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SUMMARY 

I. The activity of a rat liver preparation of phenylalanine hydroxylase (L- 
phenylalanine, tetrahydropteridine :02 oxidoreductase (4-hydroxylating), EC 1.14.3. I) 
towards two substrates simultaneously, has been studied. 

2. For pairs of substrates chosen from the following, tile degree of hydroxylation 
of each in the presence of increasing amounts of the other was measured; I.-phenyl- 
alanine, I.-tryptophan, 4-fluoro-DL-phenylalanine and 5-fluoro-DL-tryptophan. 

3. The hydroxylation of L-phenylalanine and L-tryptophan was increasingly 
inhibited by increased concentrations of their respective fluoro derivatives. However, 
even high concentrations of tryptophan and fluorotryptophan only inhibited 3o°.' o of 
the hydroxylating activity towards phenylalanine. The presence of these indolic 
amino acids cnhance.d by 70% the hydroxylation of fluorophenylalanine (replacement 
o f - F  by -OH), and similarly phenylalanine or fluorophenylalanine enhanced the 
5-hydroxylation of tryptophan. 

4. These results are reconciled with those of other workers. A model for the 
phenylalanine hydroxylase system is proposed, with separate hydroxylating sites 
for benzenoid and indolic substrates, hydroxylation at each site being allosterically 
modified by binding at the other site. 

I NTROI)UCTION 

In i963, FREEDLAND x, reported that experiments on the induction and re- 
pression of rat liver phenylalanine-4-hydroxylase (L-phenylalanine, tetrahydro- 
pteridine:O2 oxidoreductase (4-hydroxylating), EC 1.14. 3.I) and of tryptophan-5- 
hydroxylase activity showed a very high degree of correlation. He concluded that 
although these two activities had different activators and inhibitors they must be 
mediated by a single protein. 

In a previous communication 2 we reported some studies of the inhibition of 
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these activities by 5-fluorotryptophan which led us to suggest that there might be 
more than one hydroxylating enzyme inw~lved. 

In this paper we report the results of more detailed experiments using two of 
the following substrates sinmltaneously: L-phenylalanine, L-tryptophan, 4-fluoro-DL- 
phenylalanine and 5-fluoro-Db-tryptophan. The effects of these substances on the 
rate of hydroxylation of each other by rat liver preparations are very complex and 
unusual and in the discussion some suggestions to explain them are made. A pre- 
liminary account of this work has appeared 3. 

The most stable and highly purified preparation of phenylalanine-4-hydroxylase 
that has been reported is that of GUROFF ANt) ITO 4 from Psezutomonas sp. ATTC 
l r299a. However, as we were particularly interested in relating these studies to 
phenylketonuria we preferred to use the nmmmalian enzyme. KAUF.XiAN '~ has reported 
a partially purified enzyme from rat liver which is moderately stable, but his incu- 
bation mixture requires the further addition of sheep liver and beef heart prepa- 
rations for full activity. 

In this work we used ioo ooo × g supernatant or ammonium sulphate-precipi- 
tated fractions similar to those used by MtTO.~IA 6. 

Though relatively crude, these preparations had the advantage of considerable 
reproducibility, which was not found after further purification. 

MATERIAI.S 

6,7-Dimethyl-5,6,7,8-tetrahydropterin hydrochloride was obtained from Cal- 
biochem Ltd. 

The tyrosine decarboxylase used was a Streptococcus faecalis preparation (type 
I Sigma). 

Generally-labelled i~4Ciphenylalanine was obtained from the Radiochemical 
Centre, Amersham. 

METHODS 

(a) The hydroxylating system 
The enzyme preparations used for tile hydroxylations were either ammonium 

sulphate-precipitated fractions (Fraction I from 33-4O~o and Fraction iI from 5o- 
6o%) from rat liver homogenate, similar to those described by MITO.~IA 6 or the 
supernatant fraction obtained after centrifuging a rat liw~.r homogenate (~ part liver 
to 2 parts o.15 M KCI at pH 7) at IOO ooo × g for I h. 

For the usual incubations, i ml of supernatant (or o.5 ml each of Mrro.~IA'S 
crude Fractions I and II) was incubated with o.i ml of o.o15 M NAIL o.I ml of 
o.i M ethanol, o.I ml of I.O M phosphate buffer at pH 6.8, and o.I ml of o.oo2 3'1 
6,7-dimethyl-5,6,7,8-tetrahydropterin hydrochloride; appropriate amounts of sub- 
strafe and inhibitor were added and the volumes made up with water to appropriate 
minimal volumes (these varied from experiment to experiment due to the different 
maximum volume of inhibitor solution employed). The tubes were then incubated in 
a shaking water bath in contact with air at 37 °. The incubation times were usually 
i h, though in studies of the inhibition of tryptophan by phenylalanine and fluoro- 
phenylalanine the times were reduced to IO min in some experiments. 
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In some of the kinetic work, smaller volumes of liver supernatant were used 
on occasions, to reduce the reaction velocities. 

When the products of the reaction were to be fractionated by ion exchange 
chromatography the reaction was stopped by boiling. When tyrosine was to be 
determined directly the reaction was stopped by addition of 1 ml of3o% trichloro- 
acetic acid. In both cases the protein was removed by centrifugation. 

(b) 7"he decarboxvlating systems 
(i) 5-Hydroxv-trvptophan to serotonin. The liver preparations used for the 

hydroxylations contained aromatic amino acid decarboxylase activity ~ which gave 
very good yields of serotonin (9O-lOO%) under the conditions of the hydroxylase 
incubation. The decarboxylase was not inhibited by phenylalanine, fluorophenyl- 
alanine or tyrosine at the concentrations employed but was inhibited by fluoro- 
tryptophan. Therefore in studies using fluorotryptophan as an inhibitor of hydroxy- 
lation it was necessary to determine both serotonin and 5-hydroxytryptophan. 

(ii) Tyrosine to tyramine. Under the conditions used in these incubations, the 
liver preparations did not decarboxylate tyrosine to tyramine in detectable quantities 
and therefore in order to determine the conversion of [~*C.phcnylalanine to p4(-~_ 
tyrosine it was necessary to use S. faecalis decarboxylase to convert tyrosine to 
tyramine which could be the more easily separated from phenylalanine. The yields 
for this step were variable but of the order of 65%. Phenylalanine itself was not 
significantly decarboxylated under these conditions. For these incubations 1 ml of 
the supernatant from the hydroxylation stage plus o.I ml of I.O M acetate buffer at 
pH 5.o plus I.O ml of 2 mg/ml suspension of S. faeealis decarboxylase in o.1 M acetate 
buffer at pH 5.o were incubated at 37 ° for 3o min. The reaction was stopped by 
boiling and the protein removed by centrifugation. 

(c) Separation of products 
(i) The separation of tyrosine from high concentrations of fluorotryptophan and 

to,ptophan. These indoles interfered with the determination of tyrosine, and the 
separation was achieved by ion exchange chromatography. 

The deproteinised incubation mixture was applied to a 17. 5 cm × I cm column 
of Amberlite CG 5o in the Na + form. The amino acids were then eluted with o.ooi M 
sodium phosphate buffer at pH 6.8. Fractions (5 ml) were collected, and tyrosine 
which came off in Fractions 3-8 was then determined. The indoles appeared in later 
fractions. The chromatography column was then regenerated by washing with a 
further 1oo ml of o.ooi M phosphate buffer and reused. The recovery obtained for 
added tyrosine through this procedure was 8o%. 

(ii) Separation of serotonin or tyramine from their parent amino acids. The 
deproteinised incubation mixture was applied to a 3 cm × o.5 cm Amberlite CG 5o 
column in the H + form. The amino acids were eluted with 3o ml of o.ooI M phosphate 
buffer at pH 6.8 and the amines were then eluted with 5 ml of o.I M hydrochloric 
acid. The column was regenerated by washing with distilled water to pH 5.o. Re- 
coveries of 5-hydroxytryptophan as serotonin through the incubation and separation 
step was 6o% for incubations of I h duration. In Expt. 5 where the incubation time 
was reduced to io min recoveries of 75% were obtained. 
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Recoveries of ty ramine  through the decarboxyla t ion  s tep (with S. faecalis) 
followed by  the ion exchange procedure,  were only of the order  of 4o°o mainly  due 
to the low efficiency of the decarboxyla t ion .  This lower and var iable  recovery for 
ty ramine  was, however, acceptable  in view of the fact tha t  the recovery was deter-  
mined separa te ly  in every incubat ion sample of Expt .  2, and therefore no ext ra-  
polat ion was inw)lved. 

(iii) Separation of 5-lLvdroxytrvptophan J'rom other indole amino acids. The high 
concentra t ion of t r yp tophan  and f luoro t ryp tophan  used in the incubat ions  quenched 
the acid fluorescence used to measure 5 -hydroxy  indoles. I t  was therefore necessary 
to pur i fy  the 5 -hydroxy  compounds  by  ion exchange chromatography .  The de- 
proteinised incubat ion mixture  was appl ied to a 27.5 cm × I cm column of Amber l i te  
CG 5o in the N a -  fi~rm and the amino acids e luted with o.ooI M phosphate  buffer 
at pH 6.8. Frac t ions  (5 ml) were collected, 5 - h y d r o x y t r y p t o p h a n  appear ing  in 
Frac t ions  5- I4. Tryt ) tophan which was original ly present  in zoo t imes the concen- 
t ra t ion of 5 -hydroxy t ryp to l )han  appeared  in Fract ions  13-4o. The amount  of t ryp to-  
phan in Fract ions  13 and i 4 was sufficiently small  as not to interfere with the fluo- 
rescence assay. The column was then regenerated by washing with a fur ther  IOO ml 
of di lute  buffer to remove t r yp tophan  and 5-f luorot ryptophan,  and then reused. 
Recoveries of 5 - h y d r o x y t r y p t o p h a n  of the order  of 75% were obta ined  through this 
procedure.  

(d) Determination of products 
(i) 7~yrosine and tvramim'. Tyrosinc and tyra ln ine  were de te rmined  by  the 

n i t rosonaphthol  fluorescence method of UI)ENFRIENI )  AND COOPER 8. 

(ii) 5-ttydroxvindoles. 5-Hydroxyindo les  were de te rmined  by  the acid fluo- 
rescence method of I~71)ENFRIEN 1) ~J. 

(iii) : v,(--Tvrami~te. This was de termined by counting samples  in a scint i l lat ion 
fluid '° using a Tr icarb  liquid scint i l lat ion counter.  

E X PERI M I~N'I'AI. 

In the Expts . ,  I 5 below, the amounts  of products  ob ta ined  from the same 
concentra t ion of one subs t ra te  in tile presence of various concentra t ions  of a second 
subs t ra te  were determined.  Tile amounts  of products  recorded are corrected for the 
recovery of added  product  through the incubat ion and purif icat ion procedures.  

The magni tude  of these corrections is indicated by  tile size of tile recoveries 
quoted in METHODS, but  the ac tual  correction employed in each separa te  exper iment  
was based on recoveries and s tandards  which were always run in pa r a lM with the 
exper iment .  

D-Phenylalanine is not a subs t ra te  for this enzyme s, and RE.XSOX, ~VEISSBACH 
AND UI)I-~NFRIEND 11 have repor ted  tha t  D-phenylalanine only s l ight ly  inhibi ts  the 
hydroxy la t ion  of t ryp tophan .  Therefore when DL compounds  have been used in the 
following work their  concentra t ions  have been expressed with respe.ct to the L isomer. 
In the results shown in Figs. 2 -  7 the amount  of hvdroxvla t ion  expressed as nmoles 
of product  per /m~ole  of subs t ra te  at  each inhibi tor  concentra t ion is shown. These 
re la t ive ly  simple plots, ra ther  than the more usual double reciprocal plots, were used 
for the following reasons. First ly,  the enzvme shows subs t ra te  inhibi t ion for phenyl-  
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alanine a and also for f luorophenylalanine (Fig. I). Secondly, in the case of the  experi-  
ments  with t r y p t o p h a n  as subs t ra te  the  ra te  of react ion is very  slow and thus, long 
incubat ions  (I h) are necessary to obta in  accura te ly  measurable  amounts  of product .  
This  made  it impossible to de te rmine  the init ial  veloci ty  of the s t eady  state .  Fur ther -  
more, the results  indicate  tha t  some of the subs t ra tes  ac tua l ly  enhance each o ther ' s  
hydroxy la t ion  which renders  the double  reciprocal plot  inappropr ia te .  

Expt. Jr. The effect of 5 fluoro-DL-trvptophan on the hydroxylation of trvptophan 
In these exper iments  the concentra t ion  of t r y p t o p h a n  was 12.o mM and tha t  

of 5-f luoro-DL-tryptophan var ied  from 1. 5 to 12 mM with respect to the L isomer. 
Double  the amounts  of enzyme and cofactors used in the  typical  incubat ions  (METH- 

~_ ~ ~ o ! ~ ,  
/ -  o \  

~ o.s / "  • .o.~ - . ~  
/ ~ _~ 2.5 r ~- o 

, 

°o  o . f -  o.~- ~3 c.~ - o 5 io 12 
4-Fluoro-L-  phenylc~c.ne conch. (raM) Fluoro-L-tryptoDhan conch. (miM) 

Fig.  x. S u b s t r a t e / v e l o c i t y  c u r v e  fl)r f t u o r o p h e n y l a l a n i n e ,  s h o w i n g  s u b s t r a t e  i n h i b i t i o n  a t  con-  
c e n t r a t i o n s  a b o v e  o . 3 3 m M .  I n c u b a t i o n  m i x t u r e :  o. 5 ml  of  s u p e r n a t a n t  w i t h  usua l  a m o u n t s  of 
e o f a c t o r s  (see EXm';RIMENTAL) in t o t a l  v o l u m e  of  3 ml ,  for 6 m i n  a t  37:'- 

Fig.  2. E f fec t  o f  v a r i o u s  c o n c e n t r a t i o n s  of  t l u o r o t r y p t o p h a n  on  t he  h y d r o x y l a t i o n  of  t r y p t o p h a n .  
T r y p t o p h a n  c o n c e n t r a t i o n  x 2 . o m M .  I n c u b a t i o n  m i x t u r e :  d o u b l e  t he  u sua l  a m o u n t s  of  e n z y m e  
a n d  c o f a c t o r s  in t o t a l  v o l u m e  of  0 ml ,  fl)r I h a t  37 ¢. 

oos )  were used in a to ta l  volume of 6 ml. This was because, as the 5- f luoro- t ryptophan  
inhibi ts  a romat ic  acid decarboxylase ,  it  was necessary to measure serotonin and 
5 - h y d r o x y t r y p t o p h a n  separa te ly .  This was achieved by  dividing each dcprote inised 
incuba te  into two parts .  One was ch romatographed  on a 3 cm × o.5 cm ion exchange 
column and serotonin recovered and determined.  The other  was chromatographed  
on a 27.5 cm × I cm colunm and the appropr ia t e  fract ions used to de te rmine  5- 
h y d r o x y t r y p t o p h a n .  Because both  f luoro t ryp tophan  and t r y p t o p h a n  are subs t ra tes  
for this  sys tem they  might  be expec ted  to compet i t ive ly  inhibi t  each other.  Fig. 2 
shows tha t  the  inhibi t ion increases with inh ib i tor  concent ra t ion  over  a wide range, 
which is consis tent  with compe t i t ive  inhibi t ion.  

Expt. 2. The inhibition of the h3,droxvlation of phenylalanine by 4fluoro-DI.-phenvl- 
alanine 

The problem here is tha t  4-f luorophenylalanine  i.a hyd roxy l a t e d  to an appreci -  
able ex ten t  and  the product  of this hydroxy la t ion  is tyrosine.  I t  was therefore  
necessary to be able to dis t inguish the tyros ine  formed from the subs t ra te  (phenyl-  
alanine) from tha t  formed from the inhibi tor  (f luorophenylalanine).  [14Ciphenyl- 
alanine was used to faci l i tate  this  dis t inct ion,  but  as it is difficult to comple te ly  
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separa te  phenyla lan ine  from tyrosine,  it was necessary to deea rboxy la te  the tyros ine  
to ty ramine  (by added  Streptococcus faecalis preparat ion)  and then to purify" the  
tyramine .  

The molar i tv  of phenyla lan ine  used was o.3 mM and tha t  of 4-fluoro-Dr.-phenyl- 
a lanine ranged from o.I67 to x.33 mM with respect  to the I, isomer. Each incubat ion 
comained  o.I ffC of [~4C!phenylalanine and the to ta l  volume of the incubat ions  was 
3 ml. The incubat ions  were carr ied out  as described and the react ion s topped  by  
boiling, x ml of the deprote in ised  supe rna tan t  was taken  and the tyrosine content  
de termined.  A further  I ml of the supe rna t an t  was t r ea ted  with S. faecalis decarboxy-  
lase, and the p - ty r amine  separa ted  from phenyla lan ine  and tyros ine  by  ion exchange 
ch romatography .  2 ml of the 5 ml acid effluent from the colunm was taken and its 
p - ty r amine  content  de te rmined  and hence the recovery of tyros ine  as p - t y r a mine  
through this s tep was calculated.  Recoveries of tyros ine  as ty ramine  through this 
s tep var ied from 3o0,'o to 6o0'0, depending main ly  on the init ial  concentra t ion of 
tyrosine,  low concentra t ions  giving rise to low decarboxy la t ion  yiekts. I t  was the 
va r iab i l i ty  which necessi ta ted the de te rmina t ion  of recoveries in each separa te  incu- 
bat ion mixture .  A fur ther  a l iquot  of the separa ted  deca rboxy la t ed  product  from this 
e luate  was added  to scint i l la t ion fluid and counted.  Fro in  the number  of d is in t . /min 
in this sample  and the previously  de te rmined  recovery of original tyrosine  as t y ramine  
in the eluate  the amount  of  tyros ine  formed from i14C p h e n y l a l a n i n e  in the original 
incubat ion mix ture  could be calculated.  

Controls in which the hydroxy lase  had been inac t iva ted  by  boiling, and  others  
in which the decarboxylase  had been inac t iva ted  by  boiling, gave a lmost  ident ical  
low recoveries of  rad ioac t iv i ty ,  indica t ing  tha t  there was no significant deca rboxy-  
lat ion of phenyla lan ine  through this procedure.  The results  ob ta ined  are shown in 
Fig. 3. As in Expt .  I, the hydroxy la t ion  of the non-f luorinated subs t ra te  decreases as 
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Indolyl amino acid concn. (raM) 

Fig. 3- Effect of various concentrations of fluorophenylalanine on tilt hydroxylation of phenyl- 
alanine, l:'henylalanine concentration 0. 3 mM. Incubation mixture: usual amounts of enzyme 
and cofactors in total volume of 3 ml, for i h at 37 ° . Each point represents the mean of 3 ex- 
periments. 

Fig. 4. Effect of various concentrations of tluorotryptophan (O--O) and tryptophan (,~) (2) on 
the hydroxylation of phenylalanine. ]-'henylalanine concentration o.43 rn.M. Incubation mixture: 
the usual amounts of enzyme and cofactors in total volume of z. 3 ml, for i h at 37 °. 
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the concentration of fluorinated substrate increases. As both are substrates, com- 
petitive inhibition is to be expected, and again the results do not rule out this type 
of inhibition. 

Expt. 3. The inhibition of the hydroxvlation of phenylalanine by tryptophan and 5- 
fluoro- oL-tryptophan 

In these experiments the molarity of phenylalanine used was o.43 raM, that of 
tryptophan ranged from 2.2 to 15.4 mM with respect to the L isomer, the total 
volume of each incubation being 2.3 nil. The incubations were carried out and the 
tyrosine purified on ion exchange columns and determined as described above. 

It will be seen from the results, Fig. 4, that the presence of indole amino acids 
inhibited the hydroxylation of phenylalanine up to 3o°/o for inhibitor concentration 
of up to 5 raM. Higher concentrations had no further effect which indicates that the 
inhibition was not comt)etitive over all the range studied. 

Expt. 4. The effect of tryptophan and 5-fluoro-DL-trvptophan on the hydro.D,lation of 
4-fluoro-DL-phenylalanine 

The experiments were carried out as Expt. 3. The molarity of 4-fluoro-uL- 
phenylalanine used was o.33 mM with respect to the L isomer, that of tryptophan 
ranged from 1.67 to 16. 7 mM, and that of 5-fluoro-DL-tryptophan was from 1.67 to 
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Fig. 5- Effect of var ious  concen t ra t ions  of f l uo ro t ryp tophan  ( 0 - - 0 )  and t r y p t o p h a n  ( O - - ( . . )  on 
the  h y d r o x y l a t i o n  of f luorol)henylalanine.  Concen t ra t ion  of f luorophenyla lan ine  o.33 raM. In- 
cuba t ion  m i x t u r e :  usual  a m o u n t s  of enzyme  and cofactors  in to ta l  vo lume of 3 ml for I h a t  37 ° . 

Fig. 6. Effect of var ious  concen t ra t ions  of pheny la l an ine  on the  h y d r o x y l a t i o n  of t r y p t o p h a n  
wi th  O,7-dimethyl-5,6,7,8-tetrahyclropterin hydrochlor ide  concen t ra t ion  of o .5 '  Io -4 M. Tryp to -  
phan  concen t ra t ion  r.z 5 mM. The ver t ica l  bars  represen t  the range of resul ts  ob ta ined  from 4 
exper iments .  I ncuba t ion  mix tu re s :  the  usual  a m o u n t s  of enzyme  and other  cofactors  in a to ta l  
vo lume of 3 ml, for IO rain a t  37':. 

12 mM with respect to tile L isomer, the total volume of the incubations being 3 ml. 
The incubations and analyses were carried out as those of Expt. 3- It was found that 
the presence of indolyl amino acids produced an enhancement of hydroxylation of 
4-fluorophenylalanine of about 7oO/o up to concentrations of 5 mM but that further 
increase in concentration did not have much further effect. These results are shown 
graphically in Fig. 5- 
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Expt. 5. The effect of phenylalanine and 4-fluoro-DL-phenylalanine on the hydvoxylation 
of trvptophan 

Initial experiments using incubation times up to I h gave results indicating 
inhibition, but it was felt that shorter incubation times should be used as the phenyl- 
alanine was likely to be rapidly used up. Using 1.25 mM tryptophan and phenyl- 
alanine levels ranging from o.o5 to o.25 mM in a total volume of 3 nil, incubation 
times were reduced to ten rain. ]'he results are shown in Fig. 6. These results were 
extremely variable from one experiment to the next and ranges obtained are shown. 
There is, nevertheless, clear evidence that some enhancement of hydroxylation had 
occurred at low phenylalanine concentrations. 

Experiments were carried out to test whether tyrosine influenced the hydroxy- 
lation of tryptophan, but at the concentrations to be expected in the above incu- 
bation it had no detectable effect on either the hydroxylation or decarboxylation 
step. Furthermore, phenylalanine has no apparent effect on decarboxylation at these 
concentrations. When the experiments were repeated using a ten-fold higher concen- 
tration of 6,7-dimethyl-5,6,7,8-tetrahydropterin hydrochloride it was found that in 
addition to doubling the rate of tryptophan hydroxylation in the control there was 
also enhancement of tryptophan hydroxylation in the presence of phenylalanine (see 
Fig. 7). 

Similar results were also obtained with 4-fluorophenylalanine over a similar 
concentration range (Fig. 7). The results suggest that the hydroxylation of trypto- 
phan by these preparations is markedly enhanced by the addition of either phenyl- 
alanine or 4-fluorophenylalanine, and that the apparent inhibition obtained in the 
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Fig. 7- Ef fec t  of  v a r i o u s  c o n c e n t r a t i o n s  of  p h e n v l a l a n m : :  ( Q - - O )  a n d  t l u o r o p h e n y l a l a n i n e  ( ~3- (~) 
o n  t he  h y d r o x y l a t i o n  of  t r y p t o p h a n  ( c o n c e n t r a t i o n  1.25mlX'[) w i t h  t>,7-dimethyl-5,¢),7,8,- 
t e t r a h y d r o p t e r i n  h y d r o c h l o r i d e  c o n c e n t r a t i o n  0.5 • i o  a M. I n c u b a t i o n  m i x t u r e :  t he  u sua l  a m o u n t s  
of  e n z y m e  a n d  o t h e r  c o f a c t o r s  in a t o t a l  vo lu ,ne  of  3 ml,  for 1o min ,  a t  37:'. 

Fig.  8. a. The  d o u b l e  r ec ip roca l  l/v 7;s. l / [ S  p l o t  for p h e n y l a l a n i n e ,  b. The  d o u b l e  r e c i p r o c a l  
~/v vs. i /[S. p lo t  for f l u o r o p h e n y l ~ l a n i n c .  I n c u b a t i o n  m i x t u r e :  0. 5 ml  of  l i ve r  s u p e r n a t a n t  a n d  
t he  u sua l  a m o u n t s  of  c o f a c t o r s  in a t o t a l  v o l u m e  of  3 ml ,  a t  3T'. I n c u b a t i o n  t i m e s  of  3, 6 a n d  
9 rain a t  e a c h  st, b s t r a t e  c o n c e n t r a t i o n  e n a b l e  r a t e  c u r v e s  to  be p l o t t e d  f r o m  w h i c h  t he  i n i t i a l  
v e l o c i t y  of  the  ste~tdy s t a t e  was  d e t e r m i n e d .  

Biochim. k3iophys...Icta, i6  7 fr£1,';8) c/9 too  
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earlier experiments is due to the substrates competing for a limited amount  of 6, 7- 
dimethyl-5,6,7,8-tetrahydropterin and not for the enzyme. 

Expt. 6. Kinetic studies of phenylalanine-4-hydroxylase activity towards phenylalanine 
and 4-fluoro-DL-phenylalanine 

As a consequence of the results obtained in Expt.  2 it was decided to a t t empt  
to demonstrate  whether the fluorophenylalanine was indeed a competit ive inhibitor 
of the 4-hydroxylat ion of phenylalanine. ()wing to the analytical problems en- 
countered in Expt .  2, double reciprocal (Ki) plots could not be carried out, st) Km 
values for each of the two substrates were determined by I/V vs. I/~S ~ plots (Expt.  
6 (i)), and then the maximum attainable velocities (Vmax) for phenylalanine, fluoro- 
phenylalanine, and an equimolar mixture of each were determined (Expt. 6 (ii)). 

(i) Determination of the Km values for phenylalanine and 4-fluorophenylalanine. 
Kinetic studies were carried out using substrate concentrations in the range of o.o33 
to o.33 mM for phenylalanine and o . I I  to o.33 mM for 4-fluoro-DL-phenylalanine with 
respect to the L isomer. The incubation mixture was pre-incubated to ensure that  
the 6,7-dimethyl-5,6,7,8-tetrahydropterin was fully reduced and the reaction started 
by introduction of the substrate. Incubations were carried out for 3 and 6 min and 
rate curves drawn for each substrate concentration. From these the initial velocity 
of the steady state was derived and the double reciprocal plot constructed. These 
are shown in Figs. 8a and 86. As will be seen, the Km for phenylalanine is o.66 mM 
and that  fi)r 4-fluorophenyl-L-alanine is 1.25 raM. 

(ii) Determination of the maximum attainable velocities for phenylalaninc and 
4-fluoro-DL-phenvlalanine. Incubations similar to those used for the K m  determinations 
were employed. Concentrations ranged from o.I to o.5 mM for phenylalanine, 4- 
fluoro-DL-phenylalanine with respect to the L isomer and for an equimolar mixture 
of the two. In each case the maximum attainable velocity was obtained within this 
range, and the values were as follows: phenylalanine yielding tyrosine at o. 125 #naole/ 
rain; 4-fluoro-I)L-phenylalanine yielding tyrosine at o.o42/ ,mole/min;  equimolar 
mixture yielding tyrosine at o.o66/2mole/min. ] 'he general expression: 

]'(m" P n l a x "  - -  U m a x  I m i x t u r e )  . . . . . . . . . . . . . .  (ll 
Ktn" Vn,ax t mixture) Umax ~ 

described by DIxox  A.Xl) WEm¢ 2, applies only if the two substrates are competi t ive 
inhibitors of each other. Tlms from the data  obtained in the experiments just de- 
scribed, it is possible to test whether the phenylalanine and fluorophenylalanine are 
competit ive inhibitors of each other. I f  this is so, then ratio K m  for phenylalanine/ 
Km for fluorophenylalanine obtained from the double reciprocal plots (Expt. 6 (i)), 
should be the same as the value obtained by substi tuting values obtained in Expt.  6 
(ii) in Eqn. i. As will be seen, the ratio from Expt.  6 (i) = o.5, whereas that  from 
Expt.  6 (ii) = 2.4. 

DISCUSSION 

It  is clear from the above results tha t  the simple model of one enzyme with 
different co-factor requirements for tile different activities, as postulated by FREED- 
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LAND t is not adequate to explain tile behaviour of tile enzyme system in tile presence 
of two substrates simultaneously. In an earlier publication z we suggested that the 
inhibition of phenylalanine by the indolic amino acids might be explained by the 
existence of two enzymes, only one of which is inhibited. However, the effect of added 
indolic amino acids on the hydroxylation of fluorophenylalanine and tile effect of 
added phenylalanine or fluorophenylalanine on the hydroxylation of tryptophan, 
does not easily fit this hypothesis. 

The results now described require that there are at least two active sites (which 
may or may not be on the same protein). One of these active sites would be the 
site at which the benzenoid compounds are hydroxylated, and the other, the site at 
which the indoles are hydroxylated. Tile effect of the indoles on the hydroxylation 
of the benzenoid compounds nmst be due to them modi~.'ing the benzenoid hydroxy- 
lating site by binding at some other point. The effects of phenylalanine and fluoro- 
phenylalanine on the hydroxylation of tryptophan must also be due to their producing 
an allosteric modification of the tryptophan hydroxylating site. This hypothesis is 
further supported by the fact that the inaximum inhibition of phenylalanine hydroxy- 
lation and the maximum elevation of tluorophenylalanine hydroxylation are reached 
at approximately the same indole amino acid concentration (see Expts. 3 and 4)- If 
both the hydroxylating sites were on the same protein, the allosteric effects could be 
produced by the various effectors binding at their own hydroxylation sites; however, 
we have no evidence for this. 

Tile report by FREEDI.AXD, WADZINSKI AND WAISMAN 13, and by RENSON, 
WEISSBACH AND UDENFRIEN1) 11 that tryptophan hydroxylation was competitively 
inhibited by phenylalanine must have been due to the two substrates competing for 
a limited amount of 6,7-dimethyl-5,6,7,8-tetrahydropterin and not for tile binding 
site of the enzyme. 

The inhibitory effects of tluorotryptophan on the hydroxylation of tryptophan 
and of fluorophenylalanine on the hydroxylation of phenylalanine could be due to 
some sort of direct competition for the appropriate hydroxylating sites. However, 
from the kinetic studies of Expt. 6 (i) and (ii) it is apparent that fluorophenylalanine 
is not a true competitiw; inhibitor of phenylalanine hydroxylation. If there is only 
one site for the hydroxylation of both phenylalanine and fluorophenylalanine, then 
these results may be due to the fact that as both substrates exhibit substrate inhi- 
bition, the observed maximum velocities are not applicable to tile calculation in 
Expt. 6 (ii). Another factor to be considered is the effect of the presence of fluoro-D- 
phenylalanine and fluoro-D-tryptophan in these experiments, which must now be 
investigated. Furthermore, although the hydroxylation site of fluorophenylalanine 
may be the saine as that of phenylalanine, the overall reaction mechanism must be 
different because the products of the reaction are not analogous, in that a fluoride 
ion is produced in the hydroxylation of fluorophenylalanine. 

These results have revealed an interesting biochemical problem which should 
form the foundation for further investigation, but one of the important aspects to 
be considered is the clinical significance of these results. For example, GAL, ARMSTRONG 
AYD GINSBERG ~4 have reported that brain tryptophan hydroxylase is enhanced by 
low concentrations of phenylalanine and inhibited by higher concentrations which 
indicates an unsuspected similarity between the brain and liver tryptophan hydroxy- 
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l a t i o n .  T h e  r e l e v a n c e  o f  t h i s  t o  t h e  b i o c h e m i s t r y  o f  p h e n y l k e t o n u r i a  wi l l  b e  a s u b j e c t  

o f  f u r t h e r  w o r k .  

ACKNOWLEDGMENT 

T h e  S p e c t r o p h o t o f l u o r i m e t e r  u s e d  in  t h i s  w o r k  w a s  p u r c h a s e d  w i t h  f u n d s  

s u p p l i e d  b y  t i l e  M e d i c a l  R e s e a r c h  C o u n c i l .  

R E F E R E N C E S  

I R. A. FREEDI.AND, Biochim. Biophys. Acta, 73 (I963) 71. 
2 W. F. COOLSON, ELIZABF'rH WARI)LE AND J. B. JEPSON, Biochem. J., 1o 3 (1967) I5P. 
3 W. F. COULSON, G. HExso.x,  E. WARJ~LE AND J. B. JEpsoN, Indian J. Biochem., Suppl. ,  4 

(I967) 35- 
4 G. C-OROFF AND T. ITO, J. Biol. Chem., 24o (i965) i175. 
5 S. KAOV.~IAN, Methods in Enzymology, Academic  Press,  New York, Vol. 5, I962, p. 8o9. 
6 C. MtTOMA, Arch. Biochem. Biophys., 6o (1956) 476. 
7 W. LOVI';NBERG, I-i. WEISSBACH AND S. UDENFRIEND, J. Biol. Chem., 237 (I962) 89. 
8 S. UDENFRIFND AND J. R. COOPER, J. Biol. Chem., 196 (I962) 227. 
9 S. UDENFRIFND, Fluorescence Assay in Biology and Medicine, Academic  Press, New York, 

I902, p. 171. 
1o G. A. BRAY, Anal. Biochem., I (196o) 279. 
l I J. RENSON, H. ~VEISSHACH AND S. UDI.SNFRIEND, J. Biol. Chem., 237 (t962) 226t.  
iz 3I. D i x o n  AND E. C. WEnB, Enzymes, L o n g m a n s ,  l .ondon,  2nd ed., t964, p. 86. 
x 3 it.  A. FREEDLAND, I. M. X,~'ADZINSKI AND a .  A. X,¥AISMAN, Biochem. Biophys. Res. Commun., 

5 (1901) 94- 
14 E. M. GAL, J. C. ARMSTRONG AND B. G1NSr~ERG, J. Neurochem., 13 (I966) 643. 

Biochim. Biophys. Acta, i67 (I968) 99--IO9 


