




















































































































Table 4

PRECURSCR PRODUCT
HYDRASTINE BERBERINE
Chemical Specific Specific activity Specific Specific activity Specific
precursor activity with respect radiochemical with respect radiochemical
counts/ to C yield with to C yield with
min/mM counts/gin/hM respect to 031 counts/gin/hM respect to C3
3-liC-tyrosine 6,95 3,28 x 10b 472 x 1073 8,90 x 104 6,40 x 10~3
- x 108
1~1hC—dopamine 6.12, 0,87 x 104 1.92 x 10~3 450 x 104 7.35 x 1073 2
x 10 ‘

1 specific radiochemical yield with respect to C3

— specific activity with respect to C3 x 100
specific activity of precursor

2 Specific activity with respect to C3 was calculated on the assumption that, by
analogy with hydrastine, radiocactivity in gerberino is confined to C3.
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intermediates in the biosynthesis of hydrastine and berberine,
Compounds which might be expected to yield information are
DOPA, dihydroxyphenylpyruvic acid, dihydroxyphenylacetaldehyde,

norlaudanosoline, and analogous compounds containing methoxy or

methylenedioxy groups,
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group was not isolated since it was not expected to contain activity,

With the intention of isolating C1, attempts were made to
decarboxylate the vinyl acid by heating in quinoline with a copper
chromite catalyst., The carbon dioxide was readily isolated from this
reaction, but the resulting methylenedioxystyrene was rather unstable
and polymerized easily, This undesirable side reaction was partially
retarded in the presence of hydroquinone, and the styrene vas converted
to the dibromo compound by bromine-water., However, yields were
unsatisfactory and the product vas extremely hard to purify,

Other attempts were made to isolate C3 by the oxidation of
the vinyl group of XXXVII, These were completely unsatisfactory,
Vigorous oxidation tJ the carboxylic acid had to be avoided, since
conversion to a phthalic acid derivative would have rendered Cjand Cy
indistinguishable, Milder oxidation should have given the glycol,
but this could not be isolated, Reaction with osmium tetroxide
followed by sodium periodate, which should have given formaldehyde and
an aromatic aldehyde, did appear to take place, but no definitive
products were identified,

It was found that C1l could be removed by bromodecarboxylation,
Jones and Robinson (1917) had used this technique for the removal of
the carboxyl group from piperonylic acid, using bromine-water in
dilute sodium carbonate, Since, in the active degradation, the carbon
dioxide from Cj was to be collected and assayed for activity, these
conditions were not applicable to thao present problem, Attempts to

carry out the reaction with bromine-water in acetone or carbon
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compounds, and the results obtained were directly comparable, The
apparatus used to carry out the Grignard reaction on a small scale is
described by Van Bruggen, Claycomb, and Hutchens (1950), The yields

vwere only fair, but were adequate for the purposes of this experiment,



EXPERIMENTAL

l. ADMINISTRATION OF TRACER TO THE PLANTS

For root-feeding experiments small 2- and 3- year old plants

of Hydrastis canadensis L., which had been wintered in the open, and

allowed to grow in soil during the spring and early summer, were used,
The plants were dug up before they had reached the flowering stage, and
soil was removed by soaking the roots in water. Nine plants were
inserted through holes in a wooden box, with their stems supported by
glass wool plugs, and their roots dipping into 1500 ml of nutrient
solution (Leete, Marion & Spenser, 1954) in a glass dish which was kept
in the dark. An aquarium pump was used to bubble filtered air continu=-
ously through the solution, which was restored to its original volume
using a mark on a small U tube, before samples were taken out for
counting, The plants were kept in 75% shade by a framework of slats
covered with cheesecloth, Before the start of the actual feeding
experiment the plants were allowed to grow in nutrient solution under
these conditions for 1 week, during which time they had completely
recovered from transplantinge The nutrient solution was then replaced
with 1500 ml1 of fresh nutrient solution containing the ¢ 1abelled
compound, and the plants were allowed to grow in this system for the
required period, The radiocactivity of the nutrient solution and of the

plant leaves was assayed daily. After a given time the plants were
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harvested and rinsed with distilled water, Roots and rhizomes were
separated from leaves and stems, and dried separately for several days
in a vacuum desiccator (NaOH), The dried material was stored in this
manner,

Viick~feeding experiments were carried out on large 3- and L- year
old Hydrastis canadensis L, plants which were almost at the flowering
stage, In these experiments the plants were kept in soil under 757 shade.
Viicks of mercerized cotton were passed through the stem of each plant,
and the loose ends viere allowed to dip into an aqueous solution of the
- 1hg 1abelled compound in a small containerl. When the solution had
been absorbed by the plant the containers were repeatedly refilled with
water to ensure complete absorption of the tracer, After the required
prowing time the plants were harvested and stored as described earlier,
The cotton wicks were extracted with methanol and with water, and the
extract was assayed for activity.

Eitht root-feeding experiments (1-8) and two wick-feeding
experiments (9,10) were carried out, The details of these are
summarized in Table 5, During each root feeding experiment samples
of the nutrient solution were assayed at regular intervals, It was
found that in all cases 95% of the activity disappeared from the
nutrient solution within 4O hours, A typical set of results is given
in Table 6, In an attempt to follow the uptake of radioactivity by
the plant, pieces of leaf were assayed at different times, In general

1 drop of hydrochloric acid was added to the aqueous solution
in order to dissolve tyrosine,



Tible &

Weight Specific Total Number Period of growth
Compound fed activity activity fed of in contact
Experiment fed (mg) counts/min/mM counts/min plants  with tracer
ROOT FED PLANTS
1 U-Mcglucose 18,02 8,75 x 208 8,77 x 107 9 17 days
2 2-14C~phenylalanine 35,0 4,18 x 10 g 887 x 100 9 9
3 2-1iC tyrosine 30,5 6,55 x 100 11,0 x 107 9 9
L 2 UG tyrosine 30,5 5.15 x 100 8,68 x 107 9 17 ®
5 3.1UC-tyrosine 2,8 7,23 x 10 1,12 x 10/ 6 3w
6 B-th-tyrosine 2,8 6.96 x 108 1,08 x 107 6 6
7 3-l¢c_tyrosine 5.6 6,75x108 2,10x10! 9 9 n
8 3-1C—tyrosine 2,8 6,58 x10® 1,03 x107 6 2, ®
VIZCK FED PLANTS
1
9  3-lig-tyrosine 2,8 6,95 x 108 1,07 x 103 > 1 9 m
10 1-14¢-dopamine 13,0 6.12 x 108 2,16 x 10 6 10
hydrobromide

1 The wicks used in this experiment contained negligible residual activity at the end
of the feeding period,

2 The solution initially fed in this experiment had a total activity of 3.40 x 107
counts/min, However, extraction of the wicks at the time of harvesting yielded a total
activity of 1,24 x 10! counts/min, which was shovn to be due to unchanged dopamine by
chromatography in n-propanol/water : 7/3, and by radioassay of the chromatogram, The
total activity of dopamine taken up by the plant was thus 2,16 x 107 counts/min,

LY
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Table 6

Activity of Nutrient Solution (Experiment L)

Time Total remaining activity of solution % Remaining
0 brs 8,65 x 10! counts/min 100,0

20 ® L.67 x 107 " 54,0

L3 " 0,25 x 107 " 2.9

67 » 0.l x 107 ™ 1.6

283 ™ o.04 x 107 " 0.5

the leaves showed high activity 4LO - 90 hours after the start of the
experiment, Activity decreased to a low value after about 200 hours,
Due to the obvious difficulty of plating leaf samples of uniform
weight and thickness, or samples which represented a uniform percentage
of the plants foliage, these observations have little quantitative
significance,

2, EXTRACTION OF ALKALOIDS FROM PLANTS (Cromwell, 1955).

In each of the experiments the alkaloids, hydrastine and
berberine, were extracted from the roots and rhizomes of the plants,
A typical separation procedure (Experiment 3) is described,

The roots and rhizomes of well dried Hydrastis canadensis L.

plants (9,3 g) vere ground to a fine powder in a mortar. To extract
hydrastine the powder was thoroughly moistened with 3 M ammonium
hydroxide (10 ml), allowed to stand for 30 minuteé, transferred to a
Soxhlet thimble (Whatman, 35 x 80 mm), and extracted continuously with
ether (125 ml) for 26 hours, The ether extract was transferred to a
separatory funnel and washed, first with 3 M ammonium hydroxide (30 ml),

and then with water (30 ml). The washings were rejected, The washed



ether solution was extracted with 10% hydrochloric acid (4 x 25 ml),
and the combined acid portions were made strongly basic with 15 M
ammonium hydroxide. This ammoniacal solution was extracted with ether
(4 x 50 ml), the combined ether extracts were evaporated to dryness,
and the residue was dissolved in a very small amount of hot ethanol.
Hydrastine (173 mg; 1.9%) crystallized on cooling.

To obtain berberine the material remaining in the thimble was
extracted continuously with 95% ethanol (125 ml) for 24 hours. The
ethanolic extract was evaporated to dryness, and water (30 ml) was
added to the residue, which wa:.s heated on the steam bath and filtered.
The solid remaining after filtration, which contained amino acids,
including radioactive tyrosine, was dissolved in 3% aqueous sodium
hydroxide and storeds The filtrate was made strongly acidic with
conce hydrochloric acid and allowed to stand overnight, when berberine
hydrochloride (205 mg; 2.2%) crystallized. The mother liquor from this
crystallization, which contained some amino acids, was also stored.

In this way hydrastine and berberine were isolated from roots
and rhizomes of the plants from each of the ten experiments. In one
case (Experiment L) the alkaloids were also isolated from the leaves
and stems by the same procedure (Experiment 4L), Chemical and radio-

active yields from all experiments are shown in Table 7,
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water bath at 85° for 30 minutes, The mixture was then alloved to
stand for 2,5 hours and filtered, The filtrate was acidified with
conce hydrochloric acid, and then extracted with ether (3 x 30 ml),
The combined ether extracts were evaporated to dryness, and the residue
dissolved in hot water (30 ml), The solution was filtered and allowed
to cool, The solid vwas filtered off to give 6-bromopiperonylic acid
(25 mg; 83%) melting at 200 - 202°, One crystallization from water
raised the melting point to 204 - 205°,

Conversion of 6-~bromopiperonal to 6~bromopiperonylidene acetone,

6~Bromopiperonal (28 mg) was dissolved in acetone (3 ml) in a
25 ml Erlenmeyer flask, 3% Aqueous sodium hydroxide (2 ml) was added,
and the solution was heated on a steam bath until a precipitate had
formed and the excess acetone had evaporated, The solid was filtered
off to give 6-bromopiperonylidene acetone (25 mg; 81%) melting at
148 - 151°, One crystallization from methanol raised the melting point
to 152 - 154°,

Conversion of piperonal to 6-bromopiperonylidene acetone,
Piperonal (1.38 g) was dissolved in 95% ethanol (20 ml), and

bromine-water was added until a brown oil and some crystals separated.,
The crystals were filtered off, washed well with water, and recrystall-
ized from aqueous ethanol to give 6é-bromopiperonal (390 mg; 1)

melting at 126 - 1279, A portion of this 6-bromopiperonal was converted,
in the manner just described, to 6-bromopiperonylidene acetone melting
at 152 - 154° and identical in all respects to 6-bromopiperonylidene

acetone derived from the degradation of hydrastine, A mixed melting
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point of the samples of 6-bromopiperonylidene acetone, prepared from
the two different sources, showed no depression. This information
serves as a check on the identity of the final product obtained from
the degradation of hydrastine,

Preparation of approx, 0,25M phenvlmagnesium bromide,

Magnesium turnings (885 mg), which had been ground in a mortar,
and a crystal of iodine were introduced into a 200 ml 3-necked round
bottom flask, The flask was fitted with a condenser protected with a
drying tube (CaClp), a dropping funnel, and & nitrogen inlet; and the
whole system was flushed with nitrogen which had been passed through
saturated barium hydroxide solution followed by conc, sulphuric acid,
Freshly distilled bromobenzene (5.0 g) in sodium-dried ether (15 ml)
was introduced into the dropping funnel, The magnesium was agitated
vigorously with a magnetic stirrer, and the ether solution was added
at a rate such as to keep the reaction from becoming too vigorous when
heat was applied from a glass-col mantle., After the addition was
complete the mixture was stirred for 30 minutes, The nitrogen inlet
was replaced by a tube which connected the flask to a small flat
bottom flask of 150 ml capacity, More sodium-dried ether (150 ml) was
added to the mixture, and vwhen the solid had settled enough of the
solution was decanted to fill the small flask, This flask was stoppered
with a rubber closure stopper and stored at 109, It contained a
solution of phenylmagnesium bromide which was approximately 0.25M,

Conversion of barium carbonate to benzoic acid,

The apparatus used in this reaction 1s described by Van Bruggen
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L, DEGRADATION OF BERBERINE (Freund & Fleischer, 1913),

Conversion of berberine hydrochloxide to benzyldihydroberberine

Magnesium turnings (720 mg) which had been ground in a mortar,

and a crystal of jodine were introduced into a 100 ml round bottom
flask., A solution of freshly distilled benzyl chloride (3.25 g)

in sodium~dried ether (36 ml) was added, a condenser was fitted to the
flask, and after the vigorous reaction had ceased the mixture vwas heated
under reflﬁx for 2 hours, The solution was then slowly added to
berberine hydrochloride (800 mg) in sodium~dried ether (10 ml) in a
100 ml round bottom flask, Uhen the initial reaction had subsided

the mixture was heated under reflux for 2,75 hours, The contents of
the flask were then extracted with 6 M hydrochloric acid (50 ml) in

a separatory funnel and the aqueous layer was transferred to & 400 ml
beaker, This solution was cooled in an ice bath, and 15 M ammonium
hydroxide was added at a.. rate such that the temperature did not rise
above room temperature, A gummy mass separated, which, when the cold
solution was stirred vigorously, first solidified and then broke up
into finer particles which were filtered off to give benzyldihydro-
berberine (770 mg; 92%) melting at 131 - 1349, One crystallization
from methanol-acetone raised the melting point to 135 - 1379, Further
recrystallization did not raise the melting point again, and at no time
was benzyldihydrobefberine obtained which had the reported melting
point of 162° (Freund & Fleischer, 1913),
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inadvertently added, This caused oxidation and subsequent loss of
product when the solution was heated, Thus this sample was damaged to
such an extent that no further information could be obtained from it,
Hydrastine from Experiment L

Hydrastine (144 mg; specific activity 5.17 x 10* counts/min/mi)

from this experiment was oxidised with nitric acid to give hydrastinine
(63 mg; 81%;specific activity 5,10 x 104 counts/min/mM) and opianic
acid (40 mg; 51%; specific activity 0,04 x 10% cownts/min/mM). Int
order to have sufficient hydrastinine to continue the degradation
sequence the active hydrastinine (57.5 mg; specific activity 5,10 x 104
counts/min/mM) was mixed with an equal weight of inactive hydrastinine,

Hydrastinine (115 mg; specific activity 5,10 x 10* counts/min/
mM)¥* underwent a Hofmann reaction to give hydrastal (79 mg; 81%; specific
activity 5,16 x 104 counts/min/mM),

Hydrastal (72 mg; specific activity 5.16 x 104 counts/min/mH)
was oxidised by silver oxide to give é-vinylpiperonylic acid (67 mg;
86%; specific activity 5.02 x 10 counts/min/mM).

6-Vinylpiperonylic acid (59 mg; specific activity 5,02 x 10*
count-s/min/mM) was bromodecarboxylated to give barium carbonate
(43 mg; 61%) and é-bromo-oX-hydroxyhomopiperonyl bromide (76 mg; 76%;
specific activity 3.20 x 10* counts/min/m4), Active barium carbonate
(22 mg) was diluted to 64 mg with inactive barium carbonate, and the
mixture was converted to benzoic acid (17 mg; 43%'; specific activity
2,00 x 10* counts/min/m),

é~Bromo~ &{~hydroxyhomopiperonyl bromide (65 mg; specific activity









Experiment

N0 O~ O W

Tatle 9

HYDRASTINE HYDRASTININE
Specifie Relative Specific Relative
© activity specific activity specific
counts/min/mM  activity  counts/min/mM activity
1.19 x 104 100 0.50 x 104 42,0
1.42 x 104 100 0.70 x 104 49,0
L.96 x 104 100 2 4L x 104 49.0
1.36 x 104 100 0,60 x 10k 44,0
5,76 x 10k 100 3,28 x 10% 57.0

OPIANIC ACID

Specific Relative

activity specifiec

counts/min/mM  activity
0.65 x 104 545
0.69 x 104 49.0
2.46 x 104 L9.5
0.74 x 10k 54.0
2,46 x 108 42,7
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methyl iod:i.de. to benzyltetrahydroberberine methiodide (397 mg; 61%),
This benzyltetrahydroberberine methiodide (397 mg) underwent
a Hofmann reaction to give a yellow compound (109 mg) which was not
des-N-methylstyryltetrahydroberberine, melted at 180 - 185°, and
appeared to contain all of the original activity, (Specific activity
of the crude compound, assuming the molecular weight to be the szme
as that of des-N-methylstyryltetrahydroberberine, was 4,31 x 104
counts/min/mM)
6, PROCEDURE FOR THE ASSAY OF ACTIVITY

All radioactive samples were assayed in the following manner,
A weighed amount of the compound was transferred to an aluminum plan=-
chette and dissolved in two drops of a 1 solution of collodion in
dimethylformamide, (For berberine hydrochloride benzyl alcohol was
used instead of dimetﬁylformamide.) The solution was covered with
a circle of lens tissue which caused the drop to spread evenly over
the surface of the planchette, and was evaporated under an infra-red
lamp, The planchette was counted by a thin-window counter in a low
background automatic sample changer (Nuclear Chicago, model G 115),
and the counts were recorded either on a scaler (Nuclear Chicago,
model 161 A), or on an electronic counter (Beckman-Berkeley, model
7060),

To ensure that all impurities vere removed from a compound
prior to counting, a small smount of each radioactive compound was
mixed with a weighed amount of a pure inactive sample of the same

compound and recrystallized, This recrystellized sample was then






factor of 2%:_%. Therefore the specific activity of the original
berberine hydrochloride is given by ( El:Ll’.E(TZ.QZJ x 2%% —

8.94 x 104 counts/min/mM), Duplicate samples yielded specific
activities of 8.90 x 10% and 8,86 x 10% counts/min/mM respectively,
The average value was thus 8.90 x 10% counts/min/mM and this was
taken to be the specifie activity of berberine hydrochloride isolated
from Experiment 9. The probable error in the specific activities
quoted varies depending on the activity of the sample involved.
However, a sufficiently large number of counts was taken to ensure
that in no case did the error rise above F2%. In most cases it was

closer to F¥1%.
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(atoms 1, 3-11). No loss of radioactivity occurred in
these steps. Bromodecarboxylation, accompanied by
modification of the vinyl group, gave radioactive
6-bromo-«-hydroxyhomopiperonylbromide (atoms 3-
11) and radioactive carbon dioxide (atom 1). The™
latter was collectod as barium carbonate, and thon
regencrated and converted to benzoic acid by treat-
ment with phenylmagnesium bromide. The homo-
piperonylbromide dorivative was oxidized to 6-bromo-
piperonylic acid (atoms 4-11), which contained little
radioactivity. Radiocarbon was thus confined to
carbons 1 and 3 of the hydrastine skeleton. The °
activities found in hydrastine and its degradation
products are summarizod in Table 2. The dograda-
tion sequenco clearly demonstrates that tyrosine
serves as & specific procursor of hydrastine, and that,
as predicted, two tyrosino units participate in the
biosynthesis of the allaloid. ‘ -

The most interosting feature of these results,
however, is tho unoqual labolling of carbon atoms
1 and 8 of hydrastine (relative activity 39 and 60
respectively), indicating differential utilization of
radioactive, but not of chomical, precursor for the two
segments of the alkaloid molecule. Such a possibility
has never been considered, and it has hitherto always
been tacitly assurned that biosynthetic utilization of
two units of a single radioactive precursor to form
the major portion of an end-product would inevitably
be associated with equal labelling in the two segments
of the latter. Reported work on papaverine® and
morphine® has tended to support this assumption,
which, nevertheless, is not gonerally valid. Iiqual
incorporation of radioactivity into the two segments
of such a ‘dimeric’ product is obligatory only if the

3









{Reprinted from the Journal of the American Chemical Society, 84, 1050 (1962).)

The Biosynthetic Incorporation of
Dopamine into Hydrastine

By Ian D. Spenser and J. R. Gear



[Reprinted from the Journal of the American Chemical Society, 84, 1059 (1962).]
Copyright 1962 by the American Chemical Society and reprinted by permission of the copytight owner,

THE BIOSYNTHETIC INCORPORATION OF
Si DOPAMINE INTO HYDRASTINE!
e

Recently we showed? that hydrastine (III) is
derived from two tyrosine units, which, however,
are not incorporated with equal efficiency. This
was the first demonstration of differential utiliza-
tion of a single precursor in the biosynthesis of
the two segments of a ‘‘dimeric” alkaloid.?

This differential utilization of tyrosine implies
that the “doubling” step of the anabolic sequence
is preceded by one or more dissimilar structural
modifications of either or both tyrosine units.
It is likely that tyrosine gives rise by independent
pathways to two different *““monomeric” metabolic
intermediates which join to form a ‘‘dimeric”
precursor from which the alkaloid is then derived.

We have now found that 3,4-dihydroxyphenyl-
ethylamine (dopamine) can serve as a precursor

(1) Finaaclal support by the National Research Council of Canada
and by the Ontario Research Foundation is gratelully acknowledged.

(2) J. R. Gear and I. D, Spenser, 140th A.C.S. Meeting, Chicago,
September, 1001, Abstracts; Nature (London) 191, 1393 (1061).

(3) Similar results have since been obtained in & study of the bio-
synthesis of morphine from carbon-14-dioxide (H. Rapoport, N. Levy
and F. R, Stermitz, J. Am. Chem. Soc., 83, 4208 (1961).

of one, but not of the other, of these *‘monomeric”
intermediates. »

a-"C-Dopamine hydrobromide (II) was infused
by means of cotton wicks into the stems of six three-
year old plants of Hydrastis canadensis L. In a
simultaneous separate experiment, DL-8-14C-tyro-
sine (I) was administered similarly to four three-
year old plants. After nine days the plants were
harvested and the alkaloids extracted from the
roots. Chemical and radicactive yields are re-
corded in Table I.

Degradation of hydrastine was carried out as
previously reported.? The activities of radio-
dopamine-derived hydrastine and its degradation
products (Table II) clearly demonstrate that radio-
carbon was confined to carbon atom 3, and show
that dopamine serves as a specific precursor of
hydrastine, but that only one dopamine unmit is
utilized in the biosynihesis of the alkaloid. Hy-
drastine isolated from plants fed with radio-
tyrosine, on the other hand, was derived from two
tyrosine units.¢

(4) Since specific incorporation of radicactivity lrom a-14C-tyrosine
into carbon atoms 1 and 3 of the hydrastine molecule already has
been demonstrated,? it was sufficient in the present case to separate the
two labelled carbon atoms (4 and 7¢), derived from 8-14C-tyrosiae, from
one another, and unaecessary to isolate them completely.



—~——Precursor——
— Activity —
i. Specific activity,
counts/min./mM.
ii. Total activity,
counts/min,

Compound

Hydrastine
Hydrastinine

Opianic acid

Hydrastal
6-Vinylpiperonylic acid

6-Bromo-a-hydroxyhomopiperonyl bromide

Benzoic acid

6-Bromopiperonylideneacetone®

Products
— Hydrastine N — Berberine ———ve—————y
Weight, g.  Specific Specific Specific radio- Weight, g. Specific Specific radio-
activity activity chemical yield activity, chemical yield
counts/ with respect with respect counts with respect
min./mM, tosegment A.,, to segment A n./mM, to segment A,
counts/ counts/
min./mM, min./mM.
0.424 5.76 X 10¢ 3.28 X 10¢ 2.36 X 10-3 0.818 8.90 X 10* 3.85 X 10-®
0.555 0.87 X 10* 0.87 X 10* 1.42 X 10-3 0.825 4.50 X 10¢ 7.35 X 10-¥

Atoms of

a-1C-Dopamine experiment

Specific activity,

hydrastine counts/min./mM.
0.87 X 10¢
1-12 0.87 X 10¢
~10' 0.84 X 10
1,3-11 0.83 X 10¢-
1,3-11 0.87 X 10¢
3-11 0.89 X 10¢

1 0

4-11 0.15 X 10

Relative
activity
100
100
1
96
100
102
0
2

B-14C-Tyrosine experiment
Specific activity, Relative
counts/min./mM, activity
5.76 X 10¢ 100
3.28 X 10¢ 57
2.46 X 10¢ 43
3.39 X 10¢ 59



