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minimal .  The da t a  also d e m o n s t r a t e s  - n o t  u n e x p e c t e d l y  - 
t h a t  re la t ive ly  h igh  p ropor t ions  of u n b o u n d  molecules 
are avai lable to  t he  bra in  for an init ial  shor t  per iod when  
h igh  overal l  concen t ra t ions  7 of the  drug  prevail .  This  
suggests  t h a t  unde r  these  exper imen ta l  condi t ions  a t  
least,  the  bulk  of the  A~-THC enters  the  bra in  wi th in  40 
sec of i.v. admin i s t ra t ion .  This  shor t per iod encompasses  
t he  uns tab le  s i tua t ion  pr ior  to  the  equi l ibra t ion  of free 
drug  wi th  blood prote ins .  Once inside the  brain,  avid  
b ind ing  of the  Ai-THC to p ro te in  and  m e m b r a n e s  and  
possible slow me tabo l i sm to  7-OH-Ai-THC ~9 would be 
expec ted  to con t r ibu te  to a s low release and  pro longed  
dura t ion  of action~~ 
I t  is possible  t h a t  an e n h a n c e m e n t  of the  t r a n s f o r m a t i o n  
of A~-THC to CBN could be responsible  for obse rved  
pha rmacok ine t i c  in te rac t ions  be tween  A~-THC and  
CBN% Table  2 i l lus t ra tes  t he  isotope rat ios  ob ta ined  f rom 
ra ts  t r e a t ed  wi th  pure  labelled A1-THC, and  w i t h  labelled 
A~-THC and  cold CBN under  ident ical  e x p e r i m e n t a l  
condi t ions  to  those  used above and  ilo e n h a n c e m e n t  of 
the  dehyd rogena t i on  of A1-THC is to be no ted .  
Table 3 i l lus t ra tes  the  resul ts  of ano the r  expe r imen t  to  
s imula te  regular  users ;  the  ra t s  were p r e t r e a t e d  twice 

dai ly for 5 admin i s t r a t i ons  of unlabel led  A~-THC before 
the  pure  labelled Ai-THC was f inal ly adminis te red .  Again 
the  difference does n o t  appear  to  be suff ic ient  to  be the  
basis  of differences in me tabo l i sm ra tes  ~t, b u t  ex t en ded  
expe r imen t s  should be u n d e r t a k e n  to  conf i rm this.  
Thus  the  p roduc t i on  of CBN f rom A~-THC in ra t s  m a y  
be v iewed as compe t i t ion  for avai lable  free Ai-THC, the  
effect  of which  on the  overal l  in toxica t ion ,  is ye t  to  be 
earaluated. E n h a n c e m e n t  of th is  t r an s fo rma t i o n  does no t  
appea r  to  be the  basis  of e i ther  the  THC/CBN pha rmaco -  
kinet ic  in te rac t ion  s or increased clearance ra tes  of ' chronic  
users '  2i. 

19 Pharmacology of Marihuana, p. 63. Ed. M. C. Braude and S. 
Szara. Raven Press, New York 1975. 

20 Thiopental [A. Goldstein and L. Aronow, J. Pharmae. exp. 
Ther. 128, 1 (1960) provides an analogy with ZI1-THC. In this 
case lower lipophilicity results in less protein binding and would 
be expected to result in much less retention of the drug by the 
brain. 

21 L. Lemberger, N. R. Tamarkin, J. Axelrod and I. J. Kopin, 
Science 773, 72 (1971). 
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Summary. Covalent ly  b o u n d  b romoace t amide  n i t roxides  have  been  used to de t ec t  the  conformat iona l  changes  and  
enzyme  associat ion induced  b y  its feedback  inhibi tor ,  his t idine.  

A T P  phosphor ibosy l t r ans fe rase  (EC2.4.2.17) is the  f i rs t  
enzyme  of the  h is t id ine  b iosyn the t i c  p a t h w a y  2 and  is 
al loster ical ly inh ib i ted  by  the  end product ,  hist idine3. I t  
ca ta lyzes  t he  reversible  react ion of A T P  and  5-phos- 
phor ibosy l  c~-l -pyrophosphate  to  yield phosphor ibosy l -  
A T P  and  py rophospha t e .  A l though  the  p r i m a r y  s t ruc tu re  
of the  ac t ive  site is unknown,  Bell and Kosh l and  showed 
t h a t  an SH group is necessary  for ca ta ly t ic  ac t iv i ty  f rom 
studies  on iodoace ta te  inac t iva t ion  in t he  Salmonel la  
t y p h i m u r i u m  enzyme  4. 
Studies  in our l abo ra to ry  wi th  the  E. coli enzyme  have  
dea l t  w i th  conformat iona l  changes  and  associat ion-dis-  
sociat ion effected b y  subs t r a t e s  and o the r  l igands.  The 
ac t ion  of h is t id ine  on th is  enzyme has  been  s tud ied  b y  
several  t echn iques  like f luorescence 5, gel f i l t ra t ion  ~, equi-  
l ibr ium sed imen ta t i on  7 and  s t eady  s t a te  kinet ics  of t he  
inh ib i t ion  of the  reac t ion  ca ta lyzed  by  the  enzyme  s. How-  

ever,  b o t h  processes  induced  b y  his t idine,  n ame l y  b inding  
of t he  effector  to  the  enzyme  and  enzyme  associat ion,  
could no t  be d i sc r imina ted  by  any  of the  t echn iques  
men t ioned  above.  In  the  work  p resen ted  here, a t  ve ry  low 
his t id ine  concen t r a t ion  the  corre la t ion t ime,  z, decreases,  
suggest ing a conformat iona l  change  in which  the  unpa i red  
spin becomes  a l i t t le  freer. W h e n  the  h is t id ine  concent ra-  
t ion increases,  z also increases,  a p p a r e n t l y  due to  t he  
enzyme  aggrega t ion  induced  b y  his t id ine.  

Materials and methods. The spin labels 3-[(2-Bromoacet-  
amido) me thy l ] -2 ,  2, 5, 5 - t e t r a m e t h y l - 1 - p y r r o l i d i n y l o x y l  
(No. 131), 3-[2-(2-Bromoacetamido)acetamido]-2 ,  2, 5, 5- 
t e t r a m e t h y l - l - p y r r o l i d i n y l o x y l  (No. 132), and  3-[3-(2- 
Bromoace tamido)p ropy l ]ca rbamoyl )  2, 2, 5, 5 - t e t r ameth -  
y l - l - py r ro l i d iny loxy l  (No. 133), were purchased  f rom 
Synvar ,  Palo  Alto,  California. 

ESR parameters of the nitroxide spectra 

AIH i zJH 0 AH_ i al, 0 a-i, 0 I- 
(G) (G] (G) (G) (G) (ns) 

Free label (No. 132) 1.2 1.2 1.3 16.2 16.2 0.07 
Adsorbed label (No. 131) 2.4 2.3 2.8 16.2 16.3 1.14 
Adsorbed label (No. 132) 2.0 2.0 2.3 16.i 16.3 1.06 
Adsorbed label (No. 133) 1.6 1.5 1.9 16.3 16.4 0.69 

-1, 0 and 1 denote the 3 lines of the nitroxide spectrum assigned to 
i4N nuclear spin quantum states; M = -1 is the line corresponding 
to the higher field, a is the hyperfine splitting constant. AH is the 
peak-to-peak width. 

1 We are indebted to J. F. Garcia de la Banda for his support and 
encouragement, and to E. T. Kaiser, V. M. Fern/mdez and M. 
Rico for critical reading of the manuscript. 

2 M. Brenner and B. N. Ames, in: Metabolic Pathways, vol. V, 
p. 349. Ed. D. M. Greenberg and H. J. Vogel. Academic Press, 
New York 1971. 

3 R.G. Martin, J. biol. Chem. 238, 257 (1963). 
4 R.M. Bell and D. E. Koshland, Jr, Bioorg. Chem. I, 409 (1971). 
5 A . R .  TSbar, V. M. Fernfindez, R. Martin Del Rio and A. 

Ballesteros, FEBS Lett. 50, 239 (1975). 
6 A . R .  T6bar, V. M. FernAndez, R. Martin Del Rio and A. 

Baltesteros, Experientia 29, 1477 (1973). 
7 L. Klungs6yr and H. Kryvi, Biochim. biophys. Acta 227, 327 

(1971), 
8 A . R .  T6bar and A. Ballesteros, Mol. cell. Bioehem. 1/, 131 

(1976). 
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A T P  phosphor ibosy l t r ans fe rase  was purif ied basical ly 
according to t he  m e t h o d  of Parsons  and  Kosh land  ", as 
p rev ious ly  descr ibed  6, including a Sepbadex  G-200 step.  
P ro te in  was  de t e rmined  by  the  m e t h o d  of Lowry  et  al. i~ 
w i th  insulin s t anda rds .  The m e t h o d  of Campbel l  e t  al. ii 
was used to  label the  SH func t ion  of the  enzyme;  a f te r  
reac t ion  wi th  the  label, the  enzyme  re ta ined  approx i -  
m a t e l y  15% of i ts  ac t iv i ty .  E S R  m e a s u r e m e n t s  were  
carr ied ou t  on a J E O L  JM-PE-3  spec t rometer ,  working  
a t  23~C and  a t  X band  (9.53 GHz), using a modu la t ion  
amp l i t ude  of 0.5 G and microwave  power  of 10 mW.  The 
solut ions were con ta ined  in a qua r t z  cyl indr ical  cell, 
s t a n d a r d  for the  J E O L  equ ipment .  The so lvent  was  in all 
cases 50 mM Tris-HC1 buffer,  p H  8.0. 
Results .  The spec t ra  of n i t roxides  cova len t ly  b o u n d  to  
t he  enzyme  are d i f fe rent  f rom those  d isplayed by  the  free 
spin  label (not shown),  w i th  b roader  lines and  h igher  
values  for t he  rat ios  of cen t ra l  line he igh t  to  t he  others ,  
In  the  case of bound  ni t roxide ,  the  typ ica l  spec t rum of a 
radical  weakly  a t t a c h e d  to  a large molecule is ob ta ined ,  
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Fig. 1. Variation of the correlation time with histidine concentration, 
for nitroxides No. 131 (closed circles), No. 132 (open circles) and No. 
133 (triangles). 

in which mos t  of the  unpa i red  spin dens i ty  is localized on 
the  n i t rogen  a t o m  12. The hyper f ine  sp l i t t ing  co n s t an t  (a) 
has, however ,  the  same values  in b o t h  cases (see t he  
table),  ind ica t ing  t h a t  the  dielectr ic c o n s t a n t  of t he  so- 
lut ion sur rounding  the  N - O  group is the  same. The 
p a r a m e t e r s  of the  signal for the  3 n i t rox ides  a t t a ch ed  to 
t he  enzyme  and  for n i t rox ide  No. 132 free in solut ion are 
p r e sen t ed  in the  table.  W h e n  the  n i t rox ide  is bound  to the  
enzyme,  the  l ine-width  increases,  p ro b ab l y  due to  dipolar  
in te rac t ions  or to  a worse average of n i t rox ide  anisot ropy.  
As the  3 E S R  lines are well separa ted ,  ind ica t ing  fair ly 
rapid  tumbl ing ,  t he  t r e a t m e n t  of Stone  et  al. 13 as devel-  
loped b y  Dwek 14 c a n  be used for t he  calculat ion of the  
corre la t ion t ime v, f rom the  square  root  of the  ra t ios  of the  
expe r imen ta l  de r iva t ive  curves.  The tab le  clearly shows 
t h a t  the  t u mb l i n g  ra te  is s lower w h e n  the  spin  is a t t a ched  
to the  prote in .  
W h e n  spin labelled A T P  phosphor ibosy l t r ans fe rase  is 
t i t r a t e d  wi th  hist idine,  the  main  spect ra l  changes  observed 
are in the  rat ios  be tween  the  he ights  of the  3 lines. The 
var ia t ion  of T wi th  h i s t id ine  concen t r a t ion  is p resen ted  
in figure 1 (histidine, a t  the  concen t ra t ions  used here, has  
no effect  on the  free n i t rox ide  spect rum).  The changes  are 
small  b u t  reproducible  and  similar  in the  3 n i t roxides  
used. At  ve ry  low his t id ine  concen t ra t ion  ~ decreases 
reaching a m i n i m u m  a t  10-25 FM, depend ing  on the  
n i t rox ide  used. At  h igher  h is t id ine  concen t ra t ion  T 
increases,  being a lmos t  c o n s t a n t  above 0.2-0.3 mM 
hist idine.  W i t h  the  excep t ion  of signal height ,  the  signal 
pa r ame te r s  do no t  change  s ignif icant ly  for each n i t roxide  
wi th  h is t id ine  concen t ra t ion .  The change  in signal he igh t  
wi th  his t id ine  concen t ra t ion  for n i t rox ide  No. 132 is 
shown in f igure 2. A rap id  decrease of the  he igh t  is ob- 
served at  low concent ra t ions ,  wi th  s l ight  effect  above 
0.3 mM hist idine.  This p a t t e r n  is s imilar  to  the  one we 
repor ted  previous ly  in kinet ic  inh ib i t ion  expe r imen t s  8, 
in which  a lmos t  no inhib i t ion  was observed  above 0.2 mM 
his t id ine  and the  m a x i m u m  inhib i t ion  was no t  100% bu t  
70%. 
Discussion.  The enzyme group labelled by  the  n i t roxides  
m u s t  be an SH group as far as ha loace t amide  n i t roxides  
are specific for su lphydry l  residuesl~. The a t t a c h m e n t  of 
t he  n i t roxides  to the  E. coli enzyme  m u s t  be cova len t  
because of the  s t ruc ture  of the  label and  the  fact  t h a t  
t h e y  still r emained  bound  af ter  a long  dialysis.  The group (s) 
labelled in the  enzyme m u s t  be in the  act ive  site or a t  
least  essent ia l  for enzymat i c  ac t iv i ty  since the  enzyme 
lost  mos t  of its ac t iv i ty  af ter  hav ing  been mixed  wi th  the  
label�9 
The var ia t ion  of z wi th  h is t id ine  concen t r a t ion  (figure 1) 
is ve ry  similar  in the  3 cases. At  low his t id ine  concent ra-  
t ion,  there  is a decrease of t he  corre la t ion t ime.  Using the  
equa t ion  T = 4 a ~/r3/3 k T, where  ~ is the  viscosity,  r the  
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Fig. 2. Sum of the height of the 3 peaks of the spectrum of the nitro- 
xide No. 132, in arbitrary units, vs histidine concentration. 

9 S.M. Parsons and D. E. Koshland, Jr, J. biol. Chem. 249, 4104 
(1974). 

10 O.H. Lowry, N. J. Rosebrough, A. L. Farr and R. J. Randall, 
J. biol. Chem. 193, 265 (1951). 

11 I.D. Campbell, R. A. Dwek, N. C. Price and G. K. Radda, Eur. 
J. Biochem. 30, 339 (1972). 

12 C.L. Hamilton and H. M. McConnell, in: Structural Chemistry 
and Molecular Biology, p. 115�9 Ed. A. Rich and N. Davidson. 
W. H. Freeman and Co., San Francisco 1968. 

13 T.J .  Stone, T. Buekmann, P. L. Nordio and H. M. McConnell, 
Proc. nat. Acad. Sci. USA 54, 1010 (1965). 

14 R. A. Dwek, Nuclear Magnetic Resonance in Biochemistry, 
p. 288, Clarendon Press, Oxford 1973. 

15 H.M. MeConnell and B. G. McFarland, Quart. Rev. Biophys. 
3, 91 (1970). 
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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.  

I n t e r a c t i o n  of e x t r i n s i c  f l u o r e s c e n t  p r o b e s  w i t h  E. col i  g l u t a m i n e  s y n t h e t a s e  I 
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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  


