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Abstract—The seeds of Heimia salicifolia do not contain alkaloids. Two unidentified alkaloids were
detected in 1-week-old seedlings; these alkaloids were absent from older plant samples. Lyfoline, cryo-
genine, and lythrine were first detected in 2-week-old plants. Sinicuichine was first observed in 3-week-old
plants and nesodine in 2-month-old plants. The maximum rates of synthesis for most of these alkaloids
occurred in 1- to 2-month-old plants. Following administration of **CO, to H. salicifolia plants, small
quantities of alkaloids were purified to constant specific activity without alkaloid dilution; 95-6%, of the
administered '*CO, was assimilated and up to 0-16% of this activity was incorporated into known alka-
loids. Sinicuichine and lyfoline were shown to undergo catabolism, while cryogenine was degraded very

slowly, if at all. Evidence is presented for the conversion of lyfoline to lythrine.

INTRODUCTION

Several possible biogenetic schemes have been
proposed for the formation of the alkaloids of Hei-
mia and Decodon species (Lythraceae) [ 1]. Prelimi-
nary biosynthetic studies have shown that the aro-
matic groups of these alkaloids arise from phenyla-
lanine [2-4] and that the quinolizidine moiety of
the decodon alkaloids is partially derived from
lysine [ 1]. However, the biosynthetic interrelation-
ships between individual alkaloids have not been
established. Work in other laboratories has shown
that a study of the sequential formation of alka-
loids can often suggest biosynthetic interrelation-
ships which may not be obvious from a study of
structures alone [5,6]. Furthermore, kinetic
studies of the incorporation of '*CO, into alka-
loids have recently been used to help delineate bio-
synthetic pathways [7-14]. Leete [7] has stated
that this is probably the ideal way to study alka-
loid biosynthesis, since the normal physiology of
the plant is maintained if the amount of **C fed is
kept low enough to avoid radiation damage.

* Present address: College of Pharmacy, University of
Illinois at the Medical Center, Chicago, IL 60680, U.S.A. RHD
was supported under NIH Predoctoral Fellowship GM 29261.

Two experiments were conducted in an attempt
to determine the biosynthetic interrelationships
among the alkaloids of Heimia salicifolia Link and
Otto. In the first experiment, the sequential forma-
tion of alkaloids was investigated by examining
plants at weekly intervals to the age of 4 weeks,
and at monthly intervals to the age of 7 months.
In the second experiment, H. salicifolia plants were
exposed to 14CO, for 2 hr, at a time of maximum
alkaloid synthesis and plant samples were col-
lected after various periods of *C metabolism.

In both experiments, all plants were harvested at
the same time of day (11 am) to avoid the effects
of diurnal variation which have been observed in
a number of other alkaloidal plants. After the alka-
loids were extracted, they were separated by pre-
parative TLC and quantitated by UV analysis.

RESULTS AND DISCUSSION
Sequential appearance of alkaloids

Of the eight known alkaloids only lyfoline (1),
lythrine (2), cryogenine (4), nesodine (7), and sini-
cuichine (8) were observed during the present
study. The occurrence of lythridine (3) in these
young plants had been anticipated since it had
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been detected by us in a preliminary investigation
using 10-week-old plants. Its absence is however,
consistent with an earlier finding that the presence
of lythridine in H. salicifolia ‘is dependent on cli-
matic and/or other environmental conditions’
[15]. Six new alkaloids were detected during this
investigation.
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{2) Lythrine trans ~CH==CH-- - OMe —H
{3) Lythridine trons - -CHOH~—CH,— —OMe —H
(4) Cryogenine cis —CH=CH— —OMe —H
( 5) Heimidine cts -—CHOH — CHp— —OMe -=H
(6} Dehydradecodine trons ~—CH=CH— - H ---OH
( 7) Nesodine trans —CH==CH— —H ~—OMe
{ 8) Sinicuichine cis ~—CH=:CH- —H -~ OMe

Seeds were found to be devoid of alkaloids.
Known alkaloids could not be detected in 1-week-
old seedlings, but two polar, Dragendorff-positive
compounds were detected, each of which gave a
fuchsia color with diazotized p-nitroaniline [16]
(phenol reagent). Although the quantities of these
two alkaloids permitted only chromatographic
studies, one of them gave the same color with the
phenol reagent and had the same chromatographic
mobility as both the synthetic axial and equitorial
isomers  of  (4-hydroxy-5'-methoxy)-4-phenyl-
quinolizidin-2-ol [17]. Both of these alkaloids
were absent from plants older than two weeks.

Lyfoline (1), lythrine (2), and cryogenine (4) were
first isolated and determined quantitatively in 2-
week-old plants. Sinicuichine (8) was first observed
in 3-week-old plants, and nesodine (7) in 2-month-
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old plants. This would tend to rule out bioconver-
sion of nesodine (7) or sinicuichine (8) to the other
three alkaloids. It is possible that lyfoline (1), lyth-
rine (2), or cryogenine (4) are converted to neso-
dine (7) or sinicuichine (8). However. this scems un-
likely since such conversions would require rup-
turing the biphenyl bond, rotating ring C, and
reforming the biphenyl bond. It seems more likely
that there is a branch point in the biosynthetic
pathway, possibly at the point of phenyl-coupling.
Thus, the two series of alkaloids, one substituted
at R, the other substituted at R,. could arise from
a common uncoupled precursor. The results indi-
cate that alkaloids with R | substitution are formed
earlier than those with substitution at R ,.

Although this sequential study did not provide
conclusive evidence of alkaloid interconversions,
changes in alkaloid concentrations during the
course of this investigation did provide informa-
tion about the rates of alkaloid biosynthesis (Table
1). All of the alkaloids except sinicuichine are syn-
thesized at their maximum rates in I- to 2-month-
old plants. The alkaloid concentrations fluctuate
significantly in the 4- to 7-month time interval.
However with the exception of sinicuichine, the
ratios of each individual alkaloid concentration to
the total alkaloid concentration remain reasonably
constant during this interval (Table 2). This indi-
cates that, with the exception of sinicuichine, the
rate of degradation of any alkaloid is virtually
identical to its rate of synthesis. and suggests that
the observed alkaloid concentration changes are
caused by fluctuations in nonalkaloidal consti-
tuents.

The concentration changes with plant age
(Table 1) clearly show that the maximum rates of

Table 1. Alkaloid changes in H. salicifoliu

Alkaloid concentration (mg/g plant dry wt)

Age Lyfoline Cryogenine Lythrine Sinicuichine Nesodine

1 Week -

2 Weeks 0-27 0-85 0-31 -

3 Weeks 0-84 1-40 015 036

I Month 142 193 025 0-80

2 Months 670 867 1-73 1-11 0-03
3 Months 698 855 1-22 0-98 0-05
4 Months 616 855 072 217 002
5 Months 7-39 10-60 145 [-13 0-03
6 Months 493 621 112 024 0-03
7 Months 655 863 0-66 [-50 0-09
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Table 2. Relative alkaloid concentration changes in H. salicifolia
Weight of individual alkaloid/weight of total alkaloid
Nesodine
Age Lyfoline Cryogenine Lythrine Sinicuichine (x 10)
1 Week — — o — —
2 Weeks 019 0-60 022 — —
3 Weeks 0-31 0-51 0-05 013 —
1 Month 032 0-44 0-06 0-18 —_—
2 Months 0-37 0-48 0-09 0-06 0-01
3 Months 0-39 048 0-07 0-06 0-03
4 Months 0-35 049 0-04 012 0-01
5 Months 0-36 0-51 007 0-06 0-01
6 Months 0-39 0-50 0-09 0-02 0-03
7 Months 0-38 0-50 0-04 0-09 0-05

alkaloid synthesis occur in plants much younger
than those usually used in precursor feeding exper-
iments [2, 4].

14C-Carbon dioxide feedings

Since the sequential appearance study showed
that most of the alkaloids were being synthesized
at a nearly maximum rate in 6-week-old plants, a
preliminary feeding experiment was conducted to
develop experimental techniques for purification
of the alkaloids to constant specific activity. In this
feeding of 6-week-old plants, 90-8%; of the adminis-
tered '*CO, was assimilated during the 2-hr feed-
ing period. The incorporation of '#CO, into
known alkaloids was 0-002% for a plant sample
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Fig. 1. Alkaloid concentration in H. salicifolia after exposure
to '*CO,.

harvested immediately after feeding, and 0-026%
for a sample harvested after an additional 48 hr of
14C metabolism. In another feeding of 6-week-old
plants, 95-6%, of the administered *CO, was assi-
milated. One plant sample was harvested immedi-
ately, the other plants were allowed to metabolize
14C for additional periods of three, six, nine, or
fourteen days. The small weight of plant material
extracted precluded purification of the alkaloids
by crystallization; furthermore, in several cases a
lack of pure reference alkaloids did not permit car-
rier dilution. Purification was achieved by a com-
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Fig. 2. Corrected total activities of alkaloids from H. salicifolia
after exposure to 1*CO,.
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bination of preparative high-voltage electrophor-
esis and repeated TLC. The following 9 total in-
corporations of assimilated '*CO, into known
alkaloids were obtained: time ‘zero’, 0-016; 3 days,
0-155; 6 days, 0-154; 9 days, 0-123; and 14 days,
(-088.

The changes in alkaloid concentrations in the
second experiment with 6-week-old plants are
shown in Fig. 1. The observed decrease in the total
alkaloid concentration in the plant was unex-
pected, since it had increased during the same time
interval in the previous sequential study. More-
over. this decrease was the same (within exper-
imental error, 50 + 4°%;) for lyfoline, cryogenine,
lythrine, and nesodine ; the decrease in sinicuichine
was 73%,. If the alkaloid concentration decreases
were caused by net alkaloid degradation, then the
ratio of degradation to synthesis was nearly identi-
cal for all alkaloids except sinicuichine. A more
plausible explanation is that the nonalkaloidal
plant constituents increased more rapidly than the
alkaloids. causing a decrease in alkaloid con-
centrations. For this reason, the total activities of
all alkaloids were corrected to account for the
alkaloid decrease. Sinicuichine was assumed to un-
dergo a net degradation of 239 (73-50%,). These
corrected total activities are shown in Fig. 2.

Figure 2 shows that the rate of synthesis of the
alkaloids 1s in the order of cryogenine > lyfo-
line > sinicuichine > lythrine > nesodine, and
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Fig. 3. Specific activities of alkaloids from H. salicifolia after
exposure to '*CO,.

* The maximum amount of sinicuichine which could escape
detection was less than 1 ug.
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that the rates for lyfoline and cryogenine are very
similar. The study of sequential alkaloid formation
had shown that lythrine was synthesized more
rapidly than sinicuichine. The reason for this dis-
crepancy 1s not known. However, the con-
centration of sinicuichine appears to be more vari-
able than those of the other alkaloids.

The corrected total activity data also show that
sinicuichine and lyfoline underwent net degrada-
tion, while cryogenine was degraded very slowly, if
at all. No conclusions can be drawn about lythrine
or nesodine degradation, since the total activity of
lythrine was still increasing at the end of the exper-
imental sequence. and since nesodine is probably
still radiochemically impure (Experimental).

Alkaloid interconversions

Based on theoretical considerations, several
requirements have been established in order to
demonstrate precursor relationships in a '*CO,
feeding experiment. If A is a precursor of B, and if
there are no stable intermediates between them,
then the specific activity of A is greater than that
of B before B reaches its maximum specific acti-
vity; when B has reached its maximum specific aci-
tivity, the specific activities of A and B are equal.
Finally, after B has reached its maximum specific
activity, the specific activity of B is greater than
that of A [18]. In addition. in a short-term feeding
experiment the specific activity ratio of A-B
should exceed the inverse mole ratios of the com-
pounds in the plant, this difference becoming
greater with shorter exposure time [8]. If these
conditions are not met, then A cannot be a precur-
sor of B.

The specific activity changes for the alkaloids
are shown in Fig. 3. These data suggest that sini-
cuichine is a precursor of cryogenine; however, the
specific activity ratio does not exceed the inverse
molar ratio. Cryogenine can also be isolated from
the plant in relatively large quantities before sini-
cuichine can be detected.*

The only interconversions which meet both of
the prerequisite specific activity relationships are
the conversion of lyfoline or cryogenine to lyth-
rine, if the specific activities at time “zero” are not
considered. The conversion of lyfoline to Iythrine
would only require the methylation of a phenolic
group (R,) while the transformation of cryogenine
to lythrine would require a cis-trans isomerization
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Table 3. UV and chromatographic data of heimia alkaloids

Color with
p-nitroaniline

Alkaloid Aenax spray Ry* Average TLC recovery
Dehydrodecodine 287 Fuchsia 0-08 t
Lyfoline 282 Gray 015 987 + 1-9%
Heimidine 292 Orange 021 : T
Lythridine 292-5 Orange 0-28 T
Cryogenine 285 Purple 0-54 983 + 1-7%
Lythrine 285 Gray-lavender 0-68 970 + 2:7%
Sinicuichine 285 Purple 078 974 + 2:8%
Nesodine 281 Gray-lavender 0-86 964 + 3-0%,

* Al,O,-GF,5,; NH;-saturated CoH,~MeOH (19:06).

+ Since these alkaloids were absent from all plant samples used in this study, they were not included in the TLC recovery study.

of the quinolizidine ring junction. Although the
latter conversion can not yet be ruled out, neither
a cis—trans nor trans—cis isomerization has yet been
reported in vitro for the biphenylquinolizidine
alkaloids. The data do not prove that lythrine ori-
ginates from either lyfoline or cryogenine; how-
ever, the specific activity of lythrine is still increas-
ing after the specific activities of the other alka-
loids have either reached a maximum or decreased.
This suggests that lythrine is derived from a highly
labeled precursor which is relatively stable meta-
bolically. Both lyfoline and cryogenine meet this

requirement. However, the specific activity of lyth-.

rine is larger than the specific activity of either
lyfoline or cryogenine at time “zero”.

Data obtained from '*CO, feedings of other
alkaloid-containing plants strongly suggest the
formation of a rapidly saturated C, pool from
14C0O, [8,13,19], ie. the specific activity of a
methyl carbon atom is greater than that of the
average carbon atom after a short period of '“CO,
metabolism. The relatively high proportion of acti-
vity in methyl groups tended to decrease rapidly as
other parts of the molecule became labeled. If a
high proportion of the activity of the heimia alka-
loids also occurs in methyl groups after a short
period of '*CO, metabolism, then any alkaloid
with more methyl groups than lyfoline might also
be expected to have a larger specific activity at
time “zero”. Lythrine, cryogenine, nesodine, and
sinicuichine each contain one more methyl group
than lyfoline, and each of them except cryogenine
does have a larger initial specific activity than lyfo-
line (Fig. 3). The slightly lower specific activity of
cryogenine compared to that of lyfoline could indi-
cate that cryogenine has a smaller pool of an im-
mediate precursor. It therefore appears that

methyl group carbons of heimia alkaloids are also
labeled to a greater extent than other carbon
atoms at time “zero”. Since the time “zero” specific
activity of lythrine can thus be expected to be
larger than that of lyfoline, the data are now fully
consistent with the methylation of lyfoline to form
lythrine. Although the conversion of cryogenine to
lythrine requires only an isomerization, the three-
fold higher specific activity of lythrine as compared
to that of cryogenine at time “zero” appears to rule
out the possibility of this transformation. These
same conclusions are also supported by the data
obtained from the preliminary **CO, feeding ex-
periment.

An attempt to feed G-'*C-cryogenine, isolated
during this investigation to intact plants showed
that the hydroponically administered cryogenine
was extensively degraded in the plant (ca 98%).
Another feeding technique will therefore have to
be developed before the conversion of lyfoline to
lythrine can be conclusively established.

Since the methylation of lyfoline to form lyth-
rine is the only interconversion which is strongly
supported by these preliminary data, it appears
that there may be one or more branch points in the
biosynthetic pathway of the alkaloids. However,
additional work will be needed to solve this prob-
lem.

EXPERIMENTAL

General methods. Heimia alkaloids were shown to produce
somewhat distinctive colors with diazotized p-nitroaniline
(phenol reagent) which aided in their identification. Sensitivity
of the alkaloids to this reagent was found to be 100 x greater
than to Dragendorfl’s reagent. The colors produced with the
phenol reagent, the R, values in the primary TLC system, and
the average recovery of alkaloids from five duplicate TLC
plates are given in Table 3. The overall recovery of lyfoline after
a second TLC purification was 967 + 1-7%,.
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Reagent grade MeOH was purified by adding Norit-A
(500 mg/1.) and boiling for 10 min. The hot suspension was then
filtered through Whatman No. 50 filter paper. The TLC adsor-
bents were purified by boiling a 50°, w/'v slurry of adsorbent
in purified McOH for 5 min. filtering the slurry and washing
the adsorbent 3 x with portions of fresh solvent. This procedure
was repeated 3 x @ the air-dried adsorbent was further dried in
an oven at 100 for 3hr. Whatman 3 MM chromatography
paper for clectrophoresis was washed successively with redis-
tilled C,H,, O-1 N ag HCL dis H,O. and purificd McOH by
allowing the solvent to flow downward over the paper in a
chromatography jar.

Ba'*CO; (2532 puCi‘mg and 25510 pCi/mg) was obtained
from New England Nuclear Corp., and '*C-toluene standard
(829 x 10 dpm) was purchased from Amersham, Scarle Corp.

Growth and harvesting of H. salicifolia. For the scquential
study, seeds obtained from plants grown in the greenhouse were
germinated in sterile Petri dishes containing filter paper and
sterile tap H,O. The dishes were wrapped in aluminum foil and
placed in a controlled environment chamber (Sherer, model
CEL 37-14, 12-hr day temp 21 | and night temp 16 ). The water
was decanted and replaced with sterile tap H.O every 2 days.
After germination occurred (4 days). the aluminum foil was
removed and the seedlings were exposed to light (photoperiod.
12 hr. 15500 Ix). Microbial growth was not visible at any time.
After | month, plantlets were transferred to soil and placed in
a greenhouse (day temp 21 . and night temp 167; natural illu-
mination).

After harvesting. all plants were immediately dried at 40" for
8 hr. Because of the small size of plants harvested before 3
months of age, the entire plant was used for extraction. After
the plants were 3-months-old. only the above ground portions
were used.

For the '*CO, feedings. seeds obtained from plants grown in
the greenhouse were germinated in soil and grown in a green-
house (day temp 21 . and night temp 16 : natural illumination).

Alkaloid extraction. Dried plant material (ca 500 mg dry wt
per sample) was ground with sand, and 19, w/v HCl (100 mb
was added. After heating to 1007, the mixture was blended at
high speed in a Waring blender for 2 min. The mixture was
again heated to 100" and filtered through Whatman No. | filter
paper. The marc was washed three times with hot 1%, H(l
(20 ml portions). The combined acid extracts were cooled to
room temp, brought to pH &5 with NaHCO, and extracted re-
peatedly with CHCl;-MeOH (3:1) (S0 ml portions) until the
organic phase no longer gave a positive Dragendorfl or phenol
test. The combined organic phases were cvaporated to dryness
in vacuo at 307 the residue was dissolved in 1 ml of MeOH, and
EtOAc was added (50 ml). This soln was repeatedly extracted
with acetate buffer (pH 5-0. 25 m! portions) until the organic
phase gave a negative alkaloid test. The pH of the combined ag
phases was adjusted to 85 with NaHCO; and this soln was
again repeatedly extracted with CHCl;-MeOH (3: 1) as before.
The combined organic phases were concentrated to dryness in
racuo at 30 and the resulting residuc was dissolved in MeOH
and divided into two parts from which the alkaloids were separ-
ated and quantitated separately.

Alkaloid separation. The alkaloids were chromatographed
(TLC) on AL O;-GF, 5, using NHj-sat C,H, ~-MeOH (19:0:6).
The zones were visualized by quenching of UV fluorescence,
removed with a micro-type vacuum zone collector and eluted
with MeOH by shaking the mixture on a rotary shaker for 2 hr.
The mixture was filtered through Whatman No. 50 filter paper.
and the Al,O, was washed 3 x with MeOH. The lyfoline frac-

* Bray's soln was modified by substituting dimethyl POPOP
for POPOP.
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tion was rechromatographed (SiO,-GF,¢,. NH;-sat C.H,
McOH 9:2). visualized. removed from the plate. and eluted as
before.

Alkaloid quantitation. The UV absorbance of each appropria-
tely diluted eluate was determined at the 7, (Table 3) of the
alkaloid contained therein. The absorbances were corrected by
subtracting the absorbance of a similarly diluted extract of TLC
adsorbent obtained from the same plate on which the alkaloids
were separated. The conen of cach alkaloid was determined by
comparison with a standard curve.

The chromatographic recovery of cach alkaloid was deter-
mined by applying a soln containing an aliquot of a standard
soln of cach alkaloid to 5 chromatograms and by obtaining an
alkaloid eluate as described. The corrected absorbance of cach
eluate was obtained and this was compared with the absor-
bance of an aliquot of unchromatographed standard soln.

Y CO, feedings. ' +CO, was administered to plants in an 8-81 L.
desiceator to which tygon tubing had been attached for gas cir-
culation. '*CO; was generated by adding 375 N H,SO, drop-
wise from a burctte to Ba'*COyj {preliminary exp, 2257 mg.
2532 uCijmg, CO, concn, 0:32" @ second expt. 785 mg. 25510
1Ciymg. CO; conen, 0-11"7 ) contained ina 25 ml tube this tube
was located inside a 250 ml vacuum flask. (CO, concn in the
atm is about 0-03°) A diaphragm pump (flow rate 126 | min)
was inserted between the desiccator and the 'O, generator.
Two bypass valves were inserted in the hose system to permit
the circulating atmosphere to be diverted through a NaOH
(2-5 N) trap for removal of the initial '"CO, and the '*CO,
remaining at the end of the exposure period. The entire feeding
apparatus was placed inside the controlled environment
chamber (26" + 1. 15000 Ix). The r.h. in the feeding apparatus
was about 78°;,.

Six-week-old plants were placed inside the desiccator and the
lid was sealed with calking. After trapping initial '*CO, for 20
min. the "*CO, was generated and circulated through the sys-
tem for 2 hr. At the end of this time. the remaiing '*CO, was
trapped for 40 min. Plants were cither harvested at I1am, im-
mediately placed in a drying oven at 40 and dried for 8 hr. or
returned to the greenhouse for additional '*C metabolism.

Radivactire ulkaloid purification. Fach labeled alkaloid was
further purified by preparative high voltage (Camag HVE sys-
tem) electrophoresis (3000 3350 V. 95 mA) on Whatman 3 MM
chromatography paper. Pyridine acetic acid buffer (pH 4-5)
was used as the electrolyte and the voltage was applied for 45
to 60 min. Alkaloid zones were visualized by spraying a 35cm
wide strip from one long edge of the pherogram with diazotized
p-nitroaniline [16]. The corresponding alkaloid zone was cut
from the paper and the alkaloids were cluted by allowing 50 ml
purificd MeOH to flow downward over this strip. An aliguot
of the MeOH cluate was used for UV guantitation.

The following additional preparative TLC systems were used
to purify cach alkaloid to constant sp act:

S10,-GF.5,0 CHCL-MeOH. 9:1 (hyfoline and lythrine):
EtOAc- EtOH. 9:1 (Iyfoline); and NH;-satd C . H, MeOH. 9:2
(lyfoline and lythrine). )

Al O3 GF,<y: NHj-satd CHCl; (cryogenine and sinicui-
chine): and NHj-satd C H,-MeOH. 19:0:6 (cryogenine. lyth-
rine, and sinicuichine).

Since the small quantities of nesodine isolated from the plant
did not permit clectrophoretic purification. it was purified by
two-dimensional TLC on SiO, using CHCl;-MeOH (9:1) fol-
lowed by NHj-satd C, H,-MeOH (9:2). However, the radio-
chemical purity of nesodine at this point was questionable.

Rudioactivity measurements. An aliquot {ca 2.000 cpm) of a
MeOH soln of cach alkaloid was dissolved in modified Bray’s
soln®* (207 and counted 4 x 10 a s.d. of +1°; or less in a Pack-
ard Tri-Carb Liquid Scintillation Spectrometer. An aliquot of
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each chromatographic or electrophoretic blank was also
counted to determine background. The counting efficiency of
each sample was determined by spiking with '*C-toluene stan-
dard.

Assimilation of '*CO, by plants was determined by counting

an aliquot of the NaOH trapping soln in modified Bray’s soln
containing Cab-O-8il [21]. Each counting sample was prepared
in duplicate.
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