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By means of a monospecific antibody, dopamine ,B-hydroxylase was monitored immuno-
electrophoretically in various extracts of chromaffin granules. Approximately one-third
of the dopamine ,B-hydroxylase present was located in the membrane fraction and could
only be liberated with detergent. The dopamine ,B-hydroxylases of the buffer and mem-
brane fractions were antigenically identical, but differed in their amphiphilicity, as
demonstrated by the change in precipitation patterns on removal of Triton X-100 from the
gel, on charge-shift crossed immunoelectrophoresis and on crossed hydrophobic inter-
action immunoelectrophoresis with phenyl-Sepharose. Furthermore, immunoelectro-
phoretic analysis in the presence of Triton X-100 plus the cationic detergent cetyltrimethyl-
ammonium bromide indicates additional heterogeneity of the membrane-bound
dopamine f-hydroxylase. By limited proteolysis with chymotrypsin and thermolysin the
amphiphilic form could be converted into its hydrophilic counterpart.

Chromaffin granules, the catecholamine-storage
granules of the adrenal medulla, contain, in addition
to the low-molecular-weight hormones, a number of
specific proteins and enzyme activities (Helle &
Serck-Hanssen, 1975; Winkler, 1976). Among the
latter, the noradrenaline-forming enzyme, dopamine
fi-hydroxylase (EC 1.14.17.1) is unique in several
respects; it is a constituent of both the aqueous phase
of the core and the membrane fraction of the granule
(Kaufmann & Friedmann, 1965; Viveros et al., 1968;
Helle, 1971; H0rtnagl et al., 1972). When purified
from these two sources there appears to be no dif-
ference in enzymic and immunological properties
between the two forms (Aunis et al., 1975; Ljones
et al., 1976; Hogue-Angeletti, 1977; Helle etal., 1977,
1978). Nonetheless, the soluble enzyme has been
obtained in a trypsin-resistant form, lower in hydro-
phobic amino acid residues than most purified
preparations of this enzyme (Helle et al., 1977), and a
dissociation of the two forms has been seen during
crossed immunoelectrophoresis of the Triton-
solubilized chromaffin granules (Helle et al., 1978).
Differences in apolar regions in the enzyme may
distinguish the membrane form from its soluble
counterpart. When solubilized from the granule
membrane the enzyme seems to be associated with a
lipid moiety that cannot be dispersed from the protein
and that affects activation energy and the enzyme
kinetics (Aunis et al., 1977). As a difference in rate
of synthesis of the membrane and soluble form of
fi-hydroxylase has also been obtained (Winkler,
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1977), these findings can be explained best if one
postulates that the membrane and soluble forms of
dopamine i-hydroxylase differ with respect to a
hydrophobic 'tail' that anchors the membranous
form in the lipid bilayer of the granule membrane.
Such a hydrophobic 'tail' would not be expected to
contribute to the antigenicity of this carbohydrate-
containing enzyme (Bjerrum, 1977) and would thus
account for the immunological identity repeatedly
observed for the two forms (Helle, 1971; Helle &
Serck-Hanssen, 1975; Winkler, 1976; Helle et al.,
1978). Furthermore, a common synthetic pathway
could still exist for the two forms, if one serves as a
precursor for the other and is converted, e.g. by
specific proteolysis, into the secreted form, as has been
suggested as a common scheme for synthesis and
maturation ofzymogens (Blobel&Dobberstein,1975).
A number of electrophoretic techniques have been

developed to characterize membrane proteins with
respect to their amphiphilic properties (Tanford &
Reynolds, 1976; Helenius & Simons, 1977; Bhakdi
et al., 1977; Bjerrum & Bhakdi, 1977; Bjerrum, 1978).
Two of these methods, charge-shift crossed immuno-
electrophoresis (Bhakdi et al., 1977) and crossed
hydrophobic-interaction immunoelectrophoresis
with phenyl-Sepharose (Bjerrum, 1978), have been
used in the present study to characterize the amphi-
philic properties of dopamine f-hydroxylase in
various granule fractions and to elucidate how these
properties can be modified by various degrees of
limited proteolysis.
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Materials and Methods
Bovine adrenals

These were obtained from the local slaughterhouse,
and were transferred to ice about 30minpost mortem.
The dissected medullae were homogenized in 0.3M-
sucrose containing 10-sM-pargyline (1:5, w/v) and
the 'large granules', i.e. chromaffin granules, mito-
chondria and lysosomes, were obtained as the 3x
l05gav.-min pellet of the homogenate after removal of
the unbroken cells, nuclei and debris at 6.4 x IO3gav.-
min (Helle & Serck-Hanssen, 1975; Winkler, 1976).
Chromaffin granules were separated from the
lysosomes and mitochondria by sedimentation of the
resuspended 'large granules' through 1.6M-sucrose in
10-5M-pargyline at 7.2 x 106gav.-min. Partial lysis of
the granules was obtained by resuspension of the
pellet in 18mM-CaCl2, 50mM-Tris/HCl, pH7.5, and
storage at -20°C until required. After dilution 1:5
in the Tris buffer to a final protein concentration of
12-20mg/ml the granules were subjected to a further
cycle of freezing and thawing before mixing with
equal volumes of the following buffers: (A) 100mM-
sodium phosphate, pH7.4; (B) 100mM-glycine,
38mM-Tris, pH8.7; or (C) lOOmM-glycine, 38mM-
Tris, pH8.7, containing 2% (v/v) Triton X-100 {a-
[4-(1,1 ,3,3-tetramethylbutyl)phenyl]-co-hydroxypoly-
(oxy-1,2-ethanediyl), scintillation grade; BDH
Chemicals, Poole, Dorset, U.K.}.

Soluble fractions
Soluble fractions of the granule suspension in

buffer A or in buffer B, left at room temperature
(21°C) for 10min, were obtained as the supernatant
after centrifugation at 4.7 x 106gav.-min.
Membrane fractions

These were solubilized from the pellet obtained
from buffer B with the detergent-containing Tris
buffer (buffer C), left at room temperature for 10min
and centrifuged at 4.7 x 106gav.-min.
Total solubilizedfractions
These were obtained as the supernatant of whole

granules suspended in Triton-containing buffer
(buffer C) after centrifugation at 4.7 x 106gav.-min.
Suspended chromaffin granules and proteins

extracted by detergent from the membrane fractions
(Triton X-100; 1% v/v final concentration) were
enzymically digested at a range of 0.5-6p1 of enzyme/
mg of protein at 37°C with three proteinases active at
neutral pH; two serine proteinases, trypsin and
chymotrypsin (EC 3.4.21.1, oral grade, 855NF/g),
both from Novo, Copenhagen, Denmark, and the
microbial metalloenzyme, thermolysin (EC 3.4.24.4,
grade A, 8080 proteolytic units/mg at 35°C) from
Calbiochem, San Diego, CA,U.S.A. These proteinases
differ with respect to preferential cleavage sites,
trypsin cleaving at Arg and Lys (Walsh, 1970), and

chymotrypsin and thermolysin preferentially cleaving
at hydrophobic residues such as Phe and Leu (Wilcox,
1970; Matsubara, 1970). Proteins of the soluble
granule fraction were incubated with the respective
proteinases in concentrations up to 30,ug/mg of
granule protein. A suspension of 'large granules' in
the sucrose medium (5 mg of protein/ml) was lysed
by one cycle of freezing and thawing and incubated at
37°C. Portions taken at 2,6,24 and 80h were subjected
to immunoelectrophoretic analysis as described
above.

Dopamine f,-hydroxylase (dopamine fl-mono-oxygen-
ase, EC 1.14.17.1)

This was monitored with a monospecific antibody
raised in rabbits against the water-soluble enzyme by
using crossed immunoelectrophoresis as previously
described (Helle et al., 1978). Also an antibody
raised against dopamine ,B-hydroxylase from whole
granules, by the method of immunization described
by Harboe & Ingild (1973), was used in some
experiments.

Protein was determined by the method of Lowry
et al. (1951). To all samples NaOH (0.5M) was added,
thus eliminating the interference ofcatecholamines up
to a concentration of 10nmol/mg of protein in the
samples.
Crossed, tandem-crossed and crossed-line immuno-
electrophoresis
These techniques were performed essentially as

described by Axelsen etal. (1973). Two electrophoresis
buffers were used: 73 mM-barbital and 25 mM-Tris
(pH8.6) or 100mM-glycine and 38mM-Tris (pH8.7).
The gels normally contained 0.5% Triton X-100.
Identical precipitation patterns were observed for
the two buffer systems.

Charge-shift crossed immunoelectrophoresis
This was performed as described by Bhakdi et al.

(1977). The method is based on the observation that
amphiphilic detergent-binding proteins exhibit
bidirectional migration changes when electrophoresed
in the presence of Triton plus an anionic (e.g. deoxy-
cholate) or a cationic (e.g. cetyltrimethylammonium
bromide) detergent, compared with their migration
in Triton alone (Helenius & Simons, 1977).

Crossed hydrophobic-interaction immunoelectro-
phoresis

This was performed with phenyl-Sepharose
CL-4B (40,umol/ml of gel bed; Pharmacia Fine
Chemicals Uppsala, Sweden) by the method of
Bjerrum (1978). The first-dimension electrophoresis
was carried out in a 1.5mm thick 1% (w/v) agarose
gel (type HSA; Litex, Glostrup, Denmark) con-
taining the electrophoresis buffer and 33% (v/v)
phenyl-Sepharose gel matrix, obtained by mixing of
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2% melted agarose gel with preheated (56°C) washed
gel slurry in the ratio 1 : 1 (gel bed diluted 1.5 times).
The electrophoresis was normally performed at 10V/
cm until a Bromophenol Blue-stained albumin marker
had migrated 4cm. Gel slabs (0.5cm wide) containing
the separated proteins were then cut out and trans-
ferred to glass plates (5cm x 7cm) as described by
Axelsen et al. (1973). The antibody containing gel plus
1 % (v/v) Triton X-l00 was cast to a thickness of 1 mm.
Second-dimension electrophoresis was performed at
3 V/cm overnight. Conventional crossed immuno-
electrophoresis with detergent present in the second-
dimension gel was employed as a control.

Results

Crossed immunoelectrophoresis of dopamine ,6-
hydroxylase
Aqueous and detergent-extracted fractions of the

chromaffin granules from the bovine adrenal medulla
were compared for their contents of immuno-
reactive dopamine ,B-hydroxylase (Fig. 1; Helle et al.,
1978). The precipitate of the Triton-extracted
granules was asymmetrical with a shoulder on the
cathodic side of the precipitate (Fig. Ic). The front
peak had a position similar to the dopamine 8-
hydroxylase of the water-soluble fraction (Figs. la
and lb). Examination with crossed-tandem immuno-
electrophoresis by using both types of antibodies
revealed no antigenic differences between the enzymes
of the two extracts. Since standardized extraction
conditions were used, the areas delimited by the pre-
cipitates corresponded to the amounts of enzyme
protein extracted with the three different solvents. No
difference was observed between the areas of the two
buffer extracts, and these were each smaller than the

{a) (b)

area obtained with the Triton-containing buffer
extract. On the basis of a quantification of the areas,
the buffer-extractable form of dopamine fi-hydroxy-
lase was estimated to comprise approx. two-thirds
of the total enzyme protein in the chromaffin-granule
preparation (see also Fig. 2e).
When detergent was omitted from the agarose gel

the crossed immunoelectrophoresis of the detergent-
extracted enzyme showed less heterogeneity, appear-
ing as a nearly symmetrical peak of migration
velocity equal to the front peak (Fig. 1). The total
area of the detergent-solubilized enzyme was the
same in the presence or absence of detergent in the
agarose gels, indicating that the detergent-dependent
form of dopamine ,8-hydroxylase migrated in the gel.

Dopamine fi-hydroxylase in charge-shift crossed
immunoelectrophoresis
The reaction of dopamine f-hydroxylase with the

non-ionic detergent could be interpreted as the

(a) (d)

'
Xs

:.

fx + CTAB

(b)

X

(c)

(c)

Tx + DOC

3 2. 1

IO 7
........ .....

Tx + CTAB

(e)

2 1
- ---N.

1,...lW

Tx

(f)

(g) .......

3 2

Tx + CTAB

(h)

2
/r, O
.}-_ Tx

(I)

.A

Tx + DOC

1'

DOC

Fig. 1. Crossed immunoelectrophoresis of dopamine /1-

hydroxylase from extracts of bovine chromaffin granules
The granules were extracted with (a) 0.1 M-sodium
phosphate buffer, pH 7.4, (b) 0.1 M-glycine and
0.038M-Tris, pH8.7 and (c) in the same buffer as (b)
plus 2% (v/v) Triton X-100. Portions (20,ul) of the
supernatants obtained from 200pg of granule protein
were electrophoresed in the presence of 0.5 Y% Triton
X-100. The first dimension was performed at 10V/cm
for 35 min and the second-dimension electrophoresis
was performed at 3 V/cm for 18 h into gels containing
1#1 of a monospecific antibody to dopamine ,8-
hydroxylase/cm2. An antibody-free gel was inserted
to increase the resolution. Staining was with Coomas-
sie Brilliant Blue. The bar represents 1cm.
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Fig. 2. Charge-shift crossed immunoelectrophoresis of
dopamine f,-hydroxylase of bovine chromaffin granules
(a), (b) and (c) show 40pl of water-soluble fraction
(phosphate buffer, pH 7.4, corresponding to Fig. I a);
(d), (e) and (f) show 20,ul of totally solubilized
fraction (Triton X-100 extract, pH 8.7, corresponding
to Fig. lc);(g), (h)and(i)show40,pl ofwater-insoluble
membrane fraction (Triton X-100 extract, pH8.7).
First-dimension electrophoresis was performed in
Triton plus cetyltrimethylammonium bromide
(Tx+CTAB; a, d and g), Triton (Tx; b, e, and h) or
Triton plus deoxycholate (Tx+DOC; c, f and i).
Haemoglobin migration was 20mm. Second-
dimension electrophoresis was performed in gel
containing Triton and 0.5,pl of monospecific anti-
bodies to dopamine ,f-hydroxylase/cm2. The peaks are
numbered from the anodic side. The bar represents
1cm.
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presence of two forms of the enzyme, one a hydro-
philic water-soluble form and the other an amphi-
philic detergent-binding form. For such a character-
ization charge-shift crossed immunoelectrophoresis
was used (Bhakdi et al., 1977). Fig. 2 shows the results
of such an investigation of dopamine fl-hydroxylase
in various extracts. In previous studies (Bhakdi et al.,
1977) the limit for a significant charge-shift was found
to be ±5mm under the electrophoretic conditions
employed. Thus the water-soluble dopamine ,6-
hydroxylase did not reveal any amphiphilic detergent-
binding property, since its migration was not sig-
nificantly influenced by the various detergents (Table
1). The detergent-solubilized dopamine 16-hydroxylase
showed, however, the presence of amphiphilic
molecules (Figs. 2d-2i). For total dopamine f6-
hydroxylase three peaks were observed in cetyltri-
methylammonium bromide (Fig. 2d). Two of these
peaks showed migration velocities corresponding to
those seen in Triton alone (peaks 1 and 2), whereas
peak 3 showed a decreased migration. In deoxycholate
where all three peaks fused, a faster migration
velocity was observed (Fig. 2f). For a closer examin-
ation of the origin of the peaks nearly all water-
soluble dopamine fi-hydroxylase was removed from
the membranes by washing (cf. the decrease in peak 1
from Fig. 2e to Fig. 2h). Electrophoresis in the
presence of cetyltrimethylammonium bromide (Fig.
2g) now shows that it is part of peak 2, which
migrated in the same way as peak 3. This peak
represents amphiphilic dopamine 6-hydroxylase,
since this fraction exhibits a charge-shift of 6mm in
cetyltrimethylammonium bromide and 12mm in
deoxycholate. (Table 1). By using the charge-shift
criteria peaks 1 and 2 observed in cetyltrimethylam-
monium represent hydrophilic dopamine ,B-hydroxy-
lase, of which peak 1 corresponds to the dopamine

,B-hydroxylase seen in the soluble fraction of the
granules. Thus dopamine /J-hydroxylase seems to
exist in two forms depending on their origin of
membranes or soluble core fractions.

Interaction between dopamine fi-hydroxylase and
phenyl-Sepharose

The presence of apolar domains in dopamine a?-
hydroxylase could also be shown by crossed hydro-
phobic-interaction immunoelectrophoresis with
phenyl-Sepharose. In this method where the first-
dimension electrophoresis is performed in the presence
of the hydrophobic matrix, only amphiphilic proteins
are totally retarded in the gel (Bjerrum, 1978). Such

(a) (b)

-_
Fig. 3. Crossed hydrophobic-interaction immunolectro-
phoresis with phenyl-Sepharose ofdopamine fi-hydroxylase

ofbovine chromaffin granules
(a) shows 20pl of water-soluble fraction (phosphate-
buffer extract, pH7.4); (b) shows 20/1l of totally
solubilized fraction (Triton X-100 extract of granules,
pH 8.7). First-dimension electrophoresis was per-
formed at lOV/cm in detergent-free gels. Second-
dimension electrophoresis was performed at 3V/cm
for 18h in gels containing 1 % (v/v) Triton X-100 and
,l of monospecific antibodies to dopamine Ii-

hydroxylase/cm2. An antibody-free gel was inserted
to increase the resolution. The bar represents 1 cm.

Table 1. Observed range ofelectrophoretic migrationfor bovine dopamine f,-hydroxylase during charge-shift crossed immuno-
electrophoresis

The range of values was for three different dopamine ,B-hydroxylase preparations. Migration was measured as the
distance in mm from the front of the well to the maximum of the peak or shoulder under conditions where haemoglobin
had migrated 20mm.

Migration distance for dopamine ,8-hydroxylase (mm)
Buffer

composition during
first dimension
electrophoresis

Triton X-100
(non-ionic detergent)

Triton X-100
+ cetyltrimethylammonium
bromide (cationic
detergent)

Triton X-100
+ deoxycholate
(anionic detergent)

Membrane fraction

Peak 2

10-11

10-11

Water-soluble fraction

Peak 3

4

21-25

Peak 1

19-22

19-22

22-25
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a retardation was not seen for water-soluble
dopamine ,B-hydroxylase (Fig. 3a). When the
detergent-extracted enzyme of a non-washed granule
preparation was examined with the same technique,
two forms of dopamine 8l-hydroxylase were clearly
demonstrated (Fig. 3b), of which the retarded peak
represents the amphiphilic form. All dopamine a?-
hydroxylase extracted from the washed membrane
fraction was totally retarded on the phenyl-Sepharose
matrix (results not shown).
The addition of Triton X-100 to the second-

dimension gel was essential for the liberation of the
amphiphilic form from the phenyl-Sepharose matrix.
Under these conditions the recovery of the two forms
ofdopamine 8-hydroxylase was examined by analysis
of various mixtures of water-soluble/water-insoluble
enzyme preparations- (100: 0, 3:1, 1:1, 1:3, 0: 100).
Measurements of the areas delimited by the two
precipitates in the various mixtures show the fol-
lowing recoveries: 100:0, 66 :23, 35 :46, 13 :91,
0:100, indicating that the liberation of the matrix-
bound enzyme is almost complete. Thus a semi-
quantitative estimation of the proportion between
the two forms of the enzyme was possible from such
immunoelectrophoretograms, indicating that the
hydrophobic form accounts for one-third of the
total enzyme protein of the granules (Fig. 3b). This
agrees with the results obtained from crossed im-
munoelectrophoresis (Fig. 2c).

Effects of proteolysis on the two forms of dopamine
f8-hydroxylase

Mild treatment of the chromaffin granules sus-
pended in Tris buffer with trypsin (2-3,ug/mg of
granule protein at pH7.5) caused cleavage of all
acidic chromogranins within 30min at 37°C without
loss of enzyme activity of dopamine fl-hydroxylase

compared with the undigested controls, in keeping
with previous findings (Helle et al., 1977). Crossed
immunoelectrophoresis alone or combined with
charge-shift and hydrophobic interaction revealed no,
or only a very slight, difference in the relative pro-
portions of hydrophilic and hydrophobic forms of
dopamine 8-hydroxylase between the control prepara-
tions and digested preparations. Either an increase in
trypsin concentration or the use of other proteinases
such as chymotrypsin or thermolysin (2-10,ug/mg of

(a)

Tx + CTAB

(b)

Tx

(c)
la) (b) (c)

",-

Fig. 4. Effect ofspecific proteolysis ofdopamine fi-hydroxy-
lase

Crossed hydrophobic interaction immunoelectro-
phoresis with phenyl-Sepharose of 20,u1 of Triton
extract of water-insoluble membrane fraction. (a)
shows the native extract; (b) shows the same extract
after incubation for 60min at 37°C with thermolysin
(1 ,pg/ml) and (c) 10jg of thermolysin/mI. Otherwise
the experimental conditions correspond to those
described in the legend to Fig. 3.
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Tx + DOC

Fig. 5. Effect of specific proteolysis of dopamine 8-
hydroxylase

Charge-shift crossed immunoelectrophoresis of 20p,
of Triton extract of water-insoluble membrane
fraction, which has been incubated with chymotrypsin
(10pg/ml) for 60min at 37°C. Otherwise the experi-
mental conditions and the abbreviations on the
Figure correspond to those described in the legend to
Fig. 2. The bar represents 1cm.
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protein for 1 h at 37°C in Tris/glycine buffer, pH 8.7)
changed the patterns.
However, after solubilization with Triton X-100 a

conversion of the amphiphilic into the hydrophilic
form of dopamine ,-hydroxylase could be achieved.
Chymotrypsin and thermolysin (which cleave at
hydrophobic residues) were especially effective,
whereas trypsin also changed the precipitation pattern
(see below). The crossed hydrophobic-interaction
immunoelectrophoresis experiments of Fig. 4 show
how the amphiphilic Triton-solubilized membrane
dopamine ,B-hydroxylase (Fig. 4a) is converted into
the hydrophilic form on incubation for 60min at
pH8.7 with increasing concentration of the thermo-
lysin (1 and lOg/ml, total protein concentration
1.5 mg/ml; Figs. 4b and 4c).
In charge-shift crossed immunoelectrophoresis

experiments such degraded forms do not exhibit any
bidirectional charge-shifts (Fig. 5). However, the
small shoulder appearing in the cathode in Fig. 5(b)
representing the non-converted form of dopamine 8-
hydroxylase still shows charge-shifting properties.
No antigenic differences could be demonstrated be-

tween the hydrophilic forms of dopamine ,B-hydroxy-
lase after this type of proteolysis, as examined by
double-diffusion and crossed-line and crossed tandem
immunoelectrophoresis, indicating that the moderate
proteolytic cleavage did not destroy the antigenic
determinants confined to the hydrophilic moiety of
the enzyme. However, extensive proteolysis of
water-soluble dopamine ,B-hydroxylase (30,ug/mg of
protein, pH 8.7, 1 h) gave rise, for all three enzymes
investigated, to a slightly changed precipitation
pattern in crossed immunoelectrophoresis. The
dopamine /1-hydroxylase precipitate appeared at a
more anodic position (10-20 %), with a more narrow
shape and with a decreased area (10-20%). Further-
more the staining intensity of the precipitate was
fainter.

Discussion

Crossed immunoelectrophoresis is a quantitative
method of increasing importance for analyses of
membrane proteins after solubilization (Bjerrum,
1977). Without any preceding purification many
valuable characteristics of membrane-protein anti-
gens can be established, such as identification of
intrinsic proteins possessing amphiphilic properties.
When membranes are solubilized by non-ionic
detergents, lipids bound to apolar domains are
replaced by detergent molecules (Helenius & Simons,
1975; Tanford & Reynolds, 1976). These properties
are not known to be shared by any hydrophilic
protein studied to date (Helenius & Simons, 1975;
Tanford & Reynolds, 1976; Bhakdi et al., 1977).

Proteins exhibiting such detergent binding can be
detected indirectly by means of charge-shift electro-

phoresis (Helenius & Simons, 1977). In combination
with crossed immunoelectrophoresis the charge-shift
principle has been used for demonstration of
amphiphilic properties for many proteins in complex
mixtures: erythrocyte membrane proteins (Bhakdi
et al., 1977), serum lipoproteins and serum aryle-
sterase (Bhakdi et al., 1977; B0g-Hansen et al., 1978),
synaptosomal proteins (J0rgensen, 1977) and in-
testinal brush-border aminopeptidase (Sj6strom
et al., 1978). By exploiting the binding properties of
proteins to hydrophobic gel matrices during electro-
phoresis it has also been possible to obtain a similar
classification of proteins to that obtained on the
basis of charge-shift electrophoresis (Bjerrum, 1978).
The molecular heterogeneity of dopamine fi-hy-

droxylase of the bovine chromaffin granules observed
in crossed immunoelectrophoresis (Helle et al., 1978)
could imply that some of the dopamine 8-hydroxylase
behaves likean integral membrane protein. Formation
of vesicles during lysis of the granules could capture
some of the soluble dopamine fi-hydroxylase (Helle,
1973) and, if so, would give similar results, but such an
interpretation was not supported by the influence of
detergent on the immunoelectrophoretic-precipitation
pattern (cf. Bjerrum, 1977) observed in the present
paper.
That part of the solubilized dopamine /-hydroxy-

lase in the Triton extract of granules was indeed
amphiphilic was proved by the charge-shift electro-
phoresis experiments (cf. Fig. 2). Presence of further
molecular heterogeneity of the membrane-bound
form of dopamine J-hydroxylase was indicated by the
observation of an intermediate peak (peak 2) in the
cetyltrimethylammonium bromide-containing buffer.
A similar heterogeneity has been observed for pig
intestinal brush-border aminopeptidase, which is
composed of subunits (Helenius & Simons, 1977;
Sjostrom et al., 1978). However, peak 2, which does
not show any charge-shifting properties, differs in
migration velocity from the soluble form ofdopamine
16-hydroxylase and cannot simply be a result of
dissociation of subunits with different hydrophobic
properties. Other possible explanations of this finding
are either the existence of an intermediate form in the
cleavage process leading to the secretion of the soluble
dopamine ,B-hydroxylase or various degrees of
glycosylation or protein complexing. It is not a
result of unsaturation of the Triton micelles with
cetyltrimethylammonium bromide, since a doubling
in the cetyltrimethylammonium bromide/Triton
ratio gave rise to the same electrophoretic distribution
of dopamine fl-hydroxylase.
The crossed hydrophobic-interaction immuno-

electrophoresis experiments further verified the
existence of amphiphilic dopamine fi-hydroxylase.
However, the intermediate form of dopamine 8-hy-
droxylase observed in the cetyltrimethylammonium
bromide-containing buffer was found to be totally
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retarded on the phenyl-Sepharose, indicating some
hydrophobic properties of the intermediate form.
Furthermore, the method also allows a semiquantita-
tive determination of the ratio of the membrane-
bound and the soluble form of dopamine ,B-hydroxy-
lase because of their antigenic similarity. Approxi-
mately one-third of the total granule dopamine f6-
hydroxylase was found to possess amphiphilic
properties in agreement with determinations based
on activity measurements. Such an estimation cannot
be performed with charge-shift crossed immuno-
electrophoresis, because the ionic detergents gave the
antigens different migration velocities and may be
bound to the antibodies during the electrophoresis
(cf. Bjerrum, 1977).
Many membrane-associated enzymes are bound

through an apolar peptide 'tail' inserted in the lipid
matrix. The 'tails' of such enzymes can be cleaved by
limited proteolysis (Tanford & Reynolds, 1976;
Sj6str6m et al., 1978). Our experiments on solubilized
membrane material from granules with the proteoly-
tic enzymes thermolysin and chymotrypsin show
that cleavage indeed takes place for dopamine 6-
hydroxylase. Like the soluble dopamine ,B-hydroxy-
lase, the cleaved form did not show any amphiphilic
properties.
These cleavage studies, the demonstrated amphi-

philicity and the immunochemical identity taken
together with the reported similarity in molecular
weight (Helle, 1971; H0rtnagl et al., 1972) of
membrane-bound and soluble forms of dopamine ,B-
hydroxylase and the apparent homogeneity of the
total dopamine /8-hydroxylase by sodium dodecyl
sulphate/polyacrylamide-gel electrophoresis (Ljones
et al., 1976; Wallace et al., 1973) strongly suggest the
presence of an extra, small hydrophobic and poorly
antigenic sequence of peptides, or 'tail', in the mem-
brane-bound form of the enzyme. Furthermore in a
search for the existence of 'natural' enzyme systems
capable of converting the membrane-bound form of
dopamine,8-hydroxylase into the hydrophilic counter-
part, 'large granules' were lysed and incubated at 37°C.
Crossed immunoelectrophoresis of portions taken at
various times showed that a conversion gradually took
place and was complete after 24h. The converted
dopamine fi-hydroxylase showed changes resembling
those obtained with extensive proteolysis with specific
enzymes. However, further studies are necessary for
determination of the nature, specificity, localization
and activation of the dopamine f-hydroxylase-
converting system(s) to elucidate their role in the
sequestration of dopamine f-hydroxylase during
granule biogenesis. However, already it is clear that the
existence of the membrane-bound and soluble forms
of dopamine 8-hydroxylase need not be an expression
ofa difference in the rate of synthesis (Winkler, 1977).
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