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radius of the  part icle,  k the  Bo l t zman  cons tan t  and T the  
absolute  t empera ture ,  if v decreases the  radius  r mus t  
decrease. This  would mean  t h a t  his t idine is causing a 
conformat iona l  change in t he  enzyme t h a t  renders i t  
t igh te r  (smaller apparen t  size). This  is in agreement  wi th  
the  conclusions of Bell and Koshland  ~, who showed t h a t  
his t idine produced a higher  exposure to the  surrounding 
media  of the  essential  SH  group. The  drop in the  signal 
he ight  (figure 2) can be expla ined as an inc rement  of the  
dipolar  interact ions  (there is a real  possibi l i ty  of several  
labell ing sites per enzyme molecule) : due to the  conforma-  
t ional  change the  labels draw closer together .  
A t  higher  hist idine concent ra t ions  (over 15-25 ~zM), 

increases. However ,  the  signal he ight  goes on decreasing 
th roughou t  the  range of his t idine concent ra t ions  used, 
which means  t h a t  the  increase of dipolar  in terac t ions  
cont inues as all effect of his t idine action. The only possible 
explanat ion,  for these 2 s imul taneous  facts, is to assume 
t h a t  the  enzyme size increases as a consequence of histi-  
dine act ion and tha t  this increase (association) causes more 
dipolar  in terac t ion  be tween  the  ni t roxides  bound  to the  

enzyme molecules. I t  is known tha t  his t idine associates 
the  E. coli enzyme  f rom dimer  to hexamerd,  7; in those 
studies, hist idine,  in the  range 0.05 to 1 raM, was able to 
aggregate  the  enzyme as shown in u l t racent r i fuga t ion  
exper iments  7 and 0.4 mM hist idine readi ly  associated i t  
as followed by  gel f i l t ra t ion 6. I n  the  present  report ,  using 
a finer technique,  w e  have  been able to detec t  association 
of t he  enzyme wi th  as l i t t le  as 10 tzM histidine. By  
calor imetr ic  measurements  of the  binding of hist idine 
to the  enzyme,  we have  de tec ted  association a t  even lower 
concent ra t ions  (manuscr ipt  in preparat ion) .  
The n i t roxide  chain length does no t  affect  the  hyperf ine  
spl i t t ing cons tan t  bu t  produces different  l ine-widths and 
correlat ion t imes,  yielding broader  lines and slower 
correlat ion rates  as the  ni t roxide chain length  is reduced. 
Label l ing of the  prote in  wi th  one n i t roxide  or another  
affects the  posi t ion of the  min imum.  This  posi t ion depends 
on the  re la t ive  cont r ibut ion  of the  2 super imposed pro-  
cesses, conformat iona l  change of the  p ro tomer  and its 
association, to the  ow.rall  effect produced by  the  feed- 
back  inhibi tor  hist idine.  
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Summary. Binding of 2-p- toluidinylnaphthalene-6-sulfonate  (TNS) to adenyly la ted  (Eri) g lu tamine  synthetase  is 
coopera t ive  and t ime-dependent ,  wi th  3 dye sites per subunit .  In  f luorescence polar izat ion exper iments  T N S  and pyrene  
bu ty ra t e  give normal ized Perr in  plots t h a t  indicate  a symmet r ica l  a r r angemen t  of dye exci ted s ta te  dipoles, re la t ive  
to the  ro ta t iona l  axis of the  oblate  ellipsoid of the  dodecameric  na t ive  enzyme.  

Glu tamine  synthe tase  p lays  a key  role in n i t rogen 
metabo l i sm for a va r i e ty  of organisms ~-4. The  enzyme 
from E. coli (12 subuni ts  of 50,000 dal tons  each) has 
been s tudied ex tens ive ly  wi th  regard to its regula t ion and 
phys ica l  character is t ics  ~. Covalent  a t t a c h m e n t  of an A M P  
group to any  subuni t  marked ly  alters its p H  op t imum,  
meta l  ion specificity, subs t ra te  b inding constants ,  and 
sens i t iv i ty  to bound  feedback modifiersK The present  
s tudy  is a cont inua t ion  of a t t emp t s  to  probe cri t ical  
features  of this complex  sys tem by  opt ical  spectroscopy,  
the  first  of which invo lved  in t roduct ion  of chromophor ic  
rare ea r th  ions in the  ac t ive  site region 7. 
Experimental. Adenyly la ted  g lu tamine  syn the tase  (Ei~) 
was prepared  according to Shapiro and S t a d t m a n  s. 
2-p-Toluidinyl-naphthalene-6-sulfonate  (TNS) was pre-  
pared and recrystal l ized by  the  procedures  of McClure 
and E d e l m a n  9. Sucrose (ultrapure) was a p roduc t  of 
Schwarz/Mann.  1-Pyrene b u t y r a t e  was a p roduc t  of 
Eas tman ,  and was recrystal l ized three  t imes  f rom 
ethanol-water .  Fluorescence da t a  were obta ined  wi th  a 
Turner  430 spect rof luorometer  (bandwidth  7.5 nm), 
equipped wi th  t h e r m o s t a t t e d  ( •  0.1 ~ cell holder  and 
polar izat ion filters, connected  to a Sargent  S L R G  
recorder.  
E n z y m e  (0.5 mg/ml)  was buffered at  p H  6.5 wi th  10 mM 
3 ,3-d imethy lg lu ta ra te  and 1 mM MnCI~. % sucrose was 
var ied  by  mix ing  2 buffer  solutions (A = 0%, B = 50% 
sucrose) in different  rat ios  to the  same vo lume  (2.0 ml). 
Concentra t ions  of T N S  were var ied  similarly.  Viscosities 
of sucrose solutions were de te rmined  a t  37 ~ wi th  an 
Ostwald v i scometer  and compared  to publ ished 40 values.  
% sucrose (~/, cp) were-  5% (0.815), 10% (0.955), 20% 
(1.305), 3 5 %  (2.65), 50% (9.55), respect ively.  

Binding da t a  were analyzed by  Scatchard  ]1,12 plots, by  
the  equa t ion  

Y/[D] = K(n -- Y) 

where Y is the  average  moles of dye (D) bound,  and n is 
t i le number  of b inding sites for D, per  mole protein.  
Polar iza t ion  of f luorescence of enzyme-bound  f luorescent  
dyes was calculated by  the  equat ions  is, x,. 

Ivv -- Glva 
P 

Ivv + GIvE 

where Ivv ,  I v m  etc, refer to t i le in tens i ty  of t i le emission 
wi th  polar izing fi l ters on the  exci ta t ion  and emission 
sides or iented bo th  ver t ica l ly  or ver t ical ly-hor izontal ly ,  
respect ively.  G is the  gra t ing correct ion factor,  equal  to 
(I ~v / I  K~). The  normalized form of this equa t ion  : 

U lIP - -  1/3 3v 
1 + ~  

Uo 1/Po - -  1/3 oh 

where Po is the  polar iza t ion  observed where T/N is zero, 
or a t  infini te  viscosity,  was used for plots  of the  da ta  as 
U / U o  vs T/~. 
Results and discussion. Binding of TNS.  As repor ted  
earl ier  by  Miller et  al. 15, b inding of T N S  to g lu tamine  
synthe tase  occurs wi th  such enhancemen t  of f luorescence 
t h a t  unbound  dye  is essential ly non-fluorescent.  The  
binding process is a biphasic process and t ime-dependen t  : 
rapid  ini t ial  complexa t ion  of T N S  wi th  enzyme gives a 
m a x i m a l  f luorescence emission wi th in  the  mix ing  t ime,  
t hen  this signal decays  to about  70% of the  original  
va lue  in a f i rs t -order  process hav ing  tl/~ -~ 1 min. The  
ini t ial  k inet ica l ty-favored p roduc t  apparen t ly  provides  



15.8.  1977 

31 
Y/[D] 

2 

12 

10 
I455 8 

6 

4 
2 

6C 

I 5C 
4554( 

3C 
20 

10 
0 

I 1.2 

0.8 

0.4 

0 8  ; 2  0.4 
Y 

i ~ 40 

�9 30 

G 

. J  lO 
1 2 3 4 5 6 7 

Specialia 

i I 

0.4 0.8 1.2 1.6 
Y 

1 2 3 4 5 6 7 lq 

1 0 1 7  

m a x i m a l  a p o l a r  i n t e r a c t i o n s  a n d  t h u s  m o r e  i n t e n s e  e m i s -  
s i o n  of  f l u o r e s c e n c e ,  a s  d i s c u s s e d  b y  B e y e r  e t  al .  16, b u t  
p e r h a p s  u n f a v o r a b l e  j u x t a p o s i n g  o f  c a t i o n i c  p r o t e i n  
g r o u p s  r e l a t i v e  t o  t h e  a n i o n i c  s u l f o n a t e  m o i e t y .  I n  t h e  
t h e r m o d y n a m i c a l l y - f a v o r e d  p r o d u c t ,  h o w e v e r ,  t h e  b i n d -  
i n g  is a p p a r e n t l y  t i g h t e r ,  p e r h a p s  d u e  t o  d e c r e a s e d  
u n f a v o r a b l e  i on i c  i n t e r a c t i o n s ,  b u t  so t h a t  t h e  o v e r a l l  
e n v i r o n m e n t  is  l ess  a p o l a r ,  y i e l d i n g  s o m e w h a t  l ow er  
e m i s s i o n .  
T i t r a t i o n  o f  t h e  a d e n y l y l a t e d  e n z y m e  w i t h  T N S  ( f igure  1) 
p r o d u c e s  a b i p h a s i c  b i n d i n g  c u r v e .  S o m e  c o o p e r a t i v i t y  
is  s e e n  in  t h e  l i n e a r  p l o t s  o f  I455 v s  ~TNS] for  t h e  f i r s t  s e t  
o f  s i t e s  (I). T h e  S c a t c h a r d  p l o t s  a t  t h e  t o p  of  f i g u r e  1 
i n d i c a t e  1 T N S  b o u n d / s u b u n i t  fo r  t h e  t i g h t e s t  (I) s i t es ,  
b u t  2 T N S  b o u n d / s u b u n i t  i n  t h e  l oose r  (II) s i t es .  S i m i l a r  
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Fig. 1. Fluorescence titration of adenylated 2 i i  E. coli glutamine 
syntbetase with TNS, pH 6.5, 37~ Bottom: 1455 (emission) vs log 
[TNS] ; middle: linear plot of 1455 vs ~TN S] in each region of binding; 
top : Scatchard plots for each separate class of binding sites, indicat- 
ing stoiehiometry of association. (See experimental section.) 
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Fig. 2. Normalized Perrin plot of fluorescence polarization for the 
TNS-Ei i  complex of glutamine synthetase at  37~ pH 6.5. Top: 
TNS at 10 -5 M (open symbols) or 10 -4 M (closed symbols) and at 
t = 0 (circles) or at t = 10 min (triangles). Bottom: effect of excita- 
tion wavelength on the plots: 366 nm (triangles); 355 nm (filled 
circles) ; 395 nm (diamonds) ; with TNS = 10 -4 M, ;rEx = 366 nm. 
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Fig. 3. Normalized Perrin plot of fluorescence polarization for the 
pyrene butyrate-Ei~ complex of glutamine synthetase,  57 ~ pH 6.5, 
at a series of excitation Wavelengths. Data  obtained at 2~M = 372 
and 393 nm were essentially identical. 
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exper iments  wi th  unadenyly la ted  enzyme (data no t  
shown) indica ted  only 1 T N S / s u b u n i t  in each t y p e  of site 
and much  lower overal l  enhancement  of T N S  fluores- 
cence. Thus, adenyly la t ion  appears  to resul t  in increased 
exposure of apolar  b inding area. This m a y  correlate  wi th  
decreased s tab i l i ty  of the  prote in  and enhanced sensi t iv i ty  
to feedback modif iers  known to occur upon adenyla-  
t ion 2-5. 
Fluorescence polar izat ion studies. Wi tho l t  and Brand  14 
have  demons t ra t ed  t h a t  f luorescence polar izat ion tech-  
niques allow one to dis t inguish among  3 dis t inct  modes 
of f luorophor  binding to ell ipsodal macromolecules .  
Normal ized  Perr in  plots for each are unique,  and respond 
charac ter i s t ica l ly  to changes in exc i ta t ion  wave leng th :  
Class I, exci ted s ta te  dipoles of the  I luorophor  are fixed 
and symmet r i ca l ly  or iented re la t ive  to the  axis of ro ta t ion  
of the  ell ipsoidal p ro te in ;  Class I I  f luorophor  dipoles are 
fixed bu t  r a n d o m l y  or iented ; Class I I I ,  cova len t ly  bound  
f luorophor  ro ta tes  rapidly  and freely.  
F igure  2 shows normal ized Perr in  plots  for T N S  bound 
to g lu tamine  synthe tase  (Eii).  As one increases the  T N S  
from 10 .5 to 10-~ M (and T N S  bound / subun i t  f rom 1 to 3) 
the  curve  shape changes s l ight ly bu t  remains  qua l i t a t ive ly  
the  same. Comparison to Wi tho l t  and Brand ' s  14 model  
schemes seem to suggest  Class I - type  binding wi th  higher  
levels of T N S  causing some changes in the  angle be tween 
f luorophor  dipole and the  ell ipsoidal macromolecule  
ro ta t iona l  axis. The  pa t t e rn  response to exc i ta t ion  
wave leng th  (4) is also typ ica l  of Class I binding.  The  ra te  

of d isp lacement  of T N S  from the  enzyme surface by  
substra tes  or  modifiers  is re la t ive ly  slow (tl/2 _~ 1 min), 
and  this  argues agains t  any  Class I I I - t y p e  binding.  
W h e n  polar izat ion was observed a t  t = 0 wi th  subsatu-  
ra t ing  (10 -5 M) TNS,  the  pa t t e rn  is more like t h a t  ex-  
pected  for Class I I  binding.  Thus,  the  association of T N S  
molecules wi th  enzyme m a y  involve  a t ime-dependen t  
t rans i t ion  f rom a somewha t  disordered s ta te  to  a more  
order ly  one. A t  sa tura t ing  levels of T N S  (10-* M) how- 
ever,  a t  t = 0 the  dye appears  to bind immed ia t e ly  in an 
ordered manner .  Final ly ,  in figure 3, the  normal ized 
Perr in  plots  for a f luorophor  wi th  a much  longer exci ted 
l ifet ime, pyrene  b u t y r a t e  (r > 100 ns I~, 18) are also typi -  
cal of pa t t e rns  for symmet r i ca l  t luorophor  b inding 
(Class I). 
Conclusion. The present  evidence indicates t ha t  or ienta-  
t ion of the  exci ted s ta te  dipole of the  bound dyes, 
re la t ive  to  the  axis of ro ta t ion  oI the  oblate  ellipsoid of 
E.  coli g lu tamine  synthetase,  is regular  and symmetr ica l .  
This  in turn,  m a y  be of significance in the  mechanisms  
of regula t ion of this h ighly  complex  key enzyme 2-5, s, 19, 
i.e., spat ia l  order ing of modif ier  sites. 
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Summary, The levels of hepat ic  threonine  dehydra tase  and t r y p t o p h a n  pyrrolase are e levated in 5% tyrosine-fed rats,  
and these increases are dependen t  on the  d ie ta ry  tyrosine level. Expe r imen t s  wi th  R N A  and prote in  synthesis  inhibi tors  
indicate  t h a t  the  appearance  of these new enzyme act ivi t ies  are dependen t  on concomi tan t  new prote in  synthesis  and 
the  inducer  operates  a t  a t ranscr ip t iona l  level. 

Threonine  supp lementa t ion  has an a l levia t ing  effect on 
tyrosine tox ic i ty  in re la t ion to  growth  depression and 
onset  of toxic  symptoms  x-3. Hepa t i c  tyros ine  t rans-  
aminase  is increased in ty ro tox ic  rats  developed by  
excess tyros ine  feeding 4-e. 7While s tudy ing  the  effect of 
threonine  supp lementa t ion  on tyrosine toxici ty ,  i t  has 
been observed t h a t  besides tyrosine t ransaminase ,  the  
ac t iv i ty  of threonine  dehydra tase  is also increased in 
tyrosine-fed ra t sL  
In  this  paper ,  there  is evidence t h a t  the  levels of threonine  
dehydra tase  and t r y p t o p h a n  pyrolase  are e leva ted  in 
excess tyrosine-fed rats,  and the  act ivi t ies  are inhibi ted 
by  admin is t ra t ion  of inhibi tors  of R N A  and prote in  
synthesis  e.g. ac t inomycin  D, pu romyc in  and cyclo- 
heximide.  
Materials and methods. Weanl ing  albino (Hol tzman  strain) 
rats,  weighing 25-40 g were used in these exper iments .  
A basal  diet  conta in ing  9% casein was prepared  according 
to Benton  et  al. 8. In  order  to develop tyrosine toxici ty ,  
L- tyros ine  (3% or 5%) was added to the  basal  diet  a t  the  
expense of equ iva len t  a m o u n t  of starch. Animals  were 
kep t  in t empera tu re  and l ight  control led room. For  the  
induc t ion  exper iments ,  ra ts  kep t  on tyrc0sine diet  were 
kil led a t  different  t imes  by  cervical  dis locat ion and the  

act ivi t ies  of hepat ic  threonine  dehydra tase  and t ryp to -  
phan  pyrrolase  were de te rmined  by  the  me thod  of B o t t o m -  
ley et  al. 9 and of K n o x  et  al. 1~ Pro te in  was measured by  
the  me thod  of Lowry  et  al. 11. At  0 h, ac t inomycin  D 
(50 ~g/100 g b.wt) or cyc loheximide  (0.5 mg/100 g b.wt) 
or puromycin  was (3.5 rag/100 g b.wt) was adminis tered  
in t raper i tonea l ly  to t he  ra ts  fed on ei ther tyros ine  
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