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2790 NEUZIL ET AL. 

T e t r a c y c l i n e  b i o s y n t h e s i s  i n  Streptomyces uureo- 

f a c i e n s  p r o c e e d s  i n  a s e q u e n c e  of' r e a c t i o n s  cat.alyzed by 

specif ic  enzymes from which t h o s e  i n v o l v e d  i n  t h e  t e r m i -  

n a l  s t e p s  h a v e  been  detect,ei:l and pa r - t i a l  ly c h a r a c t e r i z e d .  

T h e s e  S-adenusyl  m e t h i  o n i n e  : ded i met,hylami no-4- 

aminoanhydrote t ,~ac-yc  1 i n e  N-methyl t x a n s f e i - a s e  t,hat, c.:at.a- 

1 Y z e s  nieLhy i d  t i o i t  of' dedi i i i e thvl  ami no-d-anii iii~~,arihydr-ot,et,I-a- 

cycl i r ie  y i e l d i n g  arlhvdr,ot,etr.acycliile CATC: 1> , anhydro-  

tetxacycl i n e  oxygeriase CATCox) coriver. t ir ig ATC t.o dehsdro- 

t e t r a c y c l i n e  <DHTC; 2-5:),  and NADY: t e t r a c y c l i n e  5 a < l l a ? -  

d e h y d r o g e n a s e  C'Kdh) c a t a l y z i n g  t h e  f o r m a t i o n  of' t e t r a -  

c y c l i n e  CTC; 6 , 7 ? ,  t,he t w o  lat,tei- cmes b e i n g  showin i n  

L h i s  scheme:  

i nc  1 ude 

N A D P H + 0 2  NADP NADPH NADP 

ATC b UHTC 
ATCox 1'Cd h 

I t  is n o t  always e a s y  t o  detect. t l i e  ATCux and TCdli 

r e a c t i o n s  d i r -ec t , ly  by c o n v e n t i o n a l  s p e c t r o p h o t o m e t r i c  

methods  as DHTC is r e l a t i v e l y  u n s t a b l e  and  t h e  U V A ' i s  ab- 

s o r p t i o n  b a n d s  of ATC, DHTC and TC o v e r l a p .  To a v o i d  C h i s  

drawback ,  w e  d e v e l o p e d  a met.hod of h i g h - p e r f o r m a n c e  li- 

q u i d  c h r o m a t o g r a p h i c  CHYLC:> s e p a r a t i o n ,  d e t e c t i o n  and  

q u a n t i t a t i o n  of' t h e  d e r i v a t i v e s  i n  q u e s t i o n ,  i . e .  ATC, TC 

a n d  DHTC, and appl ied i t  t o  a rea l  er izymat ic  s y s t e m  of S. 

u u r e o f a c i e n s .  Moreover ,  t o  record U V / V i s  spectra permit- 

t i n g  a real-time d e t e c t i o n  of' i n d i v i d u a l  p e a k s  and so 

a v o i d i n g  t h e  n e c e s s i t y  of' f ' requei i t  column r e c a l i b r a t i o n ,  

w e  i n c l u d e d  a diode-array d e t e c t o r  i n t o  o u r  HPLC s e t - u p .  
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Ghemicals .  
TC w a s  l'rom t h e  I n s t i t u t e  of A n t i b i o t i c s  and Bio -  

t r a n s f o r m a t i o n s  CKoztoky n e a r  P rague ,  Czechos lovakia) .  
ATC w a s  p repa red  f ' r o m  TC by a p rocedure  of S c h l e c h t  and 
Frank (91. DHTC was p repa red  f r o m  ATC e n z y m a t i c a l l r  u s i n g  
p a r t i a l l y  p u r i f i e d  ATCox f r o m  5'. uurcojaczens as de- 
s c r i b e d  f u r t h e r .  T h e  s t a n d a r d s  were d i s s o l v e d  in a mini- 
mum volume of MeOH, d i l u t e d  w i t h  t h e  mobi le  phase  and 
passed  through a 0. SS-pm Mil l ex  filttir u n i t .  < M i l l i p u r - e > .  
(31 ucose 6-phusphatt. , gliicose cj-l-,hc>sphdt..e ck4~ydrogenase 
and NADY were f r o m  Serva , Sephadex 15-25 a i d  I-'hrnyl-Seph~i- 
rose CL 4.6 w e r e  f r - o m  Yharmacia LKl?. 

High- Performance L iqu id  C h r o m a t o g ~ ~ ~ ~ y  
An advanced fkwltttt-t'ackai-(1 1 0 9 0 M  HPLC svst.em WGS 

employed c o n s i s t i n g  ut '  a b i n a r y  s o l v e n t  d e l  i v e x ~  sysLem, 

a n  aut.osdmplei* equipped wi th  a 25-pl au t .o in . jec tor ,  a 
d iode -a r r ay  tlelector o p e r a t i n g  bet,ween l!Xl and 600 nm and 
the w o r k s t a t l o l l  cuiiiprisi ng a Hewlitt,t-k"-lc;kard 310 t.echni- 
cal computer ,  an HY YlX3 '6'10 kLW2O ME3 dual d i s c  d r i v e ,  an  
HP 74'i.S plot.t.ei. and a n  H P  2 2 2 5 A  Think. le t  w-inter-. The 
HPLC d a t a  were a c q u i r e d  and the raw d a t a  p rocessed  using 
a s t a n d a r d  Hewlet t -Fackard HPLC software package ,  r e v i -  
s i o n  3.0. 

Run were performed a t  40 "C on a Separon octadecyl 
s i l i c a  g lass -pack  column. 150 x 1 mm i . c l . ,  5 pm particles 
CTESSEK, Prague ,  Czechos lovakia) ,  wi th  g r a d i e n t  e l u t i o n .  
The mobi le  phase  "A" c o n t a i n e d  d ime thy l  formamide/watt,er 
(20 mM EDTA) , 20: 80, p H  6 . 4 ,  t h e  "H" phase  was 100% MeOH. 
Flow r a t e  or 0. 1 nil/min was changed to 0. 2 ml/min at time 
1 min and a f t e r  2 inin reduced  to t.he i n i t . i a l  va lue .  A 
0.5-min l i n e a r  g r a d i e n t  o f  0 to  50% "B" was s t a r t e d  at 
t i m e  0.5 min. T h e  5UZ c o n c e n t r a t i o n  of "€3" w a s  h e l d  f o r  2 
min, t h e n  a 0.5-min g r a d i e n t  to 0% "B" was perf'tJrmed. A 
1.5-min e q u i l i b r a t i o n  d e l a y  was a l lowed before t h e  n e x t  
sample  i n j e c t i o n .  

Q 
Q 

c _ u l t i r a t i n n _ s f _ s , - n u r e n f s s l e n s _ a n P _ s a m e ~ ~ ~ ~ ~ i ~ ~  
S t r e p t  omyces oureofaciens s t r a i n  50/13'/ d e r i v e d  f r o m .  

t h e  s t r a i n  85/25 (Kesearch I n s t i t u t e  of' A n t i b i o t i c s  atid 
B i o t r a n s f o r n a t i u n s ,  IZoztoky n e a r  P rague ,  Czechos lovakia)  
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2 792 NEUZIL ET AL. 

w a s  c u l t i v d L t d  arid Lhe cell-free es t . i . ac t s  prep.~i-'ed as dt?  

scribed e i s e w 1 l t . r . e  C2.5.)  ~ 

The enzymat i c  preparation of DHTC and TL: w a s  c a r r i e d  
o u t  emloyirig whole S .  uureutcrureus cell-f ' r-ee estr-act 
passed  th rough  a Sephadcx G-2s column o r  a p a r t i a l l y  
p u r i f i e d  ATCox o r  TCdh prepara t , ion .  Y a r t i a . L  p u r i l ' i c a t i o n  
02' ATCox arid 1Cdh r e s u l t  i ng i n  tlieir seyeratic.m i'i-om each 
o t h e r  was a c h i e v e d  by hydrophobic  i r i t x r a c t i o n  chromato- 
graphy o f '  (:el 1-f'ree est.ract on a Yhenyl-Sepharose CIA-48 
column (4,:.)>. 

The recrLtion m i x t u r e s  cont..aiiied .in a t o t a l  volume of 
0.5; m l  0.24 mM NADP, 0 . 6  mM g l u c o s e  &phospha te ,  1.1 U 
g l u c o s e  6-phosphate  dehydrogenase ,  0.08 M T r i s - H C l  C p H  

7.41 ,  160 pM ATC and an appropriate  enzymat ic  p repa ra -  
t i o n .  I n  t h e  case of' t h e  ATC-to-TC c o n v e r s i o n ,  e i t h e r  
whole cell-free ex t r ac t ,  o r  t h e  twu p a r t i a l l y  pu r i l ' i ed  en- 
zwnes in combii ia t ion were added t o  t h e  rnixt.ure. DHTC w a s  
t h e  end product w l i e r i  p a r t i a l l y  p u r i f i e d  ATCos f ' ree  of' 
' K d h  was entployed i n  the r e a c t i o n .  F i n a l l y ,  p a r t i a l l y  
p u r i f i e d  'I'Cdh w a s  i n  t h e  DHTC-to-TC c o n v e r s i o n  react,icin 
mix tu re .  The in ix tu res  c o n t a i n i n g  p a r t i a l l y  pu r i t ' i ed  ATCos 
were also supplemented  wi th  50 1.11 t leproteiri iztzd S. uureo- 
faciens c e l l - t ' r e e  extract ( 5 ) .  

The reactions w e r e  peryormed at.. ,W-:30 O C  and allow-d 
t o  r e a c h  a coniplete s u b s t r 3 t ~ - t o - p r , o d u c t  c o n v e r s i o n .  A 1  I- 
q u o t s  w e r e  withdrawn f'r-om thc r e a c t i o n  n i ix ture  after- com- 
p l e t i o n  of t h e  c o r r e s p o n d i n g  r e a c t i o n ,  passed th rough  a 
0.45-pm M i l l c x  f i l t e r  u n i t  arid d i r e c t l y  i n j e c t e d  o n t o  t h e  
HPLC column. I n  t h e  ease of a n a l y s i s  of t h e  m i x t u r e  con- 
t a i n i n g  whole cel I - f r e e  e x t r a c t  < ATC-to-TC c o n v e r s i o n  
s y s t e m > ,  an a l i q u o t  w a s  a l s o  ana lyzed  t h a t  was t.aken t'roni 
t h e  m i x t u r e  i n  t h e  s t a g e  of maximum c o n t e n t  of DHTC which 
is a n  in t -e rmedia te  i n  t h i s  enzymat ic  s y s t e n i .  The t i m e  de- 
l a y  between sample withdrawal  i n  t h i s  case and i t s  irrjec- 
t i o n  w a s  n e g l i g i b l e  compared t o  t h e  r e a c t i o n  ra te .  

...................... RESULTS AND DISCUSSION 

I n  FIGURE l A ,  an  HPLC s e p a r a t i o n  IS shown of a n t i x -  

Lure  of  s t a n d a r d s ,  where 1 s t a n d s  for -  DHTC, 2 fo r  TC: dnd 
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V 
2 4 

Time ( min 1 
6 

I 

0 a# 
N 

0 

0 z 

'I 0.5 
E 
L. 

0 
300 350 400 450 

Wavelength ( nm 1 
FIGURE 1 A - Reversed-phase HPLC of' a mixture of stan- 

dards ( 5  p l ) ,  monitored at 500 nm. The numbers 
I. 2 and 3 stand for DHTC. TC and ATC, respect- 

ively. 
B - Real-time spectra of peaks i, 2 and 3. 
HPLC conditions are given under MATERIAL AND 
METHODS. 
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3 fo r  ATC. The p e a k s  are w e l l  r e s o l v e d  under- oui’  c o n d i -  

t i o n s .  The f l o w  r a te  i n  t h e  first m i n u t e  was lower ( 0 . 1  

ml/min> t h a n  l a t e r  <0.2 ml/minl t o  r e s o l v e  t h e  DHTC peak 

f r o m  i m p u r i t i e s  e l u t e d  i n  t h e  f r o n t .  The h i g h e r  flow rate 

s t a r t i n g  at. 1 niin as w e l l  a s  t h e  MeOH g r a d i e n t  c o n s i d c r -  

ab ly  r e d u c e d  t h e  r e t e n t i o i l  t i m e  01.’ b o t h  TC C2. 1 min) and  

ATC (3.2 min).  Under. i n i t i a l  c o n d i t i o n s ,  i .e .  f l o w  ra te  

or‘ 0. 1 ml/niin arid i s o c r a t , i c  e l u t i o n  dL 1OOx “ A ” ,  k e p t  

const.ant, d u r i n g  t,he whole run, the r e t e n t i o n  t i m e  was 

a b o u t  8 m i n  and 16 min f’or TC and ATC, r e s p e c t i v e l y  ( n o t  

shown).  Moreover ,  under t h e s e  c o n d i t i o n s ,  c o n s i d e r a b l e  

t a i l i n g  ot‘ t h e  ATC peak  o c c u r r e d  n e c e s s i t a t i n g  t h e  i n -  

s e r t i o n  of‘ at l eas t  5-min e q u i l i b r a t i o n  d e l a y  t ‘o l lowing  

t h e  ATC peak- apex tAidt. would result. i n  i n u r e  t h a n  20-nij II 

r u n s .  The higher- flow r . . i t e  and MeOH g r a d i e n t .  led I I U L  only 

t o  a more t h a n  5 - f u l d  AI’C r e t e n t i o r i  L i m e  1 - e d u c t i o n  b u t  

a lso improved t h e  peak  t a i l i n g  f a v o u r i n g  easier‘ and  m o r e  

a c c u r a t e  q u a n t i f i c a t i o n  as wit,h f a i r l y  Laillrig peaks 

q u a n t i f i c a t i o n  based on peak  area is r a t h e r  e r r o r - p r o n e .  

Hence t h e  employed HPLC c o n d i t i o n s  allow b o t h  shor t -Lime 

r u n s  and  a c c u r a t e  q u a n t i f i c a t i o n  and  are s u i t a b l e  for 

mult ip le - in . jec t . inn  a n a l y s e s .  

Real - t i  m e  absorpt. ion spe.ct,ra uoi-respt-,nding tm l . . h e  

resolved peahs in FlGUCE 1 A  are displayetl  i n  F I G U R E  1B. 

R e c o r d i n g  of t h e  s p e c t r a  w a s  t ’ a c i 1 . i t a t e d  by t h e  tinrploy- 

nient, or‘ a diode-array detector w i t h  a ZO-nrs s a m p l i n g  i n -  

t e r v a l .  The absorbarice maxima i n  t h e  v i s i b l e  r a n g e ,  i . e .  

360, 400 a n d  432 n m  for  TC, DHTC and ATC;, r e s p e c t i v e l y ,  

f a i r l y  c o r r e s p o n d  to the p u b l i s h e d  v a l u e s  ror- t h e s e  com- 

pounds  CY,10>. The DHTC s p e c t r u m  CF’IGURE 16, 1) is i n  

accord w i t h  its s k e t c h y  d e s c r i p t . i o n  g i v e n  e l s e w h e r e  (10) 
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l e n g h t  c oi . resyonif  i ng Lo the als;ui.baric e niax I mum wave 1 eng L11 

for TC and  DH'CC, i .  e. 360 arid 500 nin, r e s p e c t i v e l y .  T h i s  

f e a t u r e  i n c r e a s e d  t h e  s e l e c t i v i t y  OP tile methud and  en- 

hanced  the s l g n a l - t o - n o i s e  r a t i o  t h a t  is of' c r u c i a l  in i -  

i m p o r t a n c e  a t  v e r y  l o w  doses. ATC w a s :  q u a n t i f i e d  at 540 

n m  which is t h e  wavelengt l i  of t h e  ATCox s o e c t r o p h o t o -  

m e t r i c  assay <21. L i n e a r i t y  of' r e s p o n s e  w a s  a c h i e v e d  f*r-tm 

0. 1 nmol t.hroiigh 5 nmrll of' e . ~ h  compuuncl. 

The clpp1ic.a t . i ( 3 1 1  c i l . '  t..hr a h v e  met.hoi-1 ti, a ~' t 'd  1 r'eac- 

Lion m i x t u r e  is shown i n  F'LGUIZE 3. I n  a l l  cases, 5-pi 

a1iquot .s  were d n a l y s e d .  F'1GUF:E 3 A  p r e s e n t s  an HPLC a n a l v -  

sis o f  a s a m p l e  f r o m  t h e  r e a c t i o n  m i x t u r e  c i o n t a i n i n g  

whole d e s a l  L e d  cell-nve e x t r a c t  o f .  5'. uureo$ucz cns my- 

c e l i u m  wi thdrawn i n  t h e  s t a g e  of maximum D H T C  c o n t e n t .  

FIGUKE 3 B  d i s p l a y s  a c;hromatngram of' an a l i q u o t ,  t a k e n  

f r o m  t h e  same i 'eact , ion mi s t ,u re  as nbovr ai't.er a complete 

ATC-t#o-T(.: c o n v e i * s i o n .  'l'he a n a l y s i s  of. the reacLion mix-  

L u r e  cant-airling p a r t i a l  l r  pur- i f ' ied A K o x  l'rct' o f '  ?'(Ah is 

d i s p l a y e d  i n  f . ' l G U K E  X. k'1GUKE 3D s t r o w s  a n  a n a J y s i s  of' il 

s a m p l e  f ' r o m  a mixtiii-e t i o n t a i n i n g  p d r t i s l l y  pur i f ' i ed  TCtlh. 

I n  t h i s  case, Lhe s u b s t , r a t e  01' t h e  reaction w a s  DH'IC.  

R e a l - t i m e  spec t r a  oP p e a k s  1 and 2 r ' r o m  F'IGUKE 3A-U are  

s e e n  i n  FIGURE 3 E .  A s  e x p e c t e d ,  peak  1 c o r r e s p o n d s  t o  

D H T C  and  p e a k  2 t o  TC. 

Comparison of' dat.n d i s p l a y e d  i n  FIGURE 3A-E w i t h  

t h o s e  i n  FIGURE 1A,B i n d i c a t e s  t h a t  t h e  HPLC inet.hod prc- 

s e n t e d  i n  t h i s  communica t ion  is appl icable  f o r  separa- 

t i o n ,  d e t e c t i o n  and  q u a n t i f ' i c a t i o n  of' t h e  s u b s t r a t e s  and  

products i n  il real  r e a c t i o n  m i x t u r e  i n v o l v i n g  t h e  ATC-to- 

DHTC, D H T C - t o - T C  or complete ATC-to-TC c o n v e r s i o n .  The 

method is rap id  ( a l l o w i n g  as  much as 12 runs i n  a n  h o u r > ,  
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FIGIJKE 3 Keversed-phase tlFLC: analysis of real reacti 011 

mixture. 
A - Analysis of reaction mixture with whole 
cell-free extract at the stage of’ maximum DHTL: 
content. 
B - Analysis 01’ reaction mixture with whole 
cell-free extract after terminatlon 01. the ATC- 
to-TC reacti on. 
C - Analysis of reaction mixture containing 
partially purified ATCux after termination of 
the ATC-to-DHTC reaction. 
D - Analysis of’ reaction niixt,urc cunta.i.ning 
partially purified TGdh af’ter tx?rrrtinat.ion or 
the DHTC-to-TC reaction. 
E - Real-time spectra of peaks 1 and 2. 
HPLC: conditions are given under MATERIAL AND 
METHODS. 

(cont inued  ) 
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FIGURE 3 (continued) 

r e p r o d u c i b l e  and is su i t - i rb le  foi. automated mul l ip l e - in -  

j ec t - ion  sequences  i n c l u d i n g  r a w  data processing. 

Another  f a v o u r a b l e  t ' e a t u r r  of' t h i s  method IS that it 

a l l o w s  d i r e c t  a n a l s s i s  w i thou t  e x t r a c t i o n  01' t h e  sample.  

As f 'o l lows f ' r o n i  F I G U R E  3A-D, all the " i m p u r i t i e s "  are 

e l u t e d  i n  t h e  f ron t .  peak so t hey  do  n o t  i m p a i r  q u a n t i f i -  

c a t i o n  of DHTC. These i m p u r i t i e s .  c o n t a i n i n g  a l o t  ot' 

b i o l o g i c a l  macromolecules ,  l e a d  tu column c l o g g i n g  and 

b a c k p r e s s u r e  rise Capproximately 100 i n j e c t i o n s  per co- 

lumn reasonable>, so t h e  usage  ot' a low-priced glass-pack 

column is advantageous .  

I t  follows From t h e  above t h a t  t h i s  method is a good 

s t a r t i n g  p o i n t  f o r  e s t a b l i s h m e n t  of a n  HPLC method of d i -  

r e c t - i n j e c t i o n  mon i to r ing  of  the ATC-t.o-DHTC, DHTC-to-TC 

and ATC-to-TC r e a c t i o n s  which is t h e  s u b j e c t  of our cur- 

r e n t  s t u d i e s .  
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