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ABSTRACT The derivation of a quantitative model of
phenylalanine metabolism in humans is described. The model
is based on the kinetic properties of pure recombinant human
phenylalanine hydroxylase and on estimates of the in vivo rates
of phenylalanine transamination and protein degradation.
Calculated values for the steady-state concentration of blood
phenylalanine, rate of clearance of phenylalanine from the
blood after an oral load of the amino acid, and dietary
tolerance of phenylalanine all agree well with data from
normal as well as from phenylketonuric patients and obligate
heterozygotes. These calculated values may help in the deci-
sion about the degree of restriction of phenylalanine intake
that is necessary to achieve a satisfactory clinical outcome in
classical patients and in those with milder forms of the
disease.

The initial and rate-limiting step in the complete catabolism of
phenylalanine to CO2 and water is its hydroxylation to ty-
rosine, a reaction catalyzed by the phenylalanine hydroxylating
system. The system is complex, consisting of phenylalanine
hydroxylase (PAH), the pterin coenzyme tetrahydrobiopterin
(BH4), and several enzymes that serve to regenerate BH4, i.e.,
dihydropteridine reductase and pterin 4a-carbinolamine de-
hydratase (1, 2).

Although the benzene ring of phenylalanine cannot be
ruptured without first being hydroxylated in the para position,
the alanine side-chain of the amino acid can be metabolized
even in the absence of the ring-hydroxylation step. This
alternate pathway is initiated by transamination of phenylal-
anine to phenylpyruvate followed by conversion of the latter
compound to metabolites such as phenyllactate, phenylace-
tate, and o-hydroxyphenylacetate. Products of the transami-
nase pathway are excreted in the urine. The steps in these
alternate pathways of phenylalanine metabolism are outlined
in Fig. 1.

Mutations in PAH that decrease the activity of the enzyme
cause hyperphenylalaninemia (HPA). When the HPA is severe
(blood phenylalanine . 1.2 mM, 20 times above normal levels
of 0.055–0.060 mM), it leads to the disease known as classical
phenylketonuria (PKU), which, if not treated by a low-
phenylalanine diet from early infancy, leads to postnatal brain
damage and mental retardation (3).

The consensus view is that all classical PKU patients should
be treated with a low-phenylalanine diet. The decision to treat
milder forms of the disease (blood phenylalanine levels in the
range of 0.4–0.7 mM), which are associated with lower risk of
brain damage (4), however, is less clear cut. Fortunately,
results from a variety of procedures can provide useful guide-
lines about which patients require treatment. In addition to the
severity of the HPA itself, which, as indicated above, is a useful
treatment criterion, methods range from semiquantitative
measurements of the patient’s tolerance to dietary phenylal-

anine, i.e., the amount of phenylalanine that can be consumed
without elevating the blood phenylalanine concentration to
unacceptable levels, to quantitative measurements of residual
PAH activity in vivo by the use of one of several different
methods involving the infusion of phenylalanine labeled with
heavy isotopes (5–7). But even the availability of these methods
does not resolve all of the problems in this area: the dietary
criterion is crude and most of the heavy isotope methods
require expensive equipment.

Until recently, an indirect procedure for assessing residual
PAH activity in vivo that was used widely is the phenylalanine-
load test, which is based on the determination of the rate of
clearance from blood of phenylalanine after the administra-
tion to a patient of a standard dose, usually 100 mgykg of body
weight, of the amino acid. This method, for example, can
readily distinguish between normal subjects and obligate het-
erozygotes (i.e., parents of PKU patients) presumed to have
50% or less of the normal level of enzyme (8–10).

Although the data from the phenylalanine-load test are
relatively easy to come by—all that is needed is a reliable
quantitative assay for phenylalanine—the usefulness of the
method is limited by the lack of a suitable model of phenyl-
alanine metabolism, one that would facilitate the interpreta-
tion of the data, and would take into account the relative
contribution of hydroxylation, transamination, decarboxyl-
ation, and other pathways of phenylalanine catabolism. With-
out a reasonable quantitative model, impaired phenylalanine
tolerance might be interpreted as a defect in either phenylal-
anine hydroxylation or phenylalanine transamination. Indeed,
an early study of two PKU patients with impaired tolerance
seemed to support the conclusion that the patients lacked
phenylalanine transaminase (11). Subsequent analysis of the
data provided strong arguments against this conclusion (12).
Nevertheless, availability of an appropriate model of phenyl-
alanine metabolism would extend the usefulness of phenylal-
anine tolerance data not only for diagnostic purposes, but also
for understanding the interplay of some of the factors that
affect normal phenylalanine metabolism in humans.

As a first step toward the elaboration of such a model, the
reactions that determine the steady-state level of phenylala-
nine in plasma must be identified. The steady state is deter-
mined by those processes that lead to the net disposal of
phenylalanine and those that replenish the plasma pool. After
growth has stopped, the only reactions that are quantitatively
important in the disposal of phenylalanine are its irreversible
oxidation to tyrosine and transamination to phenylpyruvate.
For growing children, a small fraction of phenylalanine is
disposed of through the net increase in body protein. Even
during early infancy, however, when the increment of protein
per unit time is maximal (13), this route of disposal of
phenylalanine is small compared with the rate of its conversion
to tyrosine, especially when blood phenylalanine levels ap-
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proach those seen in PKU. The evidence also indicates that
reactions such as decarboxylation are too slow to affect the
overall rate of disposal and can be safely ignored (12), as can
urinary excretion of phenylalanine [equal to only '11% of the
amount of total transamination products excreted (14)] and
those processes that affect only the flux of phenylalanine
through the various body pools of the amino acid.

As for reactions that serve to replenish the plasma pool of
phenylalanine, there appear to be only two of any significance:
ingestion and digestion of protein-containing foods and, under
certain circumstances, breakdown of body proteins. Because
the phenylalanine-loading test usually is carried out in subjects
in the fasting state (15), the delivery of phenylalanine from
ingested protein can be ignored.

The above considerations lead to the following relationship,
where vTRANS is the rate of phenylalanine transamination (Fig.
1, reaction 2), vPAH is the rate of phenylalanine hydroxylation
(Fig. 1, reaction 1), and vNPD is the rate of net protein
breakdown.

2dPheydt 5 2vPAH 2 vTRANS 1 vNPD [1]

To transform this general equation into one that would be
useful in the analysis of results of phenylalanine-loading tests,
each of these velocity terms must be replaced with rate
equations that describe the three metabolic processes involved.
When the requisite data were unavailable, assumptions dis-
cussed below had to be made.

At the outset, it should be noted that a previous attempt to
carry out such an analysis was handicapped by the lack of data
on the kinetic properties of human PAH and human phenyl-
alanine transaminase. Indeed, for the latter enzyme, even the
identity of the one responsible for this activity in vivo was not
known with certainty. Because the in vitro evidence indicated
that phenylalanine is an excellent substrate for mitochondrial
aspartate aminotransferase, it was assumed that this is the
transaminase involved. Furthermore, because the properties of

the human counterpart were not known, the kinetic properties
of the corresponding rat enzyme were used (12). The way the
problem of the human transaminase was handled in the present
analysis will be discussed below.

Kinetic properties of recombinant human PAH are now
available (16, 17). The kinetics of PAH are somewhat com-
plicated by the fact that phenylalanine serves not only as a
substrate for the enzyme, but also as an activator (see ref. 1 and
references therein). Because a previous analysis of the kinetic
behavior of PAH based on a two-site model with ordered
binding of phenylalanine at both a catalytic site and a regu-
latory site could account adequately for many peculiar aspects
of the kinetic behavior of the enzyme (18), a similar two-site,
ordered-binding model was used in the present analysis. The
actual rate equation used (19) is shown in Eq. 2, where Km is
the concentration of phenylalanine that gives half-maximum
velocity and Ka is the concentration of phenylalanine that gives
half-maximum activation in an experiment in which PAH was
preincubated with varying concentrations of phenylalanine.
For the present analysis, the following kinetic constants,
determined with pure recombinant human PAH at 37°C with
BH4 as the coenzyme, were used: Km for phenylalanine, 0.51
mM, and Ka for phenylalanine as activator, 0.54 mM (D.
Kowlessur and S.K., unpublished data). An approximate value
of Vmax for human PAH (16) (probably an underestimate) was
calculated from the initial rate of decrease of serum phenyl-
alanine levels (0.9 mmolyml per h) in control subjects after they
had received an oral load of L-phenylalanine that was sufficient
to increase their serum phenylalanine levels by '17-fold (20).

vPAH 5
Vmax PAH

1 1
Km

[S]
1

KmKa

[S]2

[2]

As indicated above, the previous problem of the identity of the
enzyme in man that is responsible for phenylalanine transam-
ination was by-passed in the present analysis. It was assumed
that the major route for the net disposal of phenylalanine in
classical PKU patients is via transamination. For example, as
already mentioned, the urinary excretion of phenylalanine is
only '11% of the amount that is transaminated, and, by the
end of the first year of life, it can be estimated that the amount
of phenylalanine disposed of via incorporation into protein is
only '25% of that disposed of via transamination. It should be
noted that with the present method for estimating the rate of
phenylalanine transaminase, which is based on the rate of
clearance of phenylalanine from the blood, minor reactions for
disposal of phenylalanine, such as its urinary excretion and its
incorporation into protein, are subsumed in the estimate of
transaminase activity, resulting in a small overestimate of this
activity.

To be useful in the present analysis, values for the Km and
Vmax of the transaminase are needed. Attempts were made to
extract a Km value for phenylalanine transamination from the
results of phenylalanine-loading tests carried out on classical
PKU patients (21). The approach adopted in estimating a value
for Vmax for the human transaminating enzyme was to use data
on the sum of all transamination-derived metabolites (i.e.,
phenylpyruvate, phenyllactate, and o-hydroxyphenylacetate)
excreted by a group of classical PKU patients as a function of
their plasma phenylalanine levels. The maximum amount
excreted, expressed as mmolymol creatinine, was 1,370, a level
that appeared to plateau at plasma phenylalanine levels be-
tween 1,200 and 2,400 mmolyliter (22).

Attempts to convert this value into a rate of transamination
are complicated by the wide range of ages, '2 years to '18
years, in the patient sample used in the study. For the present
analysis, it was assumed that the average body weight of the
patients was 50 kg and that the daily creatinine excretion was

FIG. 1. Phenylalanine metabolism. Reaction 1 is catalyzed by
phenylalanine hydroxylase. Reaction 2 is catalyzed by phenylalanine
transaminase.
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2 gy24 h (23). A further assumption was made that the
excretion of transaminase-derived metabolites occurs at a
linear rate during the 24-h period and reflects the rate of
formation of these metabolites. It was also assumed that these
compounds equilibrate with all body fluid compartments
except dense cartilage connective tissue and bone, which,
together, represent 15% of the total body water (24), yielding
a volume of distribution of accessible water of 500 mlykg of
body weight. On the basis of these assumptions, the maximum
rate of transamination was calculated to be 0.043 mmolyml
per h.

An additional product of phenylalanine metabolism that is
derived, at least in part, from phenylpyruvate that was not
measured in the study of Langenbeck et al. (22) is phenylac-
etylglutamine (PAG). There is evidence that PAG can be
formed from phenylacetate, which is derived from phenylpyru-
vate by oxidative decarboxylation (25). It has also been pro-
posed that phenylacetate and, hence, PAG, can be formed
from phenylalanine by a route that does not involve transam-
ination, but instead involves decarboxylation to phenylethyl-
amine followed by oxidation of the amine to phenylacetate
(26). The finding that the amount of phenylethylamine ex-
creted in PKU patients is small even after the oxidation of the
amine was blocked by the administration of an inhibitor of
amine oxidase (27), however, indicates that, as discussed
previously (12), decarboxylation of phenylalanine is a quanti-
tatively minor pathway for phenylalanine metabolism, as well
as for PAG formation.

The amount of PAG excreted by normal individuals is
250–500 mgyday; PKU patients excrete twice that amount
(28). For the purpose of calculating the amount of PAG
formed via the transaminase pathway, the conservative as-
sumption was made that only the ‘‘extra’’ amount excreted by
the patients is derived from phenylpyruvate. Taking the aver-
age extra amount of PAG excreted as 350 mgyday and making
the same assumptions outlined above, this excretion translates
to a rate of PAG formation of 0.020 mmolyml per h, bringing
the rate of formation of all transaminated products to 0.063
mmolyml per h.

With the use of this value for Vmax, results of the phenylala-
nine-loading test carried out on classical PKU patients (21)
were used to calculate a value of 1.37 6 0.14 mM (mean 6 SD,
n 5 3) for the Km of phenylalanine transaminase.

Because in the present analysis, PAH and transaminase
activities are calculated as a function of blood phenylalanine
levels, it is important that these levels reflect tissue levels of the
amino acid. Relevant to this point, phenylalanine levels in liver
tissue from a PKU patient (29), as well as in liver and kidney
tissue from hyperphenylalanemic rats (30), have been reported
to be comparable to the corresponding levels in blood.

The third term in Eq. 2, the rate of net protein degradation,
was estimated from the data of Waterlow and Jackson (31),
showing that in the fasting state, the state under which the
phenylalanine-loading test is carried out, net protein break-
down (i.e., the amount of protein broken down minus the
amount synthesized) equals 0.30 gykg of body weight per 12 h.
Because skeletal muscle constitutes '40% of body mass (24)
and protein catabolism in this tissue plays a major role in the
delivery of amino acids to the periphery, protein degradation
in skeletal muscle was taken as the predominant event in the
degradation of protein that occurs during fasting.

Human skeletal muscle contains '46 mmol phenylalanineyg
tissue (32). On the basis of that value and the finding that adult
human muscle contains 19.8% protein (33), it can be estimated
that muscle contains 232 mmol phenylalanineyg of muscle
protein. If this value is taken as representative of the body
protein stores, it would indicate that '70 mmol phenylala-
nineykg body weight per 12 h would be liberated during the
fasting period. On the basis of the same assumptions as those
made above in estimating the rate of phenylalanine transam-

ination, the last value would translate into an hourly rate of net
protein degradation (and of release of phenylalanine from this
process) of 0.012 mmolyml per h. Because the substrate for this
reaction, namely, the body stores of protein, would probably
remain relatively constant during a short period of fasting,
protein degradation was assumed to follow zero-order kinetics.

Substituting the values estimated for the kinetic constants
for the three reactions shown in Eq. 1 yields Eq. 3:

2dPheydt 5 2
0.90

1 1
0.51

[Phe]
1

0.5q 3 0.54
[Phe]2

2
0.063

1 1 1.37
[Phe]

1 0.012 [3]

RESULTS AND DISCUSSION

The general validity of Eq. 3 can be assessed in several ways.
First, with the use of the expression for the velocity of the
PAH-catalyzed reaction, including the kinetic constants shown
in the equation, the basal rate of the hydroxylation reaction
was calculated to be 0.010 mmolyml per h. This value agrees
well with the following reported values for normal subjects on
the basis of experiments in which subjects were infused with
L-[ring-2H5]phenylalanine: 0.013 mmolyml per h; 0.008
mmolyml per h (34); 0.012 mmolyml per h (5); 0.010 mmolyml
per h (6). A value of 0.020 mmolyml per h was found in the last
study when subjects were infused with L-[1-13C]phenylalanine
(6). The cited in vivo rates for the conversion of phenylalanine
to tyrosine all were reported as mmolyh per kg. They were
converted to mmolyml per h on the basis of the same assump-
tions used previously, i.e., that the volume distribution of
metabolites such as phenylalanine is 500 mlykg of body weight.
These results show that the calculated rate of phenylalanine
hydroxylation agrees well with the experimentally determined
rates.

Another test of the validity of the model is to calculate the
steady-state blood phenylalanine level for both control sub-
jects and for PKU heterozygotes who are presumed to have
50% of normal PAH activity, as well as the t1/2 for the clearance
of a load of phenylalanine (i.e., the time required for the initial
concentration of phenylalanine to decrease to one-half its
original value) from the blood for these two groups. The
steady-state phenylalanine level for controls, calculated from
Eq. 3 (by setting the term ‘‘2dPheydt’’ equal to zero and
calculating the concentration of phenylalanine), is 0.059 mM
and that for subjects with 50% residual PAH activity is 0.079
mM, 1.34-fold higher than the control level. Although the
value of 0.059 mM for normal subjects agrees well with the
accepted value of 0.058 6 0.015 mM (mean and SD) (35), the
value of 0.079 mM for heterozygotes who might be expected to
have 50% of the normal PAH level, appears to be too low. The
ratio of blood phenylalanine levels for controls and for obligate
PKU heterozygotes has been reported to be in the range of
1.57–1.61 (36–38) rather than the ratio of 1.34 that was
predicted by the model.

This calculated value raises the possibility that PKU het-
erozygotes may have less than 50% of control PAH activity.
Substituting a value of 40% of control PAH activity for
heterozygotes into Eq. 3 yields a steady-state phenylalanine
concentration of 0.093 mM; with the use of this value and the
value of 0.058 mM for controls, a ratio of 1.60 is obtained,
which is close to the range reported for heterozygotes and
controls (see above). In this regard, it should be noted that the
residual PAH activity in liver biopsy samples found for six HPA
obligate heterozygotes ranged between 5.8 and 31% of control
values (39). These results provided the first indication that
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HPA heterozygotes have significantly less than 50% of control
activity. Two subsequent larger studies of parents of patients
with PKU were in accord with these earlier results: one study
reported a mean value of 29.3% of controls (n 5 9) (40) and
another reported a mean value of 28.1% (n 5 8) (41).

The model also predicts t1/2 values for clearance of phenyl-
alanine from blood for both normals and heterozygotes that
are in accord with actual clinical results. For normals, a value
of 65 min is obtained, which is lower than the reported mean
value of 89 min but well within the range of 60–120 min (10).
For heterozygotes with 50 and 40% residual PAH activity, the
t1/2 values calculated from Eq. 3 are 144 and 180 min, respec-
tively, compared with a reported mean value of 159 min [range,
112–245 min (10)].

Reference has been made earlier to a report of two HPA
patients whose inability to metabolize phenylalanine appeared
to be a result of a deficiency of transaminase (11) and the
evidence against this conclusion (12). The present model
provides an additional reason for viewing this claim with
skepticism. Fig. 2 shows the time course of disappearance of 1
mM phenylalanine from plasma of a control subject (curve A)
as well as from one lacking the transaminase but with normal
levels of PAH (curve B). As can be seen, the two rates are
almost the same, making it extremely unlikely that pronounced
HPA can be caused by a lack of transaminase. The reason for
the near identity of the two rates is that the rate of disappear-
ance of phenylalanine in the total absence of PAH (curve D)
is very small, the initial rate being only 2.6% of that of a control
with normal PAH levels. Fig. 2 (curve C) also displays the rate
of disposal of phenylalanine in an individual with 40% of the
normal level of PAH, a deficit of PAH activity that, as
discussed above, may represent the average for PKU heterozy-
gotes.

Recently, PKU patients were classified by assigning them to
phenotype categories on the basis of their dietary phenylala-
nine tolerance. Patients with classical PKU tolerate less than
20 mgykg of phenylalanine per day to maintain their blood
phenylalanine levels at the accepted level of 0.3 mM, those
with ‘‘moderate PKU’’ tolerate 20–25 mgykg per day, and
those with ‘‘mild PKU’’ tolerate 25–50 mgykg per day (42).

To see whether these dietary phenylalanine tolerance values
are coherent with the predictions made by Eq. 3, it was
assumed that the intake of the allowed amount of phenylala-

nine was divided equally into three ‘‘meals.’’ For classical PKU
patients with an intake of phenylalanine of 15 mgykg per day,
each meal would contain 5 mgykg per day and would add 0.06
mmolyml to the baseline value of 0.30 mmolyml for a total
plasma phenylalanine level of 0.30 1 0.06 5 0.36 mmolyml.
Substituting this value into Eq. 3 (assuming Vmax for a classical
PKU patient is equal to zero), 2dPheydt is equal to 0.001
mmolyml per h, i.e., at this level of phenylalanine, the velocity
of the disappearance of phenylalanine via the transamination
reaction just barely exceeds the velocity of entry of phenylal-
anine into the plasma pool via net protein degradation.
Therefore, Eq. 3 predicts that these PKU patients could
tolerate a phenylalanine intake of 15 mgykg per day.

Calculated in the same way, ‘‘moderate PKU’’ patients with
a dietary phenylalanine tolerance of 25 mgykg per day would
require a residual PAH activity equal to 15% of that of wild
type to metabolize it in 3.5 h. Similarly, ‘‘mild PKU’’ patients
with a dietary phenylalanine tolerance of 50 mgykg per day
would require a residual PAH level of 25% of the wild-type
level to metabolize the added phenylalanine in about 3.5 h.
These results indicate that Eq. 3 can account for the tolerance
of dietary phenylalanine seen in these different patient groups.

It would be useful to try to correlate these estimates of the
residual PAH activity for the ‘‘mild PKU’’ and ‘‘moderate
PKU’’ patients with the residual hydroxylase activity measured
in vitro for the mutant PAH species harbored by the patients.
At the present time, however, such an attempt is hampered
because there is too much scatter in the in vitro data. Thus,
several patients classified as having ‘‘moderate PKU’’ (42)
have been shown to harbor the following three mutant forms
of PAH (with their in vitro residual PAH activities expressed
as a percentage of wild-type activities, shown in parenthesis):
L348V (25%), R261Q (30%, 47%), and R158Q (10%) (43). It
can be seen that these values vary by almost 5-fold. As
discussed previously (2, 43), in general, in vitro estimates of
residual hydoxylase activity of PAH mutants tend to be higher
than those observed in liver biopsies. At least one reason for
this tendency is that in vitro PAH activities are customarily
measured by using saturating concentrations of phenylalanine
and BH4, as was done for mutant R261Q (44). Given this
situation, it is possible that residual PAH activities estimated
with the use of Eq. 3 may prove to be a better reflection in in
vivo activities than those measured in vitro.

The present model of phenylalanine metabolism is relevant
to the conclusion reached by Thompson and his colleagues (45,
46), on the basis of results obtained by infusion of subjects with
deuterium-labeled phenylalanine and tyrosine, that classical
PKU patients have ‘‘substantial’’ PAH activity that is equal to

Table 1. Steady-state phenylalanine blood levels and t1y2 values for
clearance of phenylalnine calculated from Eq. 3 for various levels
of PAH

Residual PAH
activity, %

Steady-state level
of Phe, mM

t1y2 of clearance of
a load of Phe, min

100 0.057 (0.059) 65 (89, 60–120)
50 0.079 (0.092)* 144 (159, 112–245)*
40 0.093 180
20 0.129 360
10 0.154 705

3 0.226 1,410
0 0.314† 3,240

Values in parentheses for steady-state levels of phenylalanine are
published mean values. For the t1y2 of clearance, values in parentheses
are mean values followed by the range of values reported for normals
and obligate heterozygotes. See text for references. Phe, phenylala-
nine.
*For obligate heterozygotes.
†This steady-state concentration of Phe was reached in 295 h, during
which time it was assumed that no food (i.e., no Phe) was consumed.
Clearly, it is not a value that would be reached in any clinical study.

FIG. 2. Calculated rates of clearance of a load of phenylalanine for
controls and for individuals with different genotypes. A, controls; B,
subject with zero transaminase activity; C, subject with 40% of control
PAH activity; D, subject with 0% of control PAH activity.
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about 76% that of control subjects. This startlingly high-
phenylalanine-hydroxylating activity was attributed to tyrosine
hydroxylase (45). As discussed already, the results summarized
in Fig. 2 show that in the absence of PAH, a dose of
phenylalanine is cleared from the blood at less than 3% of the
rate seen in controls. There is no indication from the present
analysis that any alternate pathway exists in humans that can
dispose of large amounts of phenylalanine. Recently, van
Spronsen et al. (34) have pointed out a potential methodolog-
ical problem with the method used by Thompson and cowork-
ers.

In summary, the quantitative results obtained with the
model for PAH metabolism are coherent with data that
indirectly reflect the in vivo activity of PAH, such as steady-
state blood phenylalanine levels, rates of clearance (conven-
tionally expressed as t1/2 values) of phenylalanine from the
blood after a load of phenylalanine, and dietary tolerance for
phenylalanine. The model has the potential for quantitatively
estimating residual PAH activity from any of these values,
particularly from the measured rates of clearances of a load of
phenylalanine. The predicted residual PAH levels or the values
derived from it may be helpful in making decisions about how
stringent the dietary restriction of phenylalanine must be to
achieve the desired blood phenylalanine level. Table 1 sum-
marizes the t1/2 values and steady-state blood phenylalanine
levels calculated from Eq. 3 (assuming no intake of phenylal-
anine during the test period) for different levels of residual
PAH activity, as well as comparable values from relevant
clinical data.
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15. Güttler, F. (1980) Acta Paediatr. Scand. 280, 7–80.
16. Kowlessur, D., Citron, B. A. & Kaufman, S. (1996) Arch. Bio-

chem. Biophys. 333, 85–95.
17. Martinez, A., Knappskog, P. M., Olafsdottir, S., Døskeland, A. P.,

Eiken, H. G., Svebak, R. M., Bozzini, M., Apold, J. & Flatmark,
T. (1995) Biochem. J. 306, 589–597.

18. Phillips, R. S., Parniak, M. A. & Kaufman, S. (1984) J. Biol. Chem.
259, 271–277.

19. Segel, I. H. (1975) Enzyme Kinetics (Wiley, New York).
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