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Abstract The riboflavin-producing fungus Erernothecium ash- 
byii was cultured in various growth media containing high concen- 
trations of deuterium, and the product was isolated. The struc- 
tures of highly deuterated riboflavin, in which a t  least 13 of 15 
nonexchangeable hydrogens were replaced by deuterium, and fully 
deuterated riboflavin, in which all 15 nonexchangeable sites con- 
tained deuterium, were established by NMR and mass spectrome- 
try. The aromatic protons (C-5 and C-8) were partially substituted 
in the highly deuterated molecule. Information regarding three 
areas of the biosynthetic pathway within the microorganism was 
obtained as a result of the formation of these compounds. Exten- 
sive solvent interaction, possibly due to passage of sugar through 
the transaldolase-transketolase pathway, occurs during formation 
of the ribityl chain. Limited solvent participation takes place dur- 
ing formation of 6,7-dimethyl-8-ribityllumazine, the immediate 
precursor of riboflavin. Deuteration of the riboflavin C-6 and C-7 
methyl groups indicates significant solvent exchange during the 
final step of the biosynthetic process. 
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Deuterated drugs have proven useful in the study 
and measurement of isotope effects (1, 21, the eluci- 
dation of metabolic and biosynthetic pathways (3 ,4) ,  
the determination of pharmacological mechanisms of 
drug action (5, 6), and other experimental investiga- 
tions (7). 

The biochemical reactions within various microor- 
ganisms that lead to the production of riboflavin 
have been the subject of extensive research for many 
years. The pathway has been almost completely de- 
termined and was reviewed (8-12). The final reaction 
of the biosynthetic process also was explained recent- 
ly (13-16). 

The production and isolation of deuterated ribofla- 
vin are reported in this study. Proof of deuterium in- 
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corporation at  specific molecular sites by means of 
NMR and mass spectrometry is presented, and the 
implications of these results on the biosynthetic 
pathway of riboflavin are considered. 

EXPERIMENTAL 

Production and Isolation of Deuterated Riboflavin-The 
medium used for the Eremothecium ashbyii' culture in deuterium 
oxide is listed in Table I. Production cultures contained 1 liter of 
medium in cotton-plugged 2-liter flasks. All cultures were grown 
on a rotary shaker2 a t  120 rpm under subdued light a t  30'. 

Maximum riboflavin production with this organism was ob- 
tained in 30 days under these conditions. According to Mohammed 
et al. (171, atmospheric dilution of medium deuterium is less than 
10% during this period. Riboflavin was measured3 by the USP 
method (18). 

The preparative method used here is a combination of methods 
reported earlier (19-21). Column chromatography was followed by 
solvent extraction. The purification procedure was monitored by 
optical spectrometry. Purity of the final product was established 
by TLC (22), NMR, and mass spectrometry. 

NMR Spectroscopy ('HMR)-IHMR spectra were obtained 
by use of a spectrometer4 modified for pulse operation. A 5-mg 
sample was dissolved in 1 mi of solution containing equal parts of 
deuterated trifluoroacetic acid and trifluoroacetic acid anhydride. 
Hexamethyldisiloxane was added for internal standardization. 
Chemical shifts are reported in delta, 6, parts per million down- 
field from hexamethyldisiloxane. 

Mass Spectrometry5-Samples were dissolved in ethanol for 
application to a platinum ribbon, which was placed directly into 
the ionization source and heated electrically. 

RESULTS AND DISCUSSION 

S t ruc tu re  Determination-Evidence of deuterium participa- 
tion during biosynthesis was obtained by a spectral comparison of 
isolated biosynthesized deuterated riboflavin with known ribofla- 
vin. The inability of deuterium to produce a 'HMR signal makes 
this technique ideal for the determination of deuterium incorpora- 
tion. The capability of making multiple comparisons of parent and 
fragment masses makes mass spectrometry equally valuable, espe- 
cially when high sensitivity is required. 

Consideration of deuterium participation will be limited to 
nonexchangeable (carbon-bound) hydrogen sites only. Of the 20 
hydrogen sites in the molecular structure of riboflavin, 15 are of 
this type. The other five sites are bound to oxygen or nitrogen and 
are, therefore, exchangeable. Since the last solvent contact was 
with large volumes of water during purification, these sites con- 
tained 'H a t  the conclusion of the isolation procedure. All further 
references to the hydrogen sites of riboflavin are to nonexchangea- 
ble sites. 

Figure 1 shows the 'HMR spectrum of riboflavin. The use of tri- 

I Eremothecium ashbyii (NRRL Y 136) was obtained from the US. De- 
partment of Agriculture, Northern Regional Research Laboratory, Peoria, 
I l l  _... 

Eberbach Corp., Ann Arbor, Mich. 
Hitachi Perkin-Elmer model MPF 2A fluorescence spectrometer. 
Varian HR 220 spectrometer. 
Mass spectra were obtained with a modified Bendix Time-of-Flight 

model 12 mass spectrometer (23). 
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Figure 1-'HMR spectrum of riboflauin 

fluoroacetic acid anhydride along with deuterated trifluoroacetic 
acid as the solvent enabled the aromatic protons of riboflavin to be 
resolved completely. Proton assignments are analogous to those of 
other investigators for riboflavin (13) and riboflavin phosphate 
(24-26). The high sensitivity of the instrument used, attained by 
operating in pulse mode with computer assistance, enabled pro- 
curement of spectra with a minimum of material. 

Table I1 lists the respective masses and relative abundances of 
fragments in the first reported mass spectrum of riboflavin. The 
decomposition properties of this compound, which heretofore pre- 
vented obtaining its mass spectrum, were overcome by the inlet 
system of the instrument. A solution of the sample was applied to 
a thin metal ribbon, which was inserted directly into the ionizing 
region of the spectrometer. Passage of a variable electric current 
through this filament enabled heating to be controlled exactly. As 
the temperature was increased slowly, vaporized samples were ion- 
ized by electron impact prior to major decomposition; mass spectra 
of components of the sample were obtained sequentially. 

Highly Deuterated Riboflavin-The product isolated from 
cultures grown in the medium listed in Table I was composed of a 
mixture of compounds containing a minimum of 13 nonexchange- 
able deuterium atoms and a maximum of two nonexchangeable ar- 
omatic hydrogen atoms at c-5 and c-8. The IHMR spectrum of 
this compound showed only a singlet peak at  7.50 ppm, indicating 
the presence of hydrogen in the aromatic region of the molecule 
and the presence of deuterium in both methyl and ribityl regions. 

The chemical shift of this peak was between those of the known 
aromatic peaks of riboflavin, and the peak height suggests the 
presence of two protons. However, without a quantitative proton 
reference within the molecule, a more specific determination of the 
extent of deuterium incorporation was not possible. Resolution of 
this peak was not realized, apparently due to the isotope effect re- 
lated to deuteration in the methyl groups (27). The congruence of 
spectra of known riboflavin in protio and deuterated solvent sys- 
tems showed that exchange of protons with deuterium did not 
occur while the 'HMR spectra were being obtained. 

Comparison of the mass spectrum of highly deuterated ribofla- 
vin with that of riboflavin USP (Fig. 2)  substantiates the 'HMR 
findings by indicating that a t  least 13 deuterium atoms participat- 
ed in biosynthesis, the only remaining hydrogens being located in 
the isoalloxazine ring. The conclusions are based on the following 
major peak analyses: 

1. 389 (uersus 376), parent peak: difference of 13 amu indicates 
13 of 15 possible deuterium atoms in the molecule. 

2. 370 (uersus 358), loss of HDO (uersus loss of H20): 1 2  of 14 

-2.1 I 0.0 

possible D in fragment. 
3. 356 (uersus 345), loss of CDzOH (uersus loss of CHzOH): 11 

of 13 possible D in fragment. 
4. 325 (uersus 315), loss of CDOH-CD20H (uersus loss of 

CHOH-CH20H): 10 of 12 possible D in fragment. 
5. 294 (uersus 285), loss of (CDOH)*-CD20H [uersus loss of 

(CHOH)2-CH20H]: nine of 11 possible D in fragment. 
6. 262 (uersus 256), loss of (CDOH)3-CD20H and H/D trans- 

fer [uersus loss of (CHOH)~-CHZOH and H transfer]: eight of 10 . -  

possible D in fragment. 
7. 249 (uersus 243), loss of CD~-(CDOH)~-CDZOH and H/D 

transfer luersus loss of CHz-(CHOH)x-CHzOH and H transfer]: 
six of eight possible D in fragment. 

8. 219 (uersus 2131, loss of CD~-(CDOH)~-CDZOH and CO 
[uersus loss of CH2-(CHOH)3--CH20H and CO]: six of eight 
possible D in fragment. 

9. 191 (uersus 185), loss of CD2-(CDOH)3-CD20H and 
N-CO-NH and H transfer [uersus loss of CHz-(CHOHk- 
CH20H and N-CO-NH and H transfer]: six of eight possible D 
in fragment. 

10. 177 (uersus 171), loss of CD2-(CDOH)3--CD20H and CO- 
NH-CO and H transfer [uersus loss of CHZ--(CHOH)~-CH~OH 
and CO-NH-CO and H transfer]: six of eight possible D in frag- 
ment. 

Table I-Deuterated Riboflavin Production Medium 

Ingredient Amoun t ,  g 

Sucrosea 
Potassium phosphate, dibasic 
Potassium phosphate. monobasic 

2 5 . 0  
1 .o 
1 .o 

Sodium chiorid; 1 .o 
Magnesium sulfate heptahydrate  0.7 
Ferrous sulfate heptahydrate  0.005 
Inositol 0.03 
Thiamine hydrochloride 0 . 0 0 1  5 
Biotin 0.7 Pg 
Boric acid 0.02 
Manganese chloride tetrahydrate 0.02 
Calcium chloride 0.5 
Yeast extract  0.1 
Casein (vitamin free) 0.5 
Deuterium oxide Dilute to 1000.0 ml 

aAlgal deuterated sugars were used for the product ion of fully 
deuterated riboflavin ( 3 3 ) .  
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Figure %-Comparison of mass spectra of riboflavin USP and highly deuterated riboflauin. 

The range of fragments existing a t  each highly deuterated ribo- 
flavin mass number indicates the presence of minor amounts of 
compounds containing more than 13 deuterium atoms. This range 
may also exist due to hydrogen/deuterium transfer to double 
bonds in the isoalloxazine ring or to hydrogeddeuterium loss from 
carbon or nitrogen, two processes known to occur under the oper- 
ating conditions of the spectrometer. The presence of compounds 
containing less than 13 deuterium atoms was shown not to occur 
by the previously reported IHMR data. Therefore, on the basis of 
data obtained from both spectral techniques, the major compound 
present appears to be one containing 13 nonexchangeable deuteri- 
um atoms in the methyl and ribityl regions and two nonexchangea- 
ble aromatic hydrogen atoms a t  C-5 and C-8 (I). 

Fully Deuterated Riboflavin-The compound isolated from 
cultures grown on medium containing deuterium oxide and deu- 
terated sugars was found to be deuterated in all 15 possible nonex- 
changeable molecular positions. A mass spectral comparison of 
major peaks at  m/e 179, 221, 251, and 264 in this compound with 
corresponding fragments in ordinary and highly deuterated riho- 
flavin indicates that, in contrast to highly deuterated riboflavin, all 
hydrogen sites in the isoalloxazine portion of the molecule have 
been replaced by deuterium and all seven nonexchangeable sites in 
the ribityl chain have been completely deuterium substituted. 

Biosynthetic Implications-As previously mentioned, the bio- 
synthetic pathway of riboflavin has been studied extensively. Most 
work involved the use of radioactive compounds, which traced the 
movement of carbon into the vitamin. The method applied in the 
present study focused on the movement of hydrogen and repre- 
sents a new approach to the study of riboflavin biosynthesis. Reac- 
tion mechanisms in three areas of this pathway were considered in 
explaining the results. 

Synthesis of Ribityl Chain-The exact biosynthetic mode of at- 
tachment of the ribityl chain to the riboflavin molecule is un- 
known, although it is known that the five-carbon moiety is at- 
tached by the time 6,7-dirnethyl-8-ribityllumazine has been 
formed (9). Early studies showed that carbon dioxide, formate, 

glycine, and serine are not incorporated into the ribityl chain (28, 
29). Plaut (30) and Plaut and Broberg (29) concluded that at least 
two carbohydrate pathways, the hexose monophosphate shunt and 
the transaldolase-transketolase pathway, are involved in the for- 
mation of the chain. The results of Ali and Al-Khalidi (31) corrob- 
orated this conclusion. 

The results of the present study using protiosugars and solvent 
deuterium oxide, in which substitution occurred in all positions of 
the chain, suggest that  under these experimental conditions the 
transaldolase-transketolase pathway is of major importance in the 
synthesis of this moiety. The presence of deuterium a t  all carbon- 
hydrogen positions indicates a significant interaction occurring 
with the solvent. No carbon-hydrogen bond was protected from 
exchange, as would occur if the hexose monophosphate shunt were 
involved without further reaction. 

For example, if glucose 6-phosphate were metabolized to ribose 
5-phosphate uia this pathway and condensed with the purine, the 
protons of C-4, C-5, and C-6 of glucose would not be able to ex- 
change with solvent deuterium. Consequently, their presence 
would be reflected by signals in the corresponding ‘HMR spec- 
trum. Extensive interaction with solvent, as is possible in the 
transaldolase-transketolase pathway, must occur for deuterium to 
enter all seven nonexchangeable positions. 

Synthesis of 6,7-Dimethyl-8-ribityllumazine-This compound, 
the immediate precursor of riboflavin, is synthesized by condensa- 
tion of 4-ribitylamino-5-aminouracil with a four-carbon donor 
molecule. Although various compounds, including acetoin, butane- 
dione, pyruvate, and glucose, have been suggested as the source of 
the four-carbon fragment, the true identity of this compound re- 
mains uncertain (12). The methyl protons of 6,7-dimethyl-8-ri- 
bityllumazine are supplied by the four-carbon donor; thereafter, 
they become the C-5 and C-8 aromatic protons or the C-6 and C-7 
methyl protons of riboflavin. 

Since the C-5 and C-8 aromatic protons of fully deuterated ribo- 
flavin are deuterium substituted when riboflavin is formed in a 
medium containing deuterium oxide and deuterated sugars and 
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Table 11-Mass Spectrum of Riboflavin 

m / e  Percent 

55 
56 
57  
60 
61 
69 
7 0  
7 1  
7 4  
7 7  
$6 
91 

1 1 6  
1 1 7  
130 
131 
143 
i 4 4  
145 
156 
1 5 7  
158 
1 7 0  
1 7 1  
1 7 2  
184 
185 
2 i  3 
21  4 
24  2 
24  3 
256  
257  
2 8  5 
31 5 
3 1 6  
3 4 5  
358 
3 7 6  

1 0 . 2  
1 1 . 0  
1 0 . 1  

6 .1  
7.4 
5.1 
6 . 5  
4.8 
8.2 

10.2 
6.3 
7 .6  
8.1 
4.9 
7.3 
5 .8  

16 .5  
15.0 
1 4 . 1  
20 .6  
1 3 . 3  
10 .7  
1 4 . 4  
41.6 
16 .1  

6.2 
7 .9  

1 8 . 8  
8.3 

50 .0  
100.0 

33 .9  
9.9 

1 2 . 1  
5.7 
2.8 
3.4 
4.4 
6.3 

are not extensively deuterated in a medium containing only deu- 
terium oxide, it is concluded that these protons must arise directly 
from the sugar contained in the growth medium. Ali and Al-Khali- 
di (31) also indicated the likelihood of the sugar being the true 
four-carbon donor in studies using glucose and 14C-acetate. 

Furthermore, since the mass spectral data of the present study 
indicated the presence of only minor amounts of deuterium a t  C-5 
and C-8 in highly deuterated riboflavin, it is concluded that the 
pathway from sugar to the lumazine is one in which these positions 
are protected from extensive solvent interaction. This lack of sol- 
vent interaction is a contrast to that  observed in the synthesis of 
the ribityl chain. The conclusion (32) that the four-carbon unit 
arising from sugar does not pass through an acetate pool is thus 
confirmed, since the occurrence of pooling would have caused 
greater deuterium substitution than was actually observed. 

Synthesis of Riboflavin-The mechanism in which two mole- 
cules of 6,7-dimethyl-8-ribityllumazine are condensed to form ri- 
boflavin was explained recently (13-16). In this reaction, the C-6 
and C-7 methyl groups of one lumazine molecule (acceptor luma- 
zine) condense with C-7 and C-6, respectively, of a second luma- 
zine molecule (donor lumazine). Lumazine methyl protons thus 
become the C-5 and C-8 aromatic protons (from acceptor luma- 
zine) and the C-6 and C-7 methyl protons (from donor lumazine) 
of riboflavin. 

In highly deuterated riboflavin (I), the C-5 and C-8 aromatic 
protons are present as hydrogen and the C-6 and C-7 methyl hy- 
drogens are present as deuterium. Thus, despite a common molec- 
ular origin, the hydrogens in these areas of highly deuterated ribo- 
flavin may be distinguished. In applying the known reaction mech- 
anism to the formation of highly deuterated riboflavin, it is appar- 
ent that  this molecule could only have been formed if the following 
reaction sequence had occurred. Initially, two protiolumazines in- 
teracted and the riboflavin C-7 to  C-8 (donor lumazine C-6 to ac- 
ceptor lumazine C-7 methyl) bond formed without extensive sol- 
vent interaction. After this bond formed, complete exchange of the 
riboflavin C-6 and C-7 methyl groups (donor lumazine C-6 and C-7 
methyl groups) took place. The biosynthesis of riboflavin was then 

completed by the formation of the riboflavin C-5 to C-6 (donor lu- 
mazine C-7 to acceptor lumazine C-6 methyl) bond, the solvent 
again being excluded from any significant interaction. 

The exclusion of solvent interaction during formation of the ri- 
boflavin C-5 to C-6 bond and the C-7 to C-8 bond is necessary to 
retain the presence of hydrogen at C-5 and C-8. The possibility 
that exchange of the riboflavin C-6 and C-7 methyl groups oc- 
curred after riboflavin synthesis was complete was also considered. 
An attempted exchange of known riboflavin a t  pH 5, the pH main- 
tained in the production culture, was performed by treating ribo- 
flavin with deuterium oxide a t  sterilization conditions of 15 psig 
for 15 min, followed by five repeated additions and evaporations of 
deuterium oxide. ‘HMR data showed that no exchange occurred as 
a result of this treatment, thereby establishing that once riboflavin 
was fully synthesized in the culture medium, exchange of both 
methyl or ribityl groups with solvent deuterium oxide did not 
occur. 

The following summarizes the proposed synthetic sequence. The 
presence of hydrogen a t  C-5 and C-8 of highly deuterated ribofla- 
vin indicated that this reaction sequence arose from two ‘H- 
lumazine molecules. The congruence of ‘HMR spectra of known 
and deuterium oxide-treated riboflavin indicated that deuterium 
exchange did not occur after the synthesis was completed. There- 
fore, it is concluded that incorporation of deuterium into the ribo- 
flavin C-6 and C-7 methyl groups occurred a t  an intermediate 
stage before total riboflavin synthesis was complete. 
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Catharanthus Alkaloids XXXII: Isolation of 
Alkaloids from Catharanthus trichophy ZZus Roots and 
Structure Elucidation of Cathaphylline 

G. A. CORDELL and N. R. FARNSWORTH" 

Abstract Further examination of the cytotoxic alkaloid frac- 
tions of Catharanthus trichophyllus roots afforded nine alkaloids. 
Two of these alkaloids, lochnericine and horhammericine, are re- 
sponsible for part of the cytotoxic activity. The  structure elucida- 
tion of cathaphylline, a new 0-anilino acrylate derivative, is de- 
scribed. 

Keyphrases Catharanthus alkaloids-isolation of nine alka- 
loids from Catharanthus trichophyllus roots, cytotoxic activity 
screened, structure elucidation of cathaphylline 0 Alkaloids-iso- 
lated from Catharanthus trichophyllus, screened for cytotoxic ac- 
tivity Cathaphylline-isoIated from Catharanthus trichophyl- 
lus, structure elucidated, cytotoxic activity screened 0 Cytotoxic- 
ity-nine alkaloids isolated from Catharanthus trichophyllus 
screened 

The cytotoxic and antitumor activities of the alka- 
loid fraction of Catharanthus trichophyllus were de- 
scribed previously (1, 2). However, the alkaloids iso- 
lated from this plant in those studies were devoid of 
antitumor andfor cytotoxic activity. The present 
phytochemical study dealt with the isolation of the 
two known alkaloids, lochnericine (I) and horham- 
mericine (11), which were found to be cytotoxic. In 

CO,CH I CO,CH 

I : R = H  I11 RIRL = 0 
II:R=OH IV: R , =  H, R, = OCOCH,? 

V: R1 = H,RL =OH 
IX: R, = H, RL = H 

addition, the isolation of several other bases from C. 
trichophyllus is reported, including a new indole al- 
kaloid, cathaphylline, for which Structure X is pro- 
posed. 

EXPERIMENTAL' 

Plant Material-The coarsely milled, air-dried roots2 of C. tri- 
chophyllus (Bak.) Pich. (Apocynaceae) used were collected in 
Madagascar during 1969. 

Prepara t ion  of p H  Gradien t  Fractions-Fractionation of the 
crude alkaloids from this plant and the pH gradient separation of 
the Extract N alkaloids were described previously (2). 

Chromatographic Separation of N-3.0 Alkaloids-Fraction 

' Melting points were determined using an American Optical Instrument 
Co. model 569 instrument and are uncorrected. Specific rotations were mea- 
sured using a Carl Zeiss optical polarimeter (Men Optical Instruments, Chi- 
cago, Ill.). UV spectra were recorded in ethanol using a Beckman model 
DB-G grating spectrophotometer. IR spectra were measured as potassium 
bromide pellets uersus air with a Beckman model IR-lsA spectrophotome- 
ter. Low-resolution mass spectra were recorded at 70 ev using a Hitachi Per- 
kin-Elmer model RMU-GD mass spectrometer. High-resolution mass spec- 
tra were recorded using a double-focusing mass spectrometer, model 110 
(Consolidated Electro Dynamics Co.), operating at 70 ev. NMR spectra were 
determined in deuterochloroform, with tetramethylsilane as the internal 
standard, using a Varian model T-60A spectrometer. Column chromatogra- 
phy was carried out using silica gel PFm (E. Merck, Darmstadt, West Ger- 
many). Routine analytical TLC was carried out using silica gel PF2e on  
0.25-mm layers (E. Merck), and preparative TLC was performed using silica 
gel PF254 on 2-mm layers. Resolved components were detected by quenching 
under 254-nm UV light and visualized with ceric ammonium sulfate reagent. 
Appropriate zones were removed from the plates and the components were 
purified by filtered elution with methanol and evaporation of the solvent in 
uacuo. The residue was taken up in chloroform or ethyl acetate and filtered, 
and the filtrate was evaporated in uacuu. Solvent systems used in this study 
were: A, 1-butanol-acetic acid-water (4:41); B, 1-hutanol-acetic acid-water 
(101:l); C, benzene-triethylamine (91); D, ethyl acetate-absolute ethanol 
(31);  and E, 1-butanol-acetic acid-water (10101). 

Obtained from the Curran Corp., South Hackensack, N.J. Voucher spec- 
imens representing the collection are deposited in the Herbarium of the De- 
partment of Pharmacognosy and Pharmacology, College of Pharmacy, Uni- 
versity of Illinois at the Medical Center, Chicago, Ill. The identification was 
confirmed by N. R. Farnsworth. 
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