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SUMMARY 

The activity of rat  liver phenylalanine hydroxylase (EC I . I4 .3.I  ) is enhanced 
in vitro by several short-chain alcohols. Tile stimulation is neither species- nor sub- 
strate-specific, and the degree of stimulation depends both upon alcohol concentration 
and chain length, substrate concentration, as well as the pH and temperature  of the 
incubation medium. The stimulation at pH 7.4 by 7.5% ethanol (v/v) at 2o, 30 and 
37 °C is accompanied by a marked decrease in the apparent Michaelis constant for 
phenylalanine and, at 2o and 3o °C, by an increase in the maximum velocity. Ethanol 
(7.5 %) also increases the apparent Michaelis constants for a synthetic pterin cofactor 
and for 02. The relatively greater effect of ethanol at 2o °C than at higher temper- 
atures suggests that  it might act by  lowering the activation energy for the hydroxy- 
lation reaction. 

INTRODUCTION 

There are several reports in the literature that  short-chain alcohols stimulate 
the activity of certain enzymes in vitro, such as fl-galactosidase 1 and adenyl cyclase 2. 
Our observation that  rat  liver phenylalanine hydroxylase activity was increased by 
certain derivatives of vitamin E led to a screening of several water-insoluble com- 
pounds 3. While employing ethanol as a vehicle for the addition of these compounds 
to the incubation mixture, it was observed that  ethanol itself enhanced the hydroxy- 
lation of phenylalanine by rat  liver preparations. As reported in a preliminary 
communication 4, this stimulation of tyrosine production is not specific for ethanol, 
but can also occur with other short-chain alcohols. 

The present communication describes experiments performed during the 
investigation of the mechanism by  which this stimulation occurs, using ethanol as a 

Abbreviations: MePteH,,  2-amino-4-hydroxy-6-methyl-5,6,7,8-tetrahydropteridine;  
Me2PteH 4, 2-amino-4-hydroxy-6,7-dimethyl-5,6.7,8-tetrahydropteridine. 

Present  address: Depar tment  of Pharmacology, Universi ty of California, San Francisco, 
Calif. 94122, U.S.A. 
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representative stinmlating agent. It  will be shown that  the degree of stimulation by 
ethanol depends upon various incubation conditions, and that  the stimulation is 
accompanied by significant changes in the kinetic parameters of this enzyme for its 
substrates. 

M E T H O D S  

Unless otherwise stated, the experiments were carried out with phenylalanine 
hydroxylase prepared from rat  liver (male Sprague-Dawley, 2oo-35o g body wt) 
through the first (NH4)2SO 4 purification step as described by Kaufman 5. The precipi- 
tate was stored 1-2 days at 7 ° °C before use. Residual (NH4)~SO 4 was removed by 
passage through a column of Sephadex G-25 equilibrated with o.o33 M potassium 
phosphate buffer, pH 7.4, after dissolving the precipitate in a small volume of the 
same buffer. 

The standard incubation mixture (2.o ml) contained, in /~moles: phosphate 
buffer (pH 7.4), 8o; L-phenylalanine, 2.o; 2-amino-4-hydroxy-6,7-dimethyl-5,6,7,8- 
tetrahydropteridine (M%PteH4), I.O; dithiothreitol, 6.o; and enzyme. All incubation 
solutions were prepared using 1.15 °/o KC1 to maintain approximate isotonicity. The 
incubations were carried out under air in a shaking water bath for 15 min at 3 ° °C. 
Blanks consisted of reaction mixtures prepared without phenylalanine or the pteridine 
cofactor and incubated under the same conditions. The reaction was stopped by the 
addition of 2.o ml of o.6 M trichloroacetic acid. After centrifugation, aliquots of the 
deproteinized mixtures were analyzed for tyrosine by the fluorometric method of 
Waalkes and Udenfriend 6 as modified by Ambrose and coworkers 7. Protein was 
measured by the procedure of Lowry and coworkers ~, using crystalline bovine serum 
albumin (Sigma) as a standard. 

The incubation medium for kinetic studies was the same as the standard 
medium above, except for phenylalanine as the fixed substrate (5.o mM) when the 
concentration of the pteridine cofactor was varied. The apparent Michaelis constants 
(Kin) and maximum velocities (V) and their estimated standard errors were cal- 
culated from the data by the method of Wilkinson 9 with the aid of an Olivetti- 
Underwood Programma io i  computer. 

L-Phenylalanine was purchased from Sigma Chemical Co. Me2PteH ~ was pur- 
chased from Aldrich Chemical Co. D-L-p-Fluorophenylalanine was purchase from 
Nutritional Biochemical Co. 2-Amino-4-hydroxy-6-methyl-5,6,7,8-tetra-hydropteri- 
dine-HC1 (MePteH4) and dithiothreitol were purchased from Calbiochem. 

R E S U L T S  

Locus of the stimulation 
In preliminary studies it was found that  the rate of tyrosine formation was 

linear both in the absence and presence of ethanol over a I5-min incubation period, 
provided that  the percentage conversion of phenylalanine to tyrosine was kept low 
( <  I5°/~)) by using an appropriate amount of the enzyme preparation. 

Several possible explanations for the stimulation of tyrosine formation by 
ethanol were considered. One was that  ethanol might stimulate a non-enzymatic 
hydroxylation of phenylalanine ; however, boiled enzyme in the standard incubation 
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T A B L E  I 

E F F E C T  OF p-CHLOROPHENYLALANINE TREATMENT ON ETHANOL STIMULATION OF TYROSINE FOR- 
MATION 

F ive  r a t s  were in jec ted  w i t h  a suspens ion  of DL-p-chlorophenyla lan ine  (p-c1-Phe) (36o mg/kg ,  
i n t r ape r i tonea l ly )  in o .5% sod ium c a r b o x y m e t h y l c e l l u l o s e  and  5 cont ro l  r a t s  rece ived the  vehic le  
only.  P h e n y l a l a n i n e  h y d r o x y l a s e  was o b t a i n e d  48 h la te r  f rom the  pooled l ivers  of each group,  
and  assayed  as descr ibed in  Methods.  

#mole tyrosine/mg protein per z 5 min 

No ethanol 7.5% ethanol 

Control  o.831 1.856 
p-C1-Phe t r e a t e d  0.062 o. 177 
% I n h i b i t i o n  92. 5 90.5 

medium did not convert phenylalanine to tyrosine, either in the absence or presence 
of ethanol. A second possibility was that  ethanol was participating in an enzymatic 
process that  produced tyrosine, but did not involve phenylalanine hydroxylase, such 
as the peroxidase system described by Mason and coworkers 1°. The data in Table I, 
however, show that  the net increase in the amount of tyrosine formed due to the 
presence of ethanol is greatly reduced by the pretreatment  of rats with p-chloro- 
phenylalanine, a specific irreversible inhibitor of phenylalanine n and t ryptophan 12 
hydroxylases, when administered in vivo. This suggested that  the stimulation required 
intact phenylalanine hydroxylase. 

Specificity studies 
The stimulation of phenylalanine hydroxylase activity by ethanol is not limited 

to the rat  liver enzyme. The activities of the phenylalanine hydroxylases from the 
livers of the rabbit, guinea pig, and cat (Table II), and from the rat kidney (Brase, 

T A B L E  I [  

STIMULATION OF LIVER PHENYLALANINE HYDROXYLASE OF DIFFERENT SPECIES BY ETHANOL 

An ima l s  were anes the t i zed  w i t h  30-4 ° m g / k g  of sod ium p e n t o b a r b i t a l  before sacrifice. S t a n d a r d  
i n c u b a t i o n s  were car r ied  ou t  w i th  o. I5 -ml  a l iquo t s  of the  i o  ooo × g s u p e r n a t a n t  fluid of  25% 
l iver  homogena t e s  (in 1.15% KC1). 

Ethanol Hydroxylase activity (nmoles tyrosine/mg 
(%) protein per x6 rain.) 

Rat Rabbit Guinea pig Cat 

o 133 22.0 46.7 39.7 
I.O 151 28.0 59.3 47 .0 
4 .0 173 44'7 83"9 61.8 
7.5 185 62.6 97.4 73.3 

D. A. and Westfall, T. C., unpublished) are also increased by ethanol in vitro. The 
stimulation by  ethanol is also not specific for phenylalanine and the dimethylpteridine 
cofactor as substrates. Stimulation of tyrosine production by ethanol also occurs 
when the monomethylpteridine cofactor (MePteH4) is used or when p-fluorophenyl- 
alanine is used as the amino acid substrate (Table III) .  Other possible amino acid 
substrates and cofactors ~ were not studied. 
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T A B L E  11[ 

T H E  S U B S T R A T E  S P E C I F I C I T Y  O F  "FILE E T H A N O L  S T I M U L A T I O N  ( I F  R A T  L I V E R  P H E N Y L A L A N I N 1 , 2  

I t Y D R O X Y L A S E  A C T I V I T Y  

S t a n d a r d  i n c u b a t i o n s  w e r e  c a r r i e d  o u t  a s  d e s c r i b e d  in  M e t h o d s ,  w i t h  i . o  m M  L - p h e n y l a l a n i n c  
o r  2 .o  m M  D L - p - f l u o r o p h e n y l a l a n i n e  ( p - F - P h e )  a n d  o. 5 m M  M % P t e H  4 o r  M e P t e H  4. V a l u e s  a r e  
m e a n s  o f  d u p l i c a t e  i n c u b a t i o n s .  

Ethanol 
0 / (o)  

0 

I . O  

2 . 0  

4 . 0  

8 . 0  

Hydroxylase activi(~, (t~moles tyrosine/mg protein per 15 rain) 

Phenylalanine + Phenylalanine + p-F-Phe + Me2PteH 4 
MeiPteHa MePteH 4 

0 .84  2.15 o .14  
1 .o0  2.62 o .18  
1 .24 2 .77  0 .20  
1.42 2 .87  0 .23  
1.61 3 .2 [  0 .20  

As mentioned earlier, the stimulation is not specific for ethanol. Fig. I shows 
the effect of concentration and alcohol carbon-chain length on the stimulation of 
phenylalanine hydroxylase activity by short-chain alcohols. At the higher concen- 
trations of the alcohols, the enzyme activity was inversely related to the carbon chain- 
length of the alcohol, n-Butanol showed its maximum stimulatory effect at a concen- 
tration of about 2% (by vol.), n-propanol at about 4%, ethanol at about 8%, and 
methanol caused a concentration-dependent increase in activity up to IO % (by vol.), 
the highest concentration studied. 
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Fig .  i .  E f f e c t  o f  c h a i n  l e n g t h  o n  t h e  s t i m u l a t i o n  o f  p h e n y t a l a n i n e  h y d r o x y l a s e  a c t i v i t y  b y  s h o r t -  
c h a i n  a l c o h o l s .  S t a n d a r d  i n c u b a t i o n s  w e r e  c a r r i e d  o u t  a s  d e s c r i b e d  in  M e t h o d s .  

F ig .  2. T h e  p H  o p t i m u m  c u r v e s  o f  p h e n y l a l a n i n e  h y d r o x y l a s e  in  t h e  a b s e n c e  a n d  p r e s e n c e  o f  7.5 % 
e t h a n o l .  S t a n d a r d  i n c u b a t i o n s  w e r e  c a r r i e d  o u t  a s  d e s c r i b e d  in  M e t h o d s ,  e x c e p t  t h a t  5 ° m M  T r i s -  
HC1 b u f f e r  w a s  u s e d .  
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Effects of pH 
Studies to determine whether ethanol stimulated enzyme activity by altering 

the pH optimum of phenylalanine hydroxylase were carried out using 50 mM Tris- 
HC1 buffer. In the concentration of 7.5% (by vol.), ethanol did not change the pH of 
the incubation medium. In three separate experiments 7.5 % ethanol caused an acidic 
shift in the pH optimum of approximately 0.5 pH unit as shown in the representative 
experiment illustrated in Fig. 2. This shift cannot account for the marked stimulation 
of activity by ethanol, because the maximum activity in ethanol was much highe~ 
than the maximum activity of the control curve. Fig. 2 also shows that as the pH 
decreases, the stimulation by ethanol becomes more marked when compared to 
enzyme activity in the absence of ethanol. 

Kinetic studies with 7.5% ethanol 
Further attempts to determine how ethanol stimulated phenylalanine hydroxy- 

lase activity included an investigation of the effects of ethanol on the kinetic para- 
meters of the enzyme for its three substrates. The mean results (4- S.E.) of four 
experiments using three different batches of enzyme showed that ethanol decreased 
the apparent Km value for phenylalanine approximately 3-fold (from 0.93 4- o.14 
to 0.30 4- o.oi mM) and approximately doubled the apparent Km value for the 
dimethylpteridine cofactor (from 61 4- 8 to 128 4- 14 #M. The control Km values for 
phenylalanine and the dimethylpteridine cofactor are nearly identical to those 
reported by other investigatorsS, TM. In addition, ethanol also increased V with either 
phenylalanine as the varied substrate (from 1.44 4- 0.22 to 1.98 4- 0.25 #mole tyro- 
sine produced/rag protein per 15 min) or with the dimethylpteridine cofactor as the 
varied substrate (from 1.4o 4- 0.26 to 2.33 4- 0.43/~moles tyrosine/mg protein per 
15 min. All of these changes induced by ethanol are significantly different from con- 
trols (P < 0.0025) using a t-test for paired data. Representative double-reciprocal 
plots with phenylalanine and the dimethylpteridine cofactor as the varied substrates 
are shown in Fig. 3. Ethanol also approximately doubled the apparent Km value for 
O~ (Fig. 4). 

Although all four alcohols tested decreased the apparent Km value for phenyl- 
alanine, attempts to correlate changes in the Km values for phenylalanine or the 
dimethylpteridine cofactor with the alcohol chain length were only successful for 
the cofactor. The apparent Km values for the cofactor in the presence of methanol, 
ethanol, n-propanol, and n-butanol, each at a concentration of 4.0% (by vol.), were 
64, 89, 131, and 445 #M, respectively, compared to 49 #M for the control. 

Effect of temperature 
Experiments were carried out to determine the effects of the incubation temper- 

ature on the kinetic parameters for phenylalanine in the absence or presence of 7.5% 
ethanol (Table IV). The effects of ethanol on both the apparent Km for phenylalanine 
and V were most marked at 20 °C, where the apparent Km value for phenylalanine 
was decreased 5-fold by ethanol and V was increased 83 %. Increasing the temperature 
from 20 to 30 °C decreased the apparent Km value for phenylalanine either in the 
absence or presence of ethanol, but  in the presence of ethanol the apparent Km 
value for phenylalanine was decreased about 3-fold. Increasing the temperature 
further to 37 °C caused no further decrease in the apparent Km for phenylalanine in 
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Fig. 3- The effects of 7.5% ethanol  on double-reciprocM plots with phenylalanine or Me,PteH 4 as 
the subs t ra tes  varied. Control (circles) and ethanol  (triangles) incubat ions were carried out  as de- 
scribed in Methods. Abscissa units  are rnM -1 for bo th  graphs, and velocity is expressed as / ,moles  
ty ros ine /mg protein  per 15 min at 3 ° °C. 

Fig. 4. The effect of 7.5% ethanol  on the plot of S vs Sly with O, as the subs t ra te  varied, incu- 
bat ions  were carried out  in capped weighing vials, each equilibrated for 45-5 ° s wi th  the desired 
combinat ion of 95% N~, 5% CO, and 95% O2, 5% CO2 (total flow, 8-9 1/min) to achieve the O, 
concentrat ions  of approximate ly  lO.5%, 21%, 47.5%, and 95% Velocity is expressed in /,moles 
tyros ine /mg protein per 15 rain at 3 ° °C. 

T A B L E  I V  

T E M P E R A T U R E  D E P E N D E N C E  OF THE KINETIC EFFECTS OF ETHANOL 

I n c u b a t i o n s  w e r e  c a r r i e d  o u t  a s  d e s c r i b e d  i n  M e t h o d s  w i t h  a r a n g e  i n  p h e n y l a l a n i n e  c o n c e n t r a t i o n s  

o f  0.  5 4 . 0  m M .  

Temperature 7.5% ethanol PhenylalanineKm V (tzmole tyrosine/mg 
(°C) (Io -3 M)  protein per I5 rain) 

20 2.r7 L 0-27 0.77 ± 0-05 
20 + o.42 :~ o.oi 1.41 ± o.oi 
3 ° -- 0.76 ~. 0.06 1.47 :l 0.04 
3 ° @ 0 . 2 6  ~: O.O 4 1 . 6 3  :j:: O.O 4 

3 7  - -  0 . 7 5  ~ 0 . 0 2  1 . 7 I  ~ O.OI 
3 7  + o , 2 8  -J2 o . o i  1 . 6 8  _~ o , o I  

the absence or presence of ethanol. At 37 °C ethanol still lowered the apparent Kra 
value for phenylalanine (about 3-fold), but did not change V. 

The lack of an increase in V in the presence of ethanol at 37 °C may be due to 
a possible partial inactivation of the enzyme by the relatively high concentration 
of ethanol at this temperature or to a change in the rate-limiting component of the 
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reaction in going from 3o to 37 °C, such that  the rate-limiting component at 37 °C 
is not affected by ethanol. Neither of these possibilities was explored. 

DISCUSSION 

The results above have demonstrated that  several short-chain alcohols in 
certain concentrations can increase the rate of conversion of phenylalanine to tyrosine 
by mammalian phenylalanine hydroxylase in vitro. They also show that the magnitude 
of the stimulation observed depends upon a large variety of factors which include the 
concentrations of the substrates, the structure and concentration of the alcohol, the 
pH of the incubation medium, and the incubation temperature. 

These studies do not rule out a possible effect of ethanol on dihydropteridine 
reductase, which functions to regenerate the tetrahydro form of the cofactor in the 
presence of NADH or NADPH 14. The finding that ethanol greatly stimulates tyrosine 
production when NADH is not included in the incubation medium (Table I), strongly 
suggests that  ethanol has a stimulatory effect on the enzyme, phenylalanine hydro- 
xylase. The assay system for phenylalanine hydroxylase used in this study is com- 
pletely independent of dihydropteridine reductase activity, because dithiothreitol is 
used to regenerate the tetrahydro form of the cofactor chemically and also to protect 
the enzyme from inactivation by H20 i produced by air oxidation of tile cofactor 14. 

Tile possibility was considered that  ethanol was causing only an apparent 
increase in activity by stabilizing phenylalanine hydroxylase. Enzyme stabilization 
by ethanol has been reported for other oxygenases such as metapyrocatechase 15 and 
protocatechuate 4,5-dioxygenase 16. However, the rate of tyrosine formation was 
found to be linear with time in the absence (or presence) of ethanol; thus, phenyl- 
alanine hydroxylase appeared to be stable during the usual I5-min incubation period 
at 30 °C. 

The increased activity of phenylalanine hydroxylase caused by ethanol is 
presumed to be at least partially reversible, because the enzyme is exposed to con- 
centrations of ethanol as high as 21% (by vol.) during the purification procedure 5. 
Purification is not a prerequisite for stimulation, since the activity of cruder prepa- 
rations is also enhanced by ethanol (Table II). In addition, the stimulation appears 
to be a fairly general phenomenon which occurs with the enzyme from several species 
and with all of the alternate substrates that were tested. 

The primary kinetic effects of ethanol which would be consistent with a 
stimulation of enzyme activity are a lowering of the apparent Michaelis constant for 
phenylalanine and an increase in V. The increases in the apparent Km values for the 
pteridine cofactor and 02 caused by ethanol would tend to antagonize the stimulatory 
effect of ethanol. Increasing the concentration of a particular alcohol will probably 
increase the amount of tyrosine produced until the concentration is reached where 
its effect on the interaction of the pteridine cofactor and/or 02 with the enzyme 
(increased Km values) over-rides its effect on the interaction of phenylalanine 
(decreased Kin) with the enzyme. The finding that  the increase in the apparent Km 
for the pteridine cofactor becomes greater with increasing alcohol chain length is 
consistent with the chain-length effect shown in Fig. I. I t  has been reported that 
ethanol in the concentrations used in the present study does not affect the solubility 
of 02 in water 17. 
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The f inding in the  present  s tudy  t ha t  the  s t imu la to ry  effect of e thanol  on 
pheny la lan ine  hydroxy lase  ac t iv i ty  is re la t ive ly  grea ter  when the incuba t ion  t emper -  
a tu re  is decreased suggests t ha t  e thanol  m a y  be ac t ing  b y  lowering the energy of 
ac t iva t ion  (AH*)  of the enzymat i ca l ly  ca ta lyzed  react ion.  The findings t ha t  e thanol  
decreases the  appa ren t  Km value for phenyla lan ine  bu t  increases the appa ren t  K m  

values for the  p ter id ine  cofactor  and  0 2 suggest  t ha t  the effect of e thanol  m a y  be 
p r imar i ly  on lowering the energy for the ac t iva t ion  of  pheny la lan ine  or for the 
reac t ion  of pheny la lan ine  with ac t i va t ed  0 2. S torm and K a u f m a n  is have  sugges ted  
t ha t  t i le a c t i va t ed  0 2 in the  phenyla lan ine  hydroxy lase  reac t ion  is a t  the  ox ida t ion  
level of  peroxide.  Studies  with h ighly  purif ied phenyla lan ine  hydroxy la se  will be 
requi red  for the de t e rmina t ion  of the ac tua l  values of AH* in the  absence and pre- 
sence of  e thanol  and  for de te rmin ing  whether  the  effect of e thanol  involves changes 
in the  t e r t i a r y  of q u a r t e r n a r y  s t ruc ture  of the  enzyme protein.  

Whi le  the  present  s tudies  were in progress,  Sul l ivan and coworkers  19 repor ted  
t ha t  the  hyd roxy l a t i on  of t r y p t o p h a n  b y  ra t  l iver  p repa ra t ions  was s t imu la t ed  up to 
Io-fold  b y  3~o propanol  a t  low concent ra t ions  of t r y p t o p h a n .  More recent ly ,  F isher  
and  K a u f m a n  ~° have r epor t ed  t ha t  propan01, butanol ,  and  sodium dodecyl  sulfate 
s t imula te  the  ac t i v i t y  of  a 90~,~) pure  p repa ra t ion  of ra t  l iver pheny la lan ine  hydro-  
xylase.  The ac t i v i t y  was also increased b y  cer ta in  phosphol ip ids  inc luding lyso- 
lecithin,  sphingomyel in ,  phospha t idy l se r ine  and  lysophospha t idy lser ine ,  pa r t i cu la r ly  
when the na tu ra l ly -occur r ing  eofactor  t e t r a h y d r o b i o p t e r i n  was used 2°. Al though the 
effect of  va ry ing  the incuba t ion  t empe ra tu r e  on the s t imula t ion  by  phosphol ip ids  
was not  s tudied,  the  effects of (I raM) lysoleci thin on the Km for pheny la lan ine  and 
on V with  Me2PteH 4 as the  cofactor  2° are s imilar  to those repor ted  for 7 .5% e thanol  
in the  present  s tudy .  I t  seems possible, therefore,  t ha t  alcohols and  phosphol ip ids  
migh t  be s t imu la t ing  ac t i v i t y  by  the same or a s imilar  mechanism.  
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