ou t  partial reactions, or influence 
partial reactions by  protein-protein interactions (unpublished results). The ac- 
tive mult ienzyme dimerized during polyacrylamide gel electrophoresis, and was 
stable against sodium dodecyl  sulfate-treatment. 

Methods and Materials 

Enzy me purification 
For protein maps, enzymes were prepared according to Kleinkauf et al. 

[2] with some modifications [4].  DEAE-cellulose purified enzymes were con- 
centrated by  precipitation with twice the volume saturated ammonium sulfate 
solution (pH 7.5, 0.1 M EDTA), dialysed, and centrifuged in a linear glycerol 
gradient (10--30%, v/v) for 24 h at 0°C in a SW 27-rotor at 27 000 rev./min; 
usually 1 ml protein solution was applied onto 32 ml of  gradient solution. Un- 
less otherwise indicated, pure enzyme was prepared according to the previously 
described procedure [ 1]. 

Polyacry lamide gel electrophoresis 
Protein mapping. Gels contained 8% acrylamide and 0.45% bis, and were run 

in 0.1 M Tris • HC1, pH 9.1, at 4°C; the buffer  contained 1 mM dithiothreitol.  
100 pl of  sample were applied in 20 mM triethanolamine, 10 mM MgC12, 0.25 
mM EDTA, 1 mM dithiothreitol,  pH 7.5; the buffer  contained 20% glycerol, 
and 5 pl bromphenol  blue (0.02%) were added. Electrophoresis was performed 
at 1--3.5 mA/ tube ,  staining was done in a colloidal solution of Coomassie 
brilliant blue R 250 [5],  for 30 min at 60°C, after the gels had been cut  at the 
dye-position. Destaining was done in 1% acetic acid. For protein estimation 
absorbance of  stained gels was measured at 590 nM. 

Ferguson-plots. Gels contained the same acrylamide/bis ratio as above. 
Acrylamide concentrat ions of  6 to 9% were used for estimation of retardation 
coefficients. The buffer  was Tris.  HCI, pH 8.5, containing 0.1% 2-mercapto- 
ethanol. 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
Gels were either polymerized with 0.1% sodium dodecyl  sulfate or equilib- 

rated at 2 mA/ tube  for at least 2 h. Acrylamide/bis ratio was as above, am- 
monium persulfate was used at 100 mg/100 ml final concentration,  so that  
polymerisation t ook  abou t  10 min. Buffers used were 0.1 M Tris • HC1, pH 8.4, 
0'.1 or 0.05 M sodium phosphate,  pH 7.2, bo th  containing 0.2% 2-mercapto- 
ethanol and 0.1% sodium dodecyl  sulfate. Samples were treated usually for 10 
min at 50°C with 0.2% sodium dodecyl  sulfate/mercaptoethanol;  the electro- 
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phoresis pattern could not  be changed by more extensive treatment {see b~., 
low). Samples were applied directly in triethanolamine buffer (mapping), in 
Tris-buffer (sodium dodecyl  sulfate/gradient centrifugation analysis, Ferguson 
plots) or in 20 mM phosphate (Ferguson plots). Electrophoresis was carried ou~: 
at 1--8 mA/tube.  Staining was done according to Weber and Osborn [6], de- 
staining by diffusion in methanol/acetic acid/water (1 : 1 : 8, v/v). After the run 
gels were cut  at the bromphenol  blue position, and mobilities were related to the 
length of  the gel after destaining. Protein was estimated by absorbance at 590 
r i m .  

Proteins used were (mol. wt. × 10~) :  trypsin inhibitor (21.5), aldolase 
(40), dimer (80), bovine serum albumin (68), dimer, trimer, tetramer (136, 
204,272),  rabbit serum albumin dimer (139), phosphorylase a(100),  dimer and 
trimer (200 and 300), Eschericia coil RNA polymerase a(39),  5(90), ~fl'(160), 
pyrophosphatase (126), catalase (60), dimer and tetramer (120 and 240), 
hemocyanin (290). 

Sodium dodecyl sulfate gradient centrifugation 
Enzyme (1 ml) purified by glycerol gradient procedure and enriched in the 

active high molecular weight component  was dialysed against 0.1 M Tris • HC1, 
pH 8.5, containing 0.1% sodium dodecyl  sulfate and 2-mercaptoethanol.  Cen- 
trifugation was carried ou t  in 32 ml of a linear 10--30% glycerol gradient (v/v) 
of  the same buffer  for 24 h at 20°C in a SW 27 rotor  at 27 000 rev./min. Frac- 
tions of  approximately 1 ml were collected, and 0.1 ml analysed by sodium 
dodecyl  sulfate/polyacrylamide gel electrophoresis. 

Gel filtration on Sepharose 6B 
Elution volume ( Ve, reduced by exclusion volume Vo) was confirmed to be a 

linear function of  logarithm of  molecular weight. Marker proteins were fer- 
rithin, catalase, racemase of  gramicidin S-synthetase, and cy tochrome c. Chro- 
matography has been carried out  on a 5 × 65 cm column, using 20 mM sodium 
phosphate,  2 mM MgC12, 2 mM dithiothreitol,  and 0.25 mM EDTA, pH 7.2, at 
4°C and a flow rate of 120 ml/h. The initial concentrat ion of marker proteins 
was 0.5 mg/ml, except  for racemase (0.02 mg/ml) and mult ienzyme (0.05 mg/ 
ml). 

Materials 
Sodium dodecyl  sulfate was obtained from Merck/Schuchardt and was used 

without  further purification. Proteins were obtained from Boehringer, except  
for rabbit serum albumin and hemocyanine which were from Calbiochem. 
Ribulose diphosphate carboxylase was a gift from Dr. J. Vater. 

Results and discussion 

1. Correlation o f  protein and activity 
We tried to purify the heavy enzyme of  gramicidin S-synthetase by a com- 

bination of  Sephadex G-200 filtration and DEAE-cellulose chromatography as 
has been suggested by the work of  Kleinkauf et  al. [2] and Gilhuus-Moe et al. 
[3] with an additional gradient centrifugation step [4]. As is shown in Fig. 1 
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Fig. I .  G l y c e r o l  g rad ien t  c en t r i fuga t i on  of  g ramic id in  S-syn the tase  h e a v y  e n z y m e ,  wh ich  has b e e n  pur i f ied  
by  (NH4)2SO4- f rac t iona t ion ,  Sephadex  G-200  f i l t ra t ion ,  and  DEAE-ce l lu lose  c h r o m a t o g r a p h y  accord ing  
to  K le i nkau f  et al. [2 ] .  E x p e r i m e n t a l  deta i ls  are desc r ibed  in Methods .  D o t t e d  line shows  abso rp t i on  at 
280  n m ,  fun  circles:  g ramie id in  S f o r m a t i o n  b y  [ 14C] val ine i n c o r p o r a t i o n  wi th  c o m p l e m e n t a r y  r acemase ;  
o p e n  circles: L - o r n i t h i n e - d e p e n d e n t  ATP-PP i exchange  reac t ion ;  o p e n  squares:  L -va l ine -dependen t  ex- 
change  reac t ion .  Act iv i t ies  have  b e e n  m e a s u r e d  acco rd ing  to  Gevers  et  al. [ 2 1 ] .  The  o b t a i n e d  p ro t e in  frac-  
t i on  is no t  h o m o g e n e o u s ,  since par t ia l  ac t iva t ion  act ivi t ies ,  g ramic id in  S-synthesis ,  and p ro t e in  concen-  
t r a t i on  (wh ich  has  also b e e n  m e a s u r e d  by  p o l y a e r y l a m i d e  gel e lec t rophores i s )  c a n n o t  be cor re la ted .  

activation of  amino acids as measured by  ATP-PP i exchange and gramicidin S- 
formation with complementary racemase could not  be correlated with each 
other or with protein concentration.  We have investigated density gradient frac- 
tions by polyacrylamide gel electrophoresis and sodium dodecyl  sulfate/poly- 
acrylamide gel electrophoresis (Fig. 2), thus preparing protein maps of  the en- 
zyme preparation. 

This permit ted correlation of  concentrat ion profiles of  individual proteins 
with enzymatic activities. As shown in Fig. 3, only component  A3 or B1 were 
apparently identical with the fully active enzyme. The identity of  the two pro- 
teins A3 and B1 has been demonstrated by two dimersional polyacrylamide gel 
electrophoresis [results not  shown] and by  extensive purification studies [1].  

Other enzymatic activities have not  been assigned, since until now pro- 
teolytic modification of  the active form has not  been studied in detail, and the 
purified proteins A1 and A5 with the subunit  composi t ion 6 X B15 and 8 X 
B19 show no partial activity, while other  proteins could not  be isolated so far 
in homogeneous form. 

2. Molecular weight of native protein 
Sucrose gradient centrifugation. Kleinkauf et  al. [2] and Kurahashi et al. 

[8] have evaluated sucrose gradients of  the native enzyme according to Martin 
and Ames [9]. Standards were catalase (244 000),  alcohol dehydrogenase 
(150 000), and /3-glucuronidase (280 000). Their estimate of  280 000 daltons 
was confirmed by  the more extensive studies of Kambe et al. [10].  

Glycerol gradient centrifugation. We have been particularly interested in an 
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Fig.  2.  P r o t e i n  m a p s  c o r r e l a t i n g  s e d i m e n t a t i o n  ve loc i ty  a n d  m o b i l i t y  in l ~ o l y a c r y l a m i d e  gel  e l e c t r o p h o r e s i s  
o f  e n z y m e  p r e p a r a t i o n  as  d e s c r i b e d  in  Fig. 1. ( 2 A ) ,  a n d  s e d i m e n t a t i o n  v e l o c i t y  a n d  m o b i l i t y  o f  s o d i u m  
d o d e c y l  s u l f a t e - p r o t e i n  c o m p l e x e s  in  p o l y a c r y l a m i d e  gel  e l e c t r o p h o r e s i s  (2B) .  A l i q u o t s  o f  d e n s i t y  gra-  
d i e n t  f r a c t i o n s  have  b e e n  a n a l y s e d  b y  p o l y a c r y l a m i d e  gel  e l e c t r o p h o r e s i s .  P r o t e i n  b a n d s  have  b e e n  n u m -  
b e r e d  a c c o r d i n g  t o  t h e i r  e l e c t r o p h o r e t i c  m o b i l i t y .  The  a r ea  i n d i c a t e s  a m o u n t  o f  p r o t e i n  in  i n d i v i d u a l  f rac -  
t i ons ,  w h i c h  h a s  b e e n  e s t i m a t e d  f r o m  s t a ined  gels ,  t a k i n g  the  size o f  t h e  p r o t e i n  zones .  M i n o r  c o m p o n e n t s  
are  e x a g g e r a t e d  b y  t h e  m e t h o d  o f  d o c u m e n t a t i o n .  The  d a s h e d  l ine  in  Fig.  2 A  i n d i c a t e s  a l inea r  r e l a t i o n -  
ship  b e t w e e n  s e d i m e n t a t i o n  v e l o c i t y  a n d  m o b i l i t y ,  w h i c h  h a d  b e e n  m e a s u r e d  a t  p H  9 .1 .  P r o t e i n  A 3  s h o w s  
a s i gn i f i c an t  d e v i a t i o n  f r o m  th i s  f u n c t i o n  t o g e t h e r  w i t h  a n  a s y m m e t r i c  s e d i m e n t a t i o n  p ro f i l e ,  The  d a s h e d  
l ine in  Fig .  2B i n d i c a t e s  p o s i t i o n  o f  m a x i m u m  o f  p r o t e i n  B1 in t h e  g r a d i e n t .  No  o t h e r  s o d i u m  d o d e c y l  
s u l f a t e - p e p t i d e  c a n  b e  c o r r e l a t e d  e x a c t l y  w i t h  t h i s  p o s i t i o n .  A s i ze -mob i l i t y  r e l a t i o n s h i p  appe-~ently h o l d s  
fo r  p r o t e i n s  B1 ,  B2 ,  B3 ,  a n d  B5  (sol id  l ine) ,  wh i l e  a l l  o t h e r  p r o t e i n s  c a n  b e  spl i t  i n t o  subun i t s `  Re la t ive  
s e d i m e n t a t i o n  is t h e  r a t i o  o f  d e n s i t y  g r a d i e n t  f r a c t i o n / t o t a l  n u m b e r  o f  f r a c t i o n s ,  wh i l e  m o b i l i t y  is r e l a t ed  
to  b r o m o p h e n o l h l u e .  

apparent monomer-dimer equilibrium of the multienzyme in glycerol contain- 
ing gradients, since an asymmetric profile was obtained {Fig. 3). We have not 
been able, however, to change this profile by varying the protein concentration 
from 0.1 to 1.0 mg/ml. Using aldolase (147 000) and catalase (232 000) as 
standards, a molecular weight of 275 000 + 15,000 was calculated. 
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Fig. 3. C o r r e l a t i o n  o f  g r a m i c i d i n - S  s y n t h e s i z i n g  a c t i v i t y  (c i rc les)  w i t h  c o m p l e m e n t a r y  r a c e m a s e ,  p r o t e i n  
A 3  o f  Fig.  2 A  ( t r i ang les ) ,  a n d  p r o t e i n  B1  o f  Fig.  B2  ( squa res ) .  T h e  i d e n t i t y  o f  t h e  t w o  p r o t e i n s  b a d  b e e n  
c o n f i r m e d  b y  t w o  d i m e n s i o n a l  p o l y a c r y l a m i d e  ge l  e l e c t r o p h o r e s i s  ( u n p u b l i s h e d  re su l t s ) ,  W i t h i n  e x p e r i -  
m e n t a l  e r ro r ,  t h e  a c t i v i t y  is r e l a t e d  t o  t h i s  p r o t e i n ,  w h i c h  h a s  b e e n  s u b s t a n t i a t e d  b y  p u r i f i c a t i o n  s t u d i e s  
[1].  P r o t e i n  w a s  e s t i m a t e d  b y  a b s o r b a n c e  o f  s t a i n e d  p o l y a c r y l a m i d e  ge l s  a t  5 9 0  n m ,  a n d  is p l o t t e d  in  
re la t ive  un i t s .  A c t i v i t y  w a s  d e t e r m i n e d  b y  i n c o r p o r a t i o n  o f  [ 14C] L-val ine  i n to  g r a m i c l d i n  S [ 4 ] .  



1057 

Gel filtration. A linear relation between the elution volume and the loga- 
rithm of  the molecular weight has been established for a Sepharose 6B column 
using ferritin, catalase, gramicidin S-synthetase light enzyme (racemase), and 
cytochrome c as standards. The position of  the heavy enzyme corresponded to 
a molecular weight of  280 000 + 30 000. 

Polyacrylamide gel electrophoresis. As demonstrated by Hedrick and Smith 
[11],  the molecular weight of  globular proteins can be correlated to retardation 
coefficients obtained from Ferguson plots [12].  We obtained a linear plot using 
pepsin, catalase, protein 5 of  Fig. 2, ribulose diphosphate carboxylase,  and 
ferritin monomer,  dimer, and trimer. The molecular weight of  the heavy en- 
zyme has been estimated to be 550 000 + 60 000, indicating dimerisation of  
the protein in Tris" HC1. In sodium phosphate,  however, two protein bands 
with an intensity ratio of  about  2 to 1 can be observed, although sodium 
dodecyl  sulfate/polyacrylamide gel electrophoresis in sodium phosphate dis- 
plays a single band (Fig. 4). From the observed mobilities we conclude the pres- 
ence of  monomer  and dimer under these conditions. 

3. Molecular weight of protein/sodium aodecyl sulfate~complex 
Sodium dodecyl sulfate/polyacrylamide gel electrophoresis. It was of great 

importance to establish the molecular weight of  the sodium dodecyl  sulfate/ 
peptide as 280 000 (molecular weight refers to denaturated peptide chain 

1 2 3 

Fig. 4. Behaviour of multienzyme on polyacrylamide gel electrophoresis in phosphate buffer. Although 

apparently homogeneous on sodium dodecyl sulfate-phosphate gels (gel 3), two bands were observed in 

simple phosphate buffer. The intensity ratio of the two bands seems not to be affected by protein con- 

centration (compare gels 1 with 2). Mobilities correspond approximately to monomer and dimer of 
multienzyme. No evaluation using retardation coefficients has been carried out. 
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without  bound sodium dodecyl sulfate), since this meant evidence for either a~ 
unusually tight subunit structure resistent to sodium dodecyl sulfate, or at~ 
unusually large polyfunctional  single chain protein. 

The mobility of a protein in sodium dodecyl sulfate/polyacrylamide gel 
electrophoresis depends on its size, as well as sodium dodecyl sulfate binding, 
determining its charge, conformation,  and new molecular weight. Generally, no 
other parameter than size is used, and molecular weight estimations are carried 
out in the range up to 200 000 daltons. Payne [13] has shown that  mobility 
varied linearly with log molecular weight for minimal cross-linked protein 
polymers up to more than 900 000 daltons. Care has to be taken in work with 
unreduced proteins, or proteins containing extensive cross-links [14], as well as 
with discontinuous buffer systems [15]. There appears to be no nonlinear func- 
tion of mobility and logarithm of molecular weight as has been discussed by 
Neville [16] and Hayashi et al. [17]. Instead, in the high molecular weight 
region a different slope is observed (compare data of Refs. 6, 13 and 16). In 
our evaluation we have used "cross-linked" proteins, that  have formed appar- 
ently by self-condensation either before or during electrophoresis. So these 
proteins contained minimal cross-links, and using a continuous buffer system 
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Fig. 5. Fe rguson  p lo t s  of  sod ium d o d e c y l  sulfa te  p r o t e i n  c o m p l e x e s ,  showing  l o g a r i t h m of  m o b i l i t y  as a 
func t i on  o f  a c r y l a m i d e  c o n c e n t r a t i o n .  Pro te ins  used were  1, RNAase ;  2 and 3, p ro t e in s  19 and 20 of  
Fig. 2B; 4, o v a l b u m i n ;  5--7,  bov ine  se rum a l b u m i n  m o n o m e r ,  d imer ,  t r imer ,  8, g ramic id in  S-syn the tase  
m u l t i e n z y m e .  A p p a r e n t  f ree m o b i l i t y  of  b o v i n e  s e rum a l b u m i n  has  b e e n  e s t ima t ed  in e lec t rophores i s  
b u f f e r  con ta in ing  10% g lycero l  to 1 .35  -+ 0 ,07  re la t ive  to  b r o m p h e n o l  b lue  ( e x p e r i m e n t  no t  shown) .  
Plots  of  all p r o t e i n s  can  be  e x t r a p o l a t e d  to  a p p r o x i m a t e l y  this  value,  indicat ing a cons t an t  charge  to mass  
rat io.  E x p e r i m e n t a l  cond i t i ons  were  s imilar  to those  of  Hayash i  et  al. [ I 7 ] ,  w h o  o b t a i n e d  the  same resul t  
for p ro t e in s  up  to  the  size of  a lbumin .  

Fig. 6. R e t a r d a t i o n  coe f f i c i en t s  ob t a ined  f r o m  F e r g u s o n  p lo t s  as  a f u n c t i o n  o f  m o l e c u l a r  weight .  Prote ins  
were :  1, o v a l b u m i n ;  2, catalase,  3, bov ine  s e rum a l b u m i n  (BSA),  4, r abb i t  s e ru m a l b u m i n  (RSA) ;  5, cata-  
lase d imer ;  6, BSA-d imer ;  7, RSA-d imer ;  8, BSA-t r imer ;  9, RSA- t r imer ;  10,  cata lase  t e t r a m e r ;  11, BSA - 
t e t r a m e r ,  12, h e m o c y a n i n ;  13, g r amic id in  S-syn the tase  m u l t i e n z y m e .  Eva lua t ion  of  u p p e r  f u n c t i o n  
(squares)  has b e e n  d o n e  using Fig. 8 (T r i s fou f f e r ) ,  p l o t t i n g  K R  der ived  wi th  equal  f ree mob i l i t y .  In  the  
o t h e r  f u n c t i o n  KRovalues were  o b t a i n e d  f r o m  50 m M  phosphate  with  no  a s s u m p t i o n s  on  the  a p p a r e n t  
f ree m ob i l i t y .  T he  resul ts  show tha t  a l inear  f u n c t i o n  is ob t a in ed ,  and  the  m e t h o d  appea r s  useful  for  size 
d e t e r m i n a t i o n s  of  p e p t i d e  cha ins  up  to  at  least  300  0 0 0  dal tons .  
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Fig. 7. Plot  of  s e d i m e n t a t i o n  coe f f i c i en t s  a nd  init ial  m o l e c u l a r  weight  of  sod ium d o d e c y l  su l fa te -pro te in  
complexes .  Da ta  have  b e e n  t a k e n  f r o m  Bais et  al. [19]  and Nelson [ 2 0 ] ,  full  circles have  b e e n  ca lcu la ted  
relat ive to the  bov ine  s e rum a l b u m i n / s o d i u m  d o d e c y l  sulfate  c o m p l e x  [19 ]  b y  the  m e t h o d  of  Mart in  and  
A m e s  [9 ] .  E x p e r i m e n t a l  deta i ls  are  given in Methods ,  n u m b e r s  re fe r  to p ro t e in s  in Fig. 2B. A p p a r e n t l y  
the init ial  m o l e c u l a r  we igh t  is no t  suff ic ient  i n f o r m a t i o n  to  co r r e l a t e  s e d i m e n t a t i o n  values. 

Fig. 8. Resis tance  o f  m u l t i e n z y m e  s t ruc tu r e  to  ex tens ive  s o d i u m  d o d e c y l  sulfa te  t r e a t m e n t .  Th e  e n z y m e  
has  b e e n  pur i f ied  b y  s o d i u m  d o d e c y l  sulfate  g rad ien t  c e n t r i f u g a t i o n  (1),  and is t r ea t ed  f u r t h e r  wi th  0.2 M 
d i th io th re i t o l  and  2% s o d i u m  d o d e c y l  su l fa te  at  95°C  for  10 rain (2)  and  for  60 ra in  (3).  Samples  were  ru n  
in 8% gels in Tr i s /buf fe r .  
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T A B L E  I 

S U M M A R Y  OF M O L E C U L A R  W E I G H T  D E T E R M I N A T I O N S  OF G R A M I C I D I N  S-SYNTHETASF.  
M U L T I E N Z Y M E  

M e t h o d  and p a r a m e t e r  used  Result  R e m a r k s  
(× 10 - s )  

Sucrose  g rad ien t  c en t r i fuga t i on  s 2.8 [ 2 ], [ 11 i 
G lyce ro l  g rad ien t  c en t r i fuga t i on  s 2.7 5 + 0 .15  a s y m m e t r i c  p e a k  
Gel f i l t ra t ion  (Sephaxose 6B) V e 2.8 ~-: 0 .3 
S o d i u m  d o d e c y l  s u l f a t e / p o l y a c r y l a m i d e  gel 

e l ec t rophores i s  Tris--HC1, p H  8.5 K R 5.5 2 0.6 d imcr i s a t i on  
S o d i u m  d o d e c y l  s u l f a t e / p o l y a c r y l a m i d e  gel 

e l ec t rophores i s  p h o s p h a t e ,  p H  7.2 m 2.9 -+ 0.2 
S o d i u m  d o d e c y l  s u l f a t e ] p o l y a c r y l a m i d e  gel 

e l ec t rophores i s  p h o s p h a t e ,  p H  7.2 K R 2.8 +- 0.3 
S o d i u m  d o d e c y l  s u l f a t e / p o l y a e r y l a m i d e  gel 

e l ec t rophores i s  Tr ls--HCI,  pH 8.5 K ~  2.8 ÷ 0.3 

we obtained a molecular weight estimate of 290 000 + 20 000 from 6% gels for 
the mult ienzyme. 

One cannot rely on a single estimation, since it has been shown for sodium 
dodecyl  sulfate-low binding proteins like a-amylase [18] that  non-linear Fer- 
guson plots are obtained,  which means the molecular weight estimate depends 
on the acrylamide concentrat ion in the gel. If a linear Ferguson-plot can be 
established, anomalous behaviour toward sodium dodecyl  sulfate can be de- 
tected by  extrapolation of mobilities to the apparent free mobili ty,  which has 
been shown to be equal for several "normal"  proteins [17],  but  differ sig- 
nificantly for  some histones. 

So we determined from linear Ferguson-plots (Fig. 5) free mobili ty,  retarda- 
tion coefficients, and from these again the molecular weight, this procedure 
giving 280 000 +- 30 000. This is the first t ime that  a linear relation of  molec- 
ular weight and retardation coefficients up to 290 000 daltons has been estab- 
fished in a cont inuous buffer  system (Fig. 6). 

Sodium dodecyl sulfate~glycerol gradient centrifugation. Sodium dodecyl  
sulfate-gradient centrifugation has been recommended as a supplementary 
method for confirming calculations from sodium dodecyl  sulfate/polyacryl- 
amide gel electrophoresis~lata, although evaluation of  sedimentation coef- 
ficients as a function of  molecular weight appears to be strikingly difficult 
[19,20].  

We have calcualted sedimentation data relative to the bovine serum albumin/ 
sodium dodecyl  sulfate/complex of the gramicidin S-multienzyme, and of pro- 
teins 6, 19, and 20 of  Fig. 2B, and compared these to data of Bais et al. [19],  
see Fig. 7. The molecular weight estimation involves a very large error, but  the 
fit of  our data to the available data is reasonable. 

Note: extensive sodium dodecyl sulfate treatment 
The enzyme as obtained from sodium dodecyl  sulfate/glycerol gradient cen- 

trifugation has been subjected to more extensive t reatment  in 0 . 2  M dithio- 
threitol, 270 sodium dodecyl  sulfate for 60 min at 95°C. As can be seen in Fig, 
8 the protein retained its size. 
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Conclusion 

Evidence has been presented that gramicidin S-synthetase heavy enzyme or 
mult ienzyme with a molecular weight of  280 000, as determined by gradient 
centrifugation and gel filtration, readily dimerizes under conditions of  poly- 
acrylamide gel electrophoresis. The protein although it displays a normal be- 
haviour in sodium dodecyl  sulfate binding, is not  dissociable by the agent. 

Apparently the structure of  this mult ienzyme is resistant to sodium dodecyl  
sulfate, and we propose that the subunits are covalently linked, since no pro- 
tein-protein interaction completely resistant to sodium dodecyl  sulfate has 
been described yet.  
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