gave two major bands on SDS—gel elec-
trophoresis at positions corresponding to
proteins of 62,000 daltons (crm;g;) and
45,000 daltons (crmyy) (Fig. 2A).
Almost all of the enzymic activity was
associated with the crm,y peak, but it
is evident that a small amount of free
fragment A (24,000 daltons) was also
present. After removal of DTT and re-
oxidation, a significant proportion of
the activity had moved over into the
62,000-dalton peak (Fig. 2B). In fact,
the shift of enzymic activity into this
peak corresponds to nearly 25 percent
of all the crmyy originally added and is
equivalent to approximately half of the
activity to be expected if all the crm,g;
had been converted into active enzyme.
The trypsin-treated dialyzed mixture
was injected, intraperitoneally, into
guinea pigs (250 to 280 g) in amounts
corresponding to 10, 5, and 2.5 ug of
the crm;qy; originally present. The sur-
vival times were 10 to 12, 14 to 16,
and 20 hours, -respectively. From the
dose-survival curve of Baseman et al.
(4), it may be calculated that the yield
of reassembled toxin corresponds to be-
tween 40 and 80 percent of the crmygy,

originally added, a result in excellent.

agreement with the proportion of enzy-
mic activity shifted into the 62,000-dal-
ton peak (9). Antitoxin specifically neu-
tralized the toxicity of the reconstituted
mixture.

In conclusion, we have demonstrated
that each of the two dissimilar frag-
ments comprising the diphtheria toxin
molecule has a separate and distinct
function. Toxicity depends on the
unique enzymic activity associated with
fragment A. This activity is responsible
for the arrest of polypeptide chain
elongation in sensitive cells by specific
ADP-ribosylation of translocase. But
fragment A can only reach the sensi-
tive cell cytoplasm when it is specifi-
cally associated with fragment B. The
number of sites on HeLa cells available
to react with toxin molecules is small
(8). Since crm,y;, but not crmyg, suc-
cessfully competes with toxin in HeLa
cell cultures, it seems most probable
that attachment and penetration of toxin
are specific processes that depend on
the composition and conformation of
the  17,000-dalton COOH-terminal
amino acid sequence of the molecule.

TsuvosHr UcHIDA
A. M. PAPPENHEIMER, JR.
ANNABEL AVERY HARPER
Biological Laboratories,
Harvard University,
Cambridge, Massachusetts 02138
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Isozymes of Phenylalanine Hydroxylase

Abstract. Three isozymes of phenylalanine hydroxylase exist in adult rat liver.
They are chromatographically unique. Partial chracterization suggests that they
are similar in chemical properties and differ only in charge. Estimation of the
Stokes radii indicates that the isozymes have similar molecular weights of about
200,000. Two isozymes exist in human fetal liver. Alterations of the relative
amounts of these isozymes may control the phenotype of the disease phenyl-

ketonuria.
~ Phenylalanine  hydroxylase (E.C.
1.14.3.1) catalyzes the irreversible

hydroxylation of phenylalanine at the
para position to yield tyrosine (I).
The hydroxylating system consists of
several protein components (2) and
requires reduced nicotinamide adenine
dinucleotide phosphate and pteridine
as cofactors (3). Huzino and Bessman
separated the hydroxylase component
into two isozymes (4). Kaufman and
Fisher also found two forms of the
enzyme and further characterized them
).

We have separated and character-
ized three isozymes from adult rat
liver and have distinguished between
two isozymes from human fetal liver.
The three forms isolated from rat liver,
which we have called pi, kappa, and
upsilon, appear to be three distinct
isozymes of phenylalanine hydroxylase
and not conformational isomers.

All procedures were carried out at
4°C unless otherwise noted. Male rats
(Sprague-Dawley strain), 150 to 250
g, were decapitated, and the livers
were homogenized in two volumes of
buffer that contained 0.025M K,HPO,,
0.15M KCl, and 5 mM dithiothreitol
(DTT), pH 6.8. The homogenates
were centrifuged at 100,000g for 30

minutes, and a volume of clear super-

natant containing 30 mg of protein

(estimated by the biuret method) was
placed on a column of neutral calcium
phosphate gel and wet cellulose powder
(30:70, by volume). Column dimen-
sions were 7 by 200 mm and bed vol-
ume was 10 ml. The sample was eluted
with a linear gradient of K,HPO,,
0.025 to 0.2M, pH 6.8. The gradient
also contained 0.15M KCl and 5 mM
DTT; total volume was 50 ml. Flow
rate was approximately 0.25 ml/min,
and all of the recoverable activity was
eluted in 100 0.4-ml fractions. The
yield was 90 to 100 percent.

The specific activity of the most ac-
tive fraction of the kappa peak was

~about tenfold greater than the specific

activity of the crude supernatant.

Table 1. Properties of isozymes of phenyl-
alanine hydroxylase; K,, is the Michaelis con-
stant, Thermal inactivation (therm. inact.)
is the percentage of enzyme inactivated by 8
minutes at 42°C., The inhibition (Inhib.)
study used 10-*M bp,L-p-chlorophenylalanine
(p-CPA).

K., Opti- Therm. Ingl ib.
(mmole of mum inact. éP A
tyrosine) pH (%) ’(, :%)
Pi

0.87 72 40.0 43.1
appa

0.78 72 26.1 40.2
Upsilon

0.64 514

903



Frozen supernatant solutions retained
about 80 percent of their activity for
about a month. Three isozymes were
also found in these preparations.
Fractions were incubated for 15
minutes at 37°C with 0.25 umole of
dimethyltetrahydropteridine (DMPH,),
50 pmole of K,HPO, at pH 6.8, 1

umole of L-phenylalanine, 3 umole of .

DTT, and 3800 units of catalase.
Total volume was 0.5 ml. This reac-
tion system was modified from that of
Bublitz (6). Tyrosine formed was as-
sayed by an automated method based
on that of Hochella (7).

Frozen samples from livers of hu-
man fetuses (19 to 22 weeks of gesta-
tion) (8) were thawed and centri-
fuged, and the 100,000g supernatants
were used as above.

Results of these experiments are
shown in Fig. 1, A and E. The elution
pattern for enzyme from rat liver
was consistent for samples from more
than 25 different rats. The ratio of
total activity in the pi, kappa, and upsi-
lon peaks was 1:8:6. The two-peak
elution pattern for enzyme from hu-
man fetal liver was also consistent for

240
4

160

804 A Adult rat

Enzyme activity

C Kappa

401 o upsiton

0 T T g T
40 F Human fetal

20 ) 40 " 60 ' 80
Fractions

Fig. 1. Separation and rechromatography
of isozymes on calcium phosphate gel. Of
the fractions from adult rat (A), fractions
28 to 35 were pooled, dialyzed, and con-
centrated to give fraction pi. Fractions 55
to 62 were treated similarly to give frac-
tion kappa; and fractions 75 to 82, to
give fraction upsilon. These fractions were
rechromatographed separately (B-D). The
ordinal scale is expanded for the pi frac-
tion. Crude supernatants from human fetal
liver produced two peaks (E). Enzyme
activity is expressed as nanomoles of tyro-
sine formed per fraction in a 15-minute
incubation at 37°C.
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samples from four different fetuses.
These results suggested that three
forms of the hydroxylase exist in adult
rat liver and two forms exist in the hu-
man fetal liver, and that the forms from
each species differ in charge.

For the rechromatography experi-
ments and subsequent characterizations
of the rat liver isozymes, a larger col-
umn was used to obtain an adequate
amount of each enzyme fraction for
study. These columns were 15 by 200
mm. Samples of the 100,000g super-
natant which contained 200 mg of
protein were placed on the column and
eluted with the same linear gradient
in 100 ml. The elution patterns from
these columns were identical to those
obtained from the smaller columns.
Both the relative peak positions and
magnitudes were the same for enzyme
from approximately 50 different rats.

Pooled, dialyzed, and concentrated
fractions containing each isozyme
were rechromatographed separately
and yielded individual peaks, each of
which maintained both its relative
position and magnitude. Results of the
rechromatography are shown in Fig. 1,
B to D.

Pooled fractions from single peaks
were used for the estimation of sev-
eral enzyme characteristics (Table 1).
Michaelis constants (K,’s) and pH
optima for the pi, kappa, and upsilon
isozymes are consistent with reported
values for phenylalanine hydroxylase
(6, 9) and are essentially the same for
each form. There were small but re-
producible differences in the slopes of
curves for temperature inactivation
and inhibition by p-chlorophenylala-
nine. This suggested that the isozymes
have slightly different chemical prop-
erties.

High-speed centrifugation of the
crude homogenates yields an extract
with a specific activity of 0.01 umole of
tyrosine formed per milligram of pro-

‘tein per minute at 37°C. The most

active - fractions from the phosphate
gel column have a specific activity of
0.1 umole of tyrosine formed per milli-
gram of protein per minute. The prep-
arations were tested for tyrosine hy-
droxylase by a modification of the
method of Nagatsu et al. (10), and
no activity was found. Tryptophan
hydroxylase activity was assayed by
two different methods (1), and ac-
tivity was detected in all three peaks.
The activity of tryptophan hydroxylase
follows the same pattern as that for
phenylalanine hydroxylase. The ratio
of activity of phenylalanine hydroxy-

lase to that of tryptophan hydroxylase
is the same over the entire elution pat-
tern of the enzyme from rat. The
question of whether phenylalanine hy-
droxylase has activity toward two sub-
strates or whether there are actually
two enzymes has been studied by sev-
eral workers (9, 12). Our data supply
further evidence for a single enzyme
with two activities.

We have examined the three forms
separately on Sephadex G-200 col-
umns (Fig. 2). All three forms appear
in the same elution fraction near the
catalase marker. Thus, the Stokes radii
(13) of the pi, kappa, and upsilon
forms are strikingly similar. These re-
sults point to a single molecular weight
of about 200,000, the value ascribed
to the tetrameric form by Kaufman
and Fisher (5).

Huzino and Bessman (4) reported
two isozymes of phenylalanine hy-
droxylase, and Kaufman and Fisher
(5) also reported two. Both groups
overlooked the pi isozyme because

Kappa
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Fig. 2. Elution of isozymes from Sephadex
G-200. (Top) Each isozyme was filtered
separately on a column 2.5 by 20 cm at
a flow rate of 7 ml/hour. The eluent con-
tained 0.01M tris(hydroxymethyl)amino-
methane, 0.15M KCl, and 5SmM DTT.
A total of 100 1-ml fractions were col-
lected and assayed. Each isozyme produced
a single activity peak with maximum activ-
ity in fraction 37. Enzyme activity is ex-
pressed as nanomoles of tyrosine formed
per fraction in a 15-minute incubation at
37°C. (Bottom) The void volume was deter-
mined with blue dextran. Protein markers
were used for calibration of molecular
weight. In order of elution, proteins and
their molecular weights were catalase, 240,-
000; hemoglobin, 68,000; and myoglobin,
17,800. For each marker, the number un-
der the peak is 10* molecular weight. Ab-
sorbance is expressed as percentage of
maximum absorbance at 280 nm.
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they started the separation by discard-
ing the material extracted by O to 10
percent ethanol. After we found the
three isozymes in the crude super-
natant, we examined the fraction ex-
tracted by O to 10 percent ethanol and
found it to contain most of the pi
isozyme. Since the pi isozyme consti-
tutes only about 5 to 10 percent of the
total activity, it was easily overlooked.
The pi isozyme seems to represent
about half of the enzyme activity in

fetal liver, however, and therefore may

be important.

The existence of three isozymes of
. phenylalanine hydroxylase may be im-
portant clinically. A genetic defect that
results in the absence of the enzyme
causes the well-known disease phenyl-
ketonuria (PKU) (I4). As reported
by Auerbach and his associates (I5),

PKU is not a simple all-or-none phe-

nomenon. Varying degrees and combi-
nations of temporary or permanent
symptoms have been observed. This
range, from a mild condition—charac-
terized by a slight increase in phenyl-
alanine in the blood, no mental re-
tardation, and no phenylpyruvic acid
in the wurine—to classical PKU,
prompted these investigators to classify
PKU as a special case of “hyperphenyl-
alanemias.” Much of this clinical vari-
ation could be explained by these iso-
zymes, For instance, genetic defects
less extreme than that which causes
complete loss of the enzyme might re-
sult in the absence or delayed matura-
tion of one or more of the isozymes.
This variation in genetic defects would
produce varying degrees of total en-
zyme activity and variable symptoma-
‘tology and disease in the adult.
Moreover, the possibility that fetal
isozymes exist (as indicated by the
pattern of enzyme activity from hu-
man fetal liver) or that isozymes ap-
pear at different ages may explain the
occurrence of mental retardation. As
Winick and his associates have pointed
out (I6), brain growth has a rapid
perinatal phase. If a fetal isozyme
were absent or if appearance of other
isozymes were delayed during any part
of that period of rapid growth, brain
growth and development would be im-
paired (17). Further, as the other iso-
zymes developed, the perinatal insuffi-
ciency of phenylalanine hydroxylase
could go unnoticed.
JoHN A. BARRANGER, PAuL J. GEIGER
A. HuziNo, SAMUEL P. BESSMAN
Department of Pharmacology,
University of Southern California
School of Medicine, Los Angeles 90033
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Turnover of Molecules Which Maintain
the Normal Surfaces of Contact-Inhibited Cells

Abstract. In confluent cultures normal chick embryo fibroblasts become highly
agglutinable by concanavalin A within 6 hours after their synthesis of protein
is inhibited by cycloheximide, pactamycin, or emetine. When growing cells are
similarly treated, they fail to become more agglutinable. Apparently, molecules
which maintain the normal structure of the cell surface must be replaced con-
tinually. when cell growth is contact inhibited.

A difference between the surfaces of
normal and of cancerous cells has been
revealed by several carbohydrate-bind-
ing plant agglutinins, including con-
canavalin A (Con A) (I). Normal
cells, which respond to cell contact in
culture by limiting their growth, are
not agglutinated by these substances,
while cancer cells, which do not exhibit
contact inhibition of growth, are ag-
glutinated. The cell surface sites which
react with Con A are involved in
growth control; partially degraded Con

Agglutination (%)

201 b

Time (hours)

A reacts with transformed cell surfaces
and restores their ability to become
contact-inhibited (2). We found that
normal, nonagglutinable fibroblasts
from chick skin became agglutinable by
Con A when they were- treated with
cycloheximide, an inhibitor of protein
synthesis. The experimentally induced
change, from a normal to a malignant-
like cell surface, suggests a turnover or
a loss of specific molecules of the cell
surface. This fact could be useful in
the study of the cell surface alteration

Fig. 1. The agglutinability of chick em-
bryo fibroblasts with 200 ug of concan-
avalin A per milliliter of saline solution
after inhibition of cellular protein syn-
thesis. Contact-inhibited cells (closed
symbols) and growing cells (open symbols)
were incubated with cycloheximide (cir-
cles), emetine (triangles), or pactamycin
(squares) for the time indicated. The cells
were removed from plates and were
shaken with concanavalin A; the percent-
age of cells agglutinated in clumps of two
or more cells were then counted. The
dashed line represents the constant back-
ground clumping of cells when concan-
avalin A was not present.
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