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ABSTRACT 

melano-The biosynthesis of the six red eye pigments of Drosophila 

qaster known collectively as the "drosopterins (neodrosopterin, frac-

wastion e, aurodrosopterin I & II, drosopterin, and isodrosopterin) 

color mutant in thestudied to clarify the role of the purple (^r) eye 

synthesis of these pigments, The £r mutant is known to accumulate much 

less "drosopterins " and 7,8-dihydro-6-lactoylpterin (sepiapterin) than 

wild-type flies, Because the sepia (^) eye color mutant accumulates 

itmuch more sepiapterin than wild-type flies but no "drosopterins" , 

had been postulated that sepiapterin is "drosopterin" precursor 

(Wilson, T.G. & Jacobson, K.B. (1977) Biochem. Genet. 1^, 321.). In 

support of this hypothesis, it had been found that the £r mutant had 

only 20% wild-type levels of the enzyme that catalyzes the the syn 

thesis of sepiapterin from the 3'-triphosphoester of 7,8-dihydro-6-(D-

(Yim,erythro-1',2',3'-trihydroxypropyl)pterin (H2-neopterin-(P)2) 
J.J., Grell, E.H., & Jacobson, K.B. (1977) Science 198, 1168.). Gene 

structural locusdosage data indicated that £r may be a lesion in the 

for this enzymatic activity known as sepiapterin synthase. 

To test the hypothesis that sepiapterin is a "drosopterin" pre 

used as a substratecursor, radioactively-labeled H2-neopterin-(P)2 was 
for sepiapterin and "drosopterin synthesis by enzymes in Drosophila 

The reactionextracts to compare the requirements for biosynthesis, 

products were separated by two-dimensional cellulose thin-layer 
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Results were obtained to indicate that sepiapterinchromatography, 
2+ 

requiring Mgsynthase actually consists of two enzymes, the first and 

the second, NADPH. The product of the Mg^'^-dependent enzyme [known 

hereafter as the sepiapterin synthase intermediate or (X)], and not 

sepiapterin, serves as a "drosopterin precursor in the presence of 

either NADH or NADPH. The evidence was: (1) the pr mutant, low in 

is known to have only 20%accumulated sepiapterin and "drosopterins 

sepiapterin didwild-type sepiapterin synthase activity, (2) unlabeled 

not cause isotope dilution of "drosopterin biosynthesis from 

from a wild-type[U-^^C]H2-neopterin-(P)3, (3) the 600g pellet prepared 
homogenate contains "drosopterin synthesizing activity and no 

in thissepiapterin synthetic activity, yet a heat-labile factor 

fraction stimulates sepiapterin synthesis in the 100,000g supernatants 

"drosopterin"of both wild-type and £r flies, (4) sepiapterin and 

synthesis require Mg 
2+ 

, and (5) sepiapterin synthesis is stimulated by 

NADPH while "drosopterin synthesis responds to either NADPH or NADH. 

substituted for byThe sepiapterin synthase intermediate could not be 

H^-neopterin. 
for (X) wasA high performance liquid chromatography (HPLC) assay 

developed. The sepiapterin synthase intermediate was identified by its 

thedependence on Mg 
2+ 

for enzymatic synthesis from H2-neopterin-(P)2, 

decreased yield with a concomitant increase in the yield of sepiapterin 

3 14 
C fromin the presence of NADPH, the incorporation of H and 

U-
14 
C][3'-^H]H2-neopterin-(P)3 in the same ratio as sepiapterin, and 

(X) syntheticthe observation that the pr mutant had only 20% wild-type 

activity. 
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It was found that (X) and two related compounds [(XI) and (X2)'_ 

could be synthesized nonenzymatically from H2-neopterin-(P)2 in a 

reaction catalyzed by Tris base, dependent on H2-neopterin-(P)2 
than 80°C, andconcentration, significant at temperatures greater 

maximal between pH 8.5 and 9.0 (25°C). These compounds were purified 

as substrates forand it was found that both (X) and (XI) could serve 

Thisthe enzymatic NADPH-dependent synthesis of sepiapterin. 

and theobservation, the kinetics of formation from H2-neopterin-(P)2> 
similarity of the ultraviolet absorption spectra led to the hypothesis 

could bethat (X), (XI), and (X2) are isomers. None of the compounds 

reduced by NaBH^ and only (XI) was sensitive to oxidation with NalO^. 
fluorescentAll three were oxidized by iodine to give rise to more 

to give rise to thecompounds which in turn could be reduced with NaBH^ 
that (X), (XI),original compounds. The latter observations indicate 

and (X2) are dihydropterins. 

bothSince it had been observed that the pr and se mutants 

contained low amounts of quench spot (Q.S.), a pterin-like compound and 

accumulate bothno "drosopterins" while Henna-recessive-3 (Hn^) flies 
& Jacobson, 1977),Q.S. and sepiapterin but no "drosopterins" (Wilson 

Evidence wasit was postulated that Q.S. is a "drosopterin" precursor. 

obtained that Q.S. is an intermediate in the conversion of (X) to 

"drosopterins" and that there exists at least one other "drosopterin" 

via a separateprecursor which apparently arises from H2-neopterin-(P)2 
extractspathway. Q.S. biosynthetic activity was found in Drosophila 

(using a two-dimensional cellulose thin-layer chromatography separation 

notof Q.S. for the assay) and label from [U-^'^C] but 
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2+ 
Mg was required[S'-'^HlH^-neopterin-lP)^ was incorporated into Q.S. 

for Q.S. synthesis but either NADH or NADPH diminished the 

incorporation of label. Extracts from pr^'^cn heads contained only 30% 

of the synthetic activity found in Oregon-R heads and purified Q.S. 

reactions(from Oregon-R heads), when added to in vitro biosynthetic 

utilizing either Oregon-R or ^r
bw

cn extracts, stimulated the 

incorporation of label from [U-
14 

C]H2-neopterin-(P)2 into the 
"drosopterins". 

The chemical properties of Q.S. were investigated, It 

demonstrated a molecular ion of m/z=221 with a composition of CgHi.jNg02 

in the mass spectrum. Q.S. has an ultraviolet absorption spectrum 

values similar to(maxima at 260, 360, and 384 nm at pH 6.0) and pKa 

pterins but it is nonfluorescent. Upon drying of Q.S. solutions, an 

orange compound was formed from which Q.S. could be regenerated by 

Q.S. was sensitive to oxidation bydissolving and diluting in H2O. 
as a product.alkaline KMnO^ but did not give rise to 6-carboxypterin 

Q.S. reactedIt was oxidized by NalO^ and could be reduced with NaBH^. 
Iodinewith 2,4-dinitrophenylhydrazine to form a red precipitate. 

These observationsoxidized Q.S. but the products were nonfluorescent. 

the conversion ofand the observation that Q.S. is an intermediate in 

(X) to "drosopterins led to two postulated structures for Q.S. in 

which it has retained the three carbon side chain from H2-neopterin-

a four-membered(P)^ but two atoms (CT and C2') of the side chain form 
ring with two atoms of the pyrazine ring (N5 and C6) by the presence of 

a bond between N5 and C2'. The terminal carbon of the side chain is a 

methyl group in both structures. One of the proposed structures is an 



vn 

epoxide with an oxygen atom forming a three-membered ring with Cl' and 

C2' and the other structure is a 2'-oxo compound, The latter is postu-

lated to equilibrate with a hydrated form (1' ,2'-dihyd'roxy) in aqueous 

solution For either of these structures to be converted to "drosopter-

ms would require a rearrangement of the four-membered ring. 
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CHAPTER I 

INTRODUCTION 

This chapter is a general introduction to the remaining chapters 

which are written in the form for submission to a scientific journal. 

Some of the material covered in this chapter will also be presented in 

the introductions to the individual remaining chapters. This format 

allows each chapter to be read as a separate entity. 

been usedThe eye color mutants of Drosophila melanogaster have 

extensively in the study of inheritance in this organism as they are 

easily recognized and usually nonlethal. An intriguing phenomenon 

associated with the expression of the eye color mutants vermilion [v, 

1-33.0 (map location)] (Lindsley & Grell, 1967) and purple (£r, 2-54.5) 

has been noticed. Suppressor of sable (su(s) 
p 

, 1-0) is a mutation that 

suppresses certain alleles of the two eye color mutants (returning the 

eye color to wild-type) as well as two body color mutants, sable (£, 1-

43.0 and speck (^, 2-107.0) 

TheThe and £r mutants affect two different types of pigments. 

first differentibrown (ommochrome) and red (pteridine) pigments were 

ated on the basis of solubility. The red pigment could be extracted 

HClfrom the flies with 30% ethanol, made pH 2 with concentrated 

remained could(Ephrussi & Herold, 1944), and the brown pigment which 

then be extracted with methanol containing 1% HCl. The two types of 

pigment were also distinguished on the basis of their time of appear 

ance in the fly during development. The brown pigment appeared at 

1 
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about 53-55 hours and the the red at about 71 hours after pupation 

(Daneel, 1941; Hadorn & Ziegler, 1958). Only the brown pigments are 

affected by the y_ locus and only the red are affected by £r. 

The pigments involved in the determination of Drosophila eye color 

are accessory pigments and not involved in the visual process 

(Goldsmith, 1964). They are located in the accessory pigment cells of 

Eachthe ommatidia (Figure 1) bound to protein-containing granules, 

type of pigment (ommochrome or pteridine) is bound to a different type 

basis of structureof granule which can also be differentiated on the 

and time of appearance during the development of the fly (Shoup, 1966). 

ommatidia of theAccessory pigments optically isolate the individual 

one ommatidiumcompound eye, thereby preventing the light that enters 

would decreasefrom straying into the neighboring ommatidium which 

visual acuity (Burkhardt, 1964), 

The biosynthesis of ommochromes is well understood (Linzen, 1974). 

two molecules ofXanthommatin, the major brown pigment, is derived from 

3-hydroxykynurenine (Phillips & Forrest, 1970a,b) which are synthesized 

from tryptophan by the sequential action of the enzymes tryptophan oxy 

genase (Baglioni, 1959), formamidase (Glassman, 1956), and kynurenine-

3-hydroxylase (Ghosh & Forrest, 1967). Vermilion is probably a lesion 

in the structural locus for tryptophan oxygenase which catalyzes the 

1969). Levelsconversion of tryptophan to N-formylkynurenine (Tartof, 

of tryptophan oxygenase are restored to near wild-type levels by su(s) 

in the reactivationand an isoacceptor of tyrosine-tRNA may be involved 

of the mutant enzyme (Jacobson, 1978), 

The biosynthesis of the pteridine eye pigments is less well 

2 
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Figure 1, Structure of the Drosophila ommatidium. After Clayton, F.E.. 
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understood. Nomenclature, biological occurence, structural determina 

tions, and properties of the pteridines are well covered by Blakeley 

(1969, chapters 1, 2, and 3). The heterocyclic ring system common to 

pteridines can be thought of as a fusion of a pyrimidine and a pyrazine 

ring (pyrimido[4,5-ypyrazine). Since most biologically occuring pter-

idines are derivatives of 2-amino-4-hydroxypteridine(Figure 2), this 

compound has been named pterin and derivatives are known collectively 

as pterins. The ring numbering system is also shown in Figure 2. 

The pterins that are readily identified in Drosophila are pterin, 

isoxanthopterin (7-hydroxypterin), biopterin (6-(|.-erythro-l',2 '-di-

, de-hydroxypropyl)pterin), sepiapterin (7,8-dihydro-6-lactoylpterin) 

and the six redoxysepiapterin (7,8-dihydro-6-(l'-oxopropyl)pterin), 

pigments known collectively as the "drosopterins" [neodrosopteri n, 

fraction e, aurodrosopterin I & II, drosopterin, and isodrosopterin 

(Schwinck & Mancini, 1973)]. It has been suggested that, except in the 

levels are arti-case of certain mutants, pterin and perhaps biopterin 

factually enhanced by breakdown of the other pterins during isolation 

(Ziegler, 1961). As deoxysepiapterin can be formed from 7,8-dihydrobi-

that levels ofopterin under acidic conditions, one must also consider 

this pterin may be artifactually enhanced (Katoh & Akino, 1966). Xanth 

found in Drosoopterin (6-hydroxypterin) and 6-carboxypterin are also 

phila extracts but they are considered artifacts created by degradation 

of other pterins during extraction (Ziegler, 1961). Of the pterins 

found in Drosophila, only isoxanthopterinis not deposited in the pig-

ment granules (Shoup, 1966). Isoxanthopterin, in contrast to other 

tubules andpterins, is found in significant amounts in the Malphigian 
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testes (Hadorn & Mitchell, 1951). 

known. A di-The structures of most of the "drosopterins" are not 

pteridine-derived structure for drosopterin and isodrosopterin (a ste-

reoisomeric pair) has been proposed (Theobald & Pfleiderer, 1977)(Fig-

ure 3). Although the other "drosopterins" also appear to be dipteri-

dine-derived compounds on the basis of chemical degradation and spec 

remain untral results (Rokos & Pfleiderer, 1975), their structures 

known. Aurodrosopterin I & II, which are more yellowish than drosopte 

rin and isodrosopterin, are also a stereoisomeric pair. Neodrosopterin 

(optically inactive) is more reddish than drosopterin and isodrosopte 

e has notrin and gives rise to both in aqueous solutions. Fraction 

behaviorbeen purified, but it is similar in color and chromatographic 

(on cellulose thin-layer plates) to neodrosopterin (Schwinck & Mancini, 

1973). 

of "dro-Schwinck & Mancini (1973) studied the relative amounts 

themsopterins in various eye color mutants of Drosophila and divided 

into three classes. Class I were apparently normal with regard to 

drosopterins", having large amounts of all species; drosopterin, iso-

The membersdrosopterin, and neodrosopterin were the major pigments, 

of Class I were either wild-type flies or mutants that apparently af 

fect only ommochrome accumulation [Oregon-R (wild-type), v, scarlet 

Some members of Class I,(st, 3-44.0), and cinnabar (^, 2-57.5)]. 

cardinal (^, 3-75.7), mahogany (m^, 1-64.8), and maroon (ma, 3-49.7) 

had enhanced levels of aurodrosopterins. Members of Class II included 

carnation (c^, 1-62.5), ruby (rb, 1-7.5), maroon-like (mc^, 1-64.8), 

rosy (]^, 3-52.0), and garnet (£, 1-44.4). They contained less than 
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DROSOPTERIN AND ISODROSOPTERIN 

After Theobald,Figure 3. Structure of drosopterin and isodrosopterin. 
N. & Pfleiderer, W. (1977) Tetrahedron Lett. 10, 841. 
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but fraction e washalf the total red pigment present in Class I flies, 

to the othersvery low and the amount of the aurodrosopterins relative 

was higher than in Class I. Class III included clot (c]^, 2-16.5), 

raspberry (r^, 1-32.8), prune (£n, 1-0.8), and £r. They also contain-

ed less than half the total "drosopterins present in Class I flies, 

but in this group both fraction e and aurodrosopterins are virtually 

absent. It appears that the genetic regulation of the "drosopterins" 

affects certain groups as well as the individual species. 

Class II contains mutants that are known to have low amounts of 

conversion ofthe enzyme xanthine dehydrogenase which catalyzes the 

pterin to isoxanthopterin (Figure 2). Rosy is a lesion in the struc-

tural locus for xanthine dehydrogenase (Grell, 1962; Yen & Glassman, 

1965) and maj_ also lacks xanthine dehydrogenase activity (Forrest ^ 

al., 1956). Schwinck treated several eye color mutants with allopuri-

of xanthine denol (4-hydroxypyrazolo[3,4-d]pyrimidine), an inhibitor 

hydrogenase, by osmotic uptake into pupae dissected from the puparium, 

feeding to larvae, and implantation into the abdomens of newly eclosed 

con-adults. Allopurinol drastically decreased the eye "drosopterin 

tent and also produced other characteristics of the ry mutant such as 

Since itsemi-lethality and excretory abnormalities (Schwinck, 1975). 

was also found that implantation of newly eclosed ry adults with phe 

nylalanine elevated the "drosopterin" content to nearly wild-type lev 

the level ofels (tyrosine did not produce an effect) without affecting 

isisoxanthopterin, the conclusion was reached that isoxanthopterin not 

a "drosopterin" precursor, but rather it or its precursors regulate 

drosopterin" synthesis in some fashion. Since isoxanthopterin occurs 
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action of xanthinein the Malphigian tubules where it is formed by the 

and otherdehydrogenase, easily translocates between the haemolymph 

cells (Hadorn et , 1958), and does not bind to pigment granules, it 

seems that isoxanthopterin is probably an excretion product of Droso 

or absence ofphila. It is interesting to speculate that the presence 

isoxanthopterin may regulate "drosopterin" synthesis because synthesis 

of the eye pigments themseleves could provide a means of reducing the 

cellular level of nitrogenous compounds. 

The amounts of various pterins and an unidentified pterin-like 

compound, quench spot (Q.S.), have been measured in wild-type (Oregon-

R, Canton-S, and Samarkand), £r and £r 
bw 

(both suppressible alleles of 

£r), sepia (^, 3-26.0), Henna-recessive-3 (Hn 
r3 , 3-23.0), £r_H^, and 

r3
Hn se flies with a modified two-dimensional thin-layer chromatograph-

& Jacobson, 1977a,ic procedure that utilizes cellulose layers (Wilson 
r3

Hn , normalb). Biopterin was found to be slightly low in £r and pr 

r3
in pr^'^, high in Hj/^, and even higher in ^ and Hn se^. Sepiapterin 

bw r3 r3 
was found to be very low in £r, ^r , and pr Hn'", high in Hn' and 

bw 
very high in ^ and ^ 

r3 
se. The "drosopterins" were low in pr^, pr , 

pr Hn^^, and Hn^, and virtually absent in ^ and Hn 
r3 

se. Q.S. was 

and Hnlow in pr, and pr_Hn^, high in Hn^, and absent in se 
r3 

r3 
se. As pr, pr^, and pr Hn had low amounts of all the compounds, the 

initial steps ofauthors postulated that pr is a lesion in one of the 

pterin biosynthesis. As s^ and hhi 
r3 

se accumulated large amounts of 

sepiapterin but no "drosopterins", it was furthur postulated that se-

piapterin is a "drosopterin" precursor, Q.S. was found to have an ul-

r3
Because Hntraviolet absorption spectrum similar to pterins. 
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accumulated both Q.S. and sepiapterin but little "drosopterins" 

r3
while se and Hn se contained neither Q.S. or "drosopterins", the au-

thors suggested that Q.S. may be an intermediate in the synthesis of 

"drosopterins" from sepiapterin. 

At first it would seem that the results of Wilson & Jacobson 

(1977b) on the amount of biopterin present in the various eye color mu 

tants is at odds with what is known about the biosynthesis of biopter-

in. cataAs tetrahydrobiopterin is a cofactor in some enzymatically 

lyzed hydroxylation reactions [e.£. phenylalanine hydroxylase (Kaufman, 

1963)], the biosynthesis of biopterin has been examined in many orga-

reduces senisms. An enzymatic activity (sepiapterin reductase) that 

piapterin to 7,8-dihydrobiopterin was found in silkworm (Matsubara ^ 

al., 1963), Drosophila (Taira, 1961), and the livers of chicken, rat, 

pig, horse, and ox (Matsubara & Akino, 1964). The enzyme from Droso-

phi la is maximally active in newly eclosed adults, but significant a-

mounts are present throughout the life cycle (Fan & Brown, 1979). The 

NADPHenzyme was purified 200-fold from late larvae and early pupae, 

as a subwas required and the enzyme preferred oxidized sepiapterin 

As oxidizedstrate (Km = 10 uM as compared to 63 uM for sepiapterin). 

sepiapterin was converted to biopterin (Figure 4), the enzyme was re 

In addition to binamed biopterin synthase by these investigators, 

was also foundopterin synthase, an 02-dependent dihydropterin oxidase 
in the extracts (Figure 4). Most dihydropterins tested would serve as 

substrates for the oxidase. As the pr i^utant accumulates little se 

would seem thatpiapterin and nearly normal amounts of biopterin, it 

in adultthere might be an alternate route for biopterin synthesis 
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Figure 4. Reactions catalyzed by sepiapterin reductase (biopterin syn 
thase) and dihydropterin oxidase. A, sepiapterin reductase; 
B; dihydropterin oxidase. 



12 

route, howheads. It may not be necessary to postulate this alternate 

ever, when one considers that £r is a leaky mutant and that biopterin 

levels may well be regulated since the reduced form is an enzyme cofac 

tor. It seems possible that the £r mutant uses most of the sepiapterin 

it does produce to maintain the biopterin concentration. In ^ and 

Hn 
r3 

flies the increased level of sepiapterin is accompanied by an in 

crease in the level of biopterin which is consistent with the hypothe 

vivo.sis that sepiapterin is the biopterin precursor in 

Due to the obvious structural similarities, it was long postulated 

could be thethat guanine, guanine nucleoside, or guanine nucleotide 

precursor of pterins, Indeed it was found that Xenopus laevis injected 

isolawith [2-^'^C]guanine incorporated the label into 6-carboxypterin 
Similar resultsted from their skins (Ziegler-Gunder et ^., 1956). 

in Droso-were obtained by Brenner-Holzach & Leuthardt (1959, 1961) 

of anphila. These observations were substantiated by the discovery 

enzymatic activity (GTP cyclohydrolase) in E. col i extracts during 

studies on the biosynthesis of folic acid (a conjugated pterin whose 

tetrahydro form is a cofactor in enzymatically catalyzed single carbon 

unit transfers). 

fromIt was known that tetrahydrofolic acid could be synthesized 

the action of the en7,8-dihydro-6-hydroxymethylpterin by sequential 

zymes hydroxymethyldihydropterin pyrophosphokinase (which uses ATP as 

the source of pyrophosphate) (Richey & Brown, 1969), dihydropteroate 

between the nitrosynthetase (which catalyzes the formation of a bond 

carbon of the pteringen atom of £-aminobenzoic acid and the side chain 

with the release of pyrophosphate) (Richey & Brown, 1969), an activity 
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that catalyzes the formation of an amide bond between the carboxyl 

& Brown, 1964),group of the benzoic acid moiety and glutamate (Griffin 

reduces the pyr-and dihydrofolate reductase (which requires NADPH and 

The observation had alsoazine ring) (Matthews & Sutherland, 1965). 

been made that E. coli extracts were capable of synthesizing dihydro 

GDP, or GTP werefolate if £-aminobenzoic acid, ATP, and either GMP, 

supplied (Reynolds & Brown, 1964). If [U-^^C]guanosine was used, label 
was supwas incorporated into dihydrofolate while if [8-^^C]guanosine 

GTP cyclohydrolaseplied, label was not incorporated into the product. 

the release of C8was detected on the basis of its ability to catalyze 

from GTP as formate (Burg & Brown, 1968). GTP is the required sub-

ofstrate and the product of the reaction is the 3'-triphosphoester 

7,8-dihydro-6-(D-erythro-1',2',3'-trihydroxypropyl)pterin (H2-neopter-

For the synthesis of dihydrofolate, the phos-iri-(P)2) (Figure 5). 
phates are removed by an uncharacterized phosphatase (Burg & Brown, 

to form 7,8-dihy-1968) to form 7,8-dihydroneopterin, which is cleaved 

c|j'o-6-hydroxymethylpterin by dihydroneopterin aldolase (Mathis & Brown, 

1970). 

from E. coliGTP cyclohydrolase has been purified to homogeneity 

identical sub(Yim & Brown, 1976). It has a MW of 210,000 with four 

units of 51,000 MW. The pH optimum for the enzyme is approximately 8.5 

and the Km for GTP is 0.02 uM. With purified E. coli GTP cyclohydro 

in yields aplase it is possible to convert GTP to H2-neopterin-(P)2 

proaching 100%. [U-^^C]GTP is converted to [U-^^C]H2-neopterin-( P)3; 
GTP cyclohydro-[8,5'-^H]GTP is converted to [3'-^H]H2-neopterin-(P)2. 

lase has been found in other bacteria (Jackson & Shiota, 1973), 
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Saccharomyces cerevisiae (Pepperberg, 1973), and Drosophila melanogas-

ter (Fan & Brown, 1976). Maximal levels of the enzyme occur twice dur 

ing the development of the fly, with peak activities at pupation and 

emergence (Fan et , 1976); the latter corresponds to the synthesis 

of the eye pigments and is found mainly in the head. The ras and pn 

mutants (both are in Schwinck's Class II) have altered developmental 

profiles of GTP cyclohydrolase in that the peak of activity at emer 

gence is diminished (Evans & Howells, 1978). Gene dosage experiments 

indicated that neither mutant is a lesion in the structural locus for 

beenthe enzyme, An autonomous temperature-sensitive allele of ras has 

discovered (Grigliatti & Suzuki, 1970) that displays two temperature-

sensitive periods during the development of the fly. Examination of 

the GTP cyclohydrolase of this mutant should be of interest. 

wasThe enzymatic synthesis of sepiapterin from H2-neopterin-(P)2 
first demonstrated in Drosophila extracts (Fan et 1975) (Figure 6). 

2+ 
Sepiapterin synthase requires both Mg and NADPH for activity. The 

amount of the enzyme is maximal in the fly at emergence; at this stage 

the enzyme is found mainly in the head. Sepiapterin synthase (with the 

same cofactor requirements) has also been found in chicken kidney 

(Tanaka et , 1979). 

20% of theFlies with the £r mutation were found to contain only 

sepiapterin synthase activity found in wild-type flies (Yim ^ , 

FI ies1977); su(s) pr had nearly wild-type levels of the activity, 

with two doses of the wild-type allele of (pr^) were found to have 

flies with threetwice as much activity as flies with a single dose; 

doses of pr^ had 20% more activity than flies with two doses. With 
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sepiapterin synthase. 
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dose to two dosesome reservations about the comparison of the three 

flies, these observations were taken as evidence that £r is a lesion in 

the structural locus for sepiapterin synthase. 

There are interesting analogies between the y_ and 2r. mutants and 

their suppression by su(s) . Both are apparently lesions in structural 

and the ac-loci coding for enzymes early in their respective pathways 
2

tivity of both enzymes can be restored by su(s) . Both V and pjr can 

also be suppressed by epigenetic manipulations, If 211 flies are raised 

at 30°C they synthesize more "drosopterins than if they are raised at 

25°C. Increasing the temperature does not cause y_ flies to synthesize 

more ommochromes, but if they are raised on media containing only yeast 

amounts of ommo-as the nutritional source (a starvation medium) small 

Starvation does not cause increased "droso-chromes are synthesized, 

observapterin" synthesis in the ^r mutant (Jacobson, unpublished 

if these manipula-tions). Furthur investigation is needed to discern 

mutation.tions operate through the same mechanism as the su(s) 

dissertationThe intent of the investigations presented in this 

was to determine the requirements for biosynthesis of the "drosopter-

syn-ins in order to clarify the role of the mutant and sepiapterin 

thase in the synthesis of these pigments, The hypothesis that sepia-

pterin is a "drosopterin precursor provided the framework for the ini-

synthesis oftial experiments in which the requirements for in vitro 

in Drosophila"drosopterins" from H2-neopterin-{P)3 by enzymes present 
extracts were to be compared to the requirements for in vitro synthesis 

of sepiapterin. As will be seen, this hypothesis required modifica-

tion. 



CHAPTER II 

BIOSYNTHESIS OF "DROSOPTERINS" BY AN ENZYME SYSTEM 
FROM DROSOPHILA MELANOGASTER 

1. INTRODUCTION 

of the bioDrosophila provides certain advantages for the study 

synthesis of the pteridine eye pigments: first, large amounts of pteri-

dines are found in the eyes of Drosophila, second, the fly is a conve 

interconvernient source of enzymes for the study of the synthesis, 

sion, and control of pteridine synthesis, and third, a wealth of eye 

color mutants are associated with the pteridine eye pigments. 

The eye pigments [with the possible exception of 7-hydroxypterin 

(isoxanthopterin)] are deposited in protein-containing granules present 

in the primary and secondary pigment cells of the ommatidia (Shoup, 

1966). There are specific granules for the ommochrome pigments and for 

the pteridine pigments. The presence of the granules may depend upon 

the synthesis of the pigment (Shoup, 1966). 

The major pteridines present in Drosophila are the "drosopterins", 

7,8-dihydro-6-lactoylpterin (sepiapterin), 6-(l^-erythro-l',2'-d ihy-

droxypropyl)pterin (biopterin), isoxanthopterin, and pterin. The 

structures of the "drosopterins" are not yet firmly established, but it 

appears that they are formed from two pteridine ring systems (Theobald 

& Pfleiderer, 1977). The structural interrelationships of "drosopter 

to mixins" are of interest. Neodrosopterin is known to rearrange a 

ture of drosopterin and isodrosopterin in aqueous solutions (Rokos & 

18 
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Pfleiderer, 1975). Drosopterin and isodrosopterin appear to be closely 

related in that they have mirror-image circular dichroism spectra (in 

dicating that they are stereoisomers) (Rokos & Pfleiderer, 1975), but 

Aurodroso-they are separable by cellulose thin-layer chromatography. 

& Pfleiderer,pterin I & II are also a stereoisomeric pair (Rokos 

Schwinck &1975). The "drosopterin" designated as fraction e by 

Mancini (1973) has not been characterized, but its color and R^ values 

resemble those of neodrosopterin. 

It is now becoming accepted that the 3'-triphosphoester of 7,8-

dihydro-6-(^-erythro-1',2',3'-trihydroxypropyl)pterin (H^-neopterin-
from GTP(P)^) is the precursor of all pteridines. It is synthesized 

by the action of GTP cyclohydrolase (Burg & Brown, 1968). This enzyme 

was first discovered in Escherichia coli and has been shown to be pre 

sent in several organisms, including Drosophila (Fan ^ al^-> 1976). 

GTP cyclohydrolaseoccurs in two peaks of activity during the develop 

ment of Drosophila (at pupariation and emergence), the latter being re 

stricted to the head of the fly (Fan et ^., 1976). Two eye color mu 

to have alteredtants, raspberry (ras) and prune (£n), have been shown 

developmental profiles of GTP cyclohydrolase (Evans & Howells, 1978). 

Another known pteridine-synthesizing activity from Drosophila is 

the conversionsepiapterin synthase (Fan ^ aj^., 1975), which catalyzes 
2+ 

and NADPH.of Mgof H2-neopterin-(P)2 to sepiapterin in the presence 
The role of this enzyme in the synthesis of pteridines is implicated by 

the purple (£r) eye color mutant, The £r mutant accumulates less se-

piapterin and "drosopterins than wild type flies (Wilson & Jacobson, 

and1977b). Recently, our laboratory has reported that the pr niutant, 
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the allele 2I
bw 

, have approximately 10-30% of the amount of sepiapterin 

synthase activity present in wild-type flies (Yim ^ al_,, 1977). Gene 

is the structuraldosage data with pr^ support the hypothesis that pr^ 
bw 

locus for sepiapterin synthase. When pr or £r is genetically corn-

2
bined with a suppressor mutation, suppressor of sable (su(s) ), the 

levels of eye pigments accumulated are restored to wild-type levels as 
2

Different alleles of su(s) haveis the sepiapterin synthase activity, 

been found to have differing abilities to restore the sepiapterin syn 

thase activity; when sepiapterin synthase activity is restored to ap 

proximately 30% of wild-type activity, the accumulation of "drosopter-

ins is the same as in wild-type flies (unpublished observations), 

We have studied "drosopterin biosynthesis to clarify the role of 

In this resepiapterin synthase in the synthesis of these pigments, 

biosynthesis whichport we describe an i_n vitro assay for "drosopterin 

and present evidenceutilizes [U-^^C]H2-neopterin-(P)3 as the substrate 
that sepiapterin is not a precursor of "drosopterins" 

2. MATERIALS AND METHODS 

0 

Drosophila melanogaster. Oregon-R flies were reared at 25 C on 

Flies were collectedmedium prepared as described by Lewis (1960). 

After collection thedaily, so that all were one day old or less, 

were obtainedflies were quickly frozen in liquid nitrogen; the heads 

and stored in vialsas previously described (Wilson & Jacobson, 1977a) 
bw 

flies.used in theseunder liquid nitrogen for later use. The £r 
0 

stored at -80 Cstudies were reared and collected as above, but were 

for later use. 
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Enzyme Extracts; Cenrifugal Fractionation. For fractionation by 

differential centrifugation, Oregon-R fly heads were homogenized in 

with 5 volumestube-and-pestle ground glass homogenizers (Kontes Co.) 

was limited toof 50 mM Pipes (Calbiochem) buffer at pH 7.0. Grinding 

the minimum required to cause the disappearance of visible heads (ap 

proximately 10 strokes). The homogenate was centrifuged at 600g_ for 10 

of furthur fracmin, and the supernatant was saved for preparation 

having thetions. The pellet consists of three layers, the uppermost 

uniform red color of the "drosopterins". This red layer was separated 

with a Pastuer pipet and buffer, resuspended, and centrifuged at 600g 

for 10 min. The pellet was washed again as above, and was finally re 

suspended in an amount of buffer to equal the volume of the supernatant 

recovered after the 100,OOOg^ centrifugation. This was done so the pel-

of fly headlet preparations would contain roughly the same number 

equivalents as the 100,000£ supernatant, The first 600£ supernatant 

was washed twice andwas centrifuged at 15,0002^ for 5 min; this pellet 

The first 15,000£resuspended to the same volume as the 600g pellet, 

supernatant was centrifuged at 100,000£ for 60 min; this pellet was 

also washed twice and resuspended to the same volume as the 600£ pel 

above preparalet. The 100,000£ supernatant was used directly. The 

done 0-tions were made fresh for each assay. All operations were at 

by homoge4°C. The £r^ whole-fly 100,000£ supernatant was obtained 
nization of 1 g of flies in 4 niL of 50 niM Pipes at pH 7.0 with a tube-

and-pestle ground glass homogenizer, centrifugation at 15,000£ for 5 

min, then at 100,000£ for 60 min. 

ofPreparation of Pteridine-Free Extract. As a large amount 
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"drosopterin" biosynthesis occurs in the 600^ and 100,000£ pellets, we 

devised a means of recovering some of this activity in a soluble form. 

It was found that activity could be extracted from the pellet fractions 

by use of 50 mM Pipes (pH 7.0) containing 0.5-1.5 M KCl. A pteridine-

free preparation was obtained by the following procedure: Oregon-R 

heads (2.5 g) were homogenized in 12.5 ml of 50 mM Pipes (pH 7.0) con 

taining 0.5 M KCl. The homogenate was centrifuged at 15,000£ for 10 

min. The supernatant was saved, and the pellet was rehomogenized in 

and collected from 12.5 ml of the same buffer once, twice with buffer 

1.5 M KCl. Thecontaining 1 M KCl, and twice with buffer containing 

final pellet was discarded, and the proteins from the pooled superna 

tants were fractionated between 40 and 60% saturated The(NH^)2S04. 
and dissolved withpellet, collected at 15,000^ for 30 min, was drained 

The solution was1 mL of 50 mM Pipes (pH 7.0) containing 10% glycerol, 

applied to a Sephadex G25 (Pharmacia) column (1.7 x 13 cm) which was 

at a flow rateeluted with the buffer in which the sample was dissolved 

Aof 4-6 mL/h while 1 ml fractions were collected. The -absorbing-280 

to 1.5material eluted in the void volume was pooled and concentrated 

ml by vacuum dialysis (collodion bag, Schleicher and Schull, 25,000 

MW cutoff). The resulting preparation had no visible pigment and was 

stored at -20°C until use. All operations were carried out at 0-4°C 

except the vacuum dialysis, which was at 23°C. 

Preparation of [U-^^C]HT-neopterin-(P)2 and [3'-^HjH^-neopterin-
[U-^^C]GTP (Amersham) was adjusted to a specific activity of 20Ma-

uCi/umol with unlabeled GTP (sodium salt. Sigma), It was incubated at 

a concentration of 670 uM with 100 mM TrisCl (pH 8.5), 100 mM NaCl, 10 
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from E. colimM EDTA (pH 7.5) and pure GTP cyclohydrolase I prepared 

The incuba-(Yim & Brown, 1976) to produce [LI-^^C]H2-neopterin-(P)2. 
tion was carried out in the dark at 42°C for 90 min. The amount of H2-

of the releaseneopterin-(P)2 produced was determined from measurements 
of [^^C]formate by filtration of reaction aliquots through charcoal 

than 95%.(Burg & Brown, 1968). Conversion was consistently greater 

[8,5'-^H]GTP (New England Nuclear), adjusted to 45 uCi/umol, was the 

An aliquot of the GTP cyclohydro-source of [3'-^H]H2-neopterin-(P)2. 
for the aslase reaction was used as the source of H2-neopterin-(P)2 

says discussed below. Phosphatase-treated [U-^^C]H2-neopterin-(P )2 was 

prepared by addition of 0.5 units of bacterial alkaline phosphatase 

prepared as(Worthington, BAPC) to 30 uL of [U-^^C]H2-neopterin-(P)3 
above and incubation at 42°C for 30 min. 

Assay of Sepiapterin and "Drosopterin" Biosynthesis. Sepiapterin 

reaction mixtureand "drosopterin" biosynthesis were determined in a 

which had a total volume of 70 uL with the following components: 50 mM 

Pipes (pH 7.5), 143 uM [U-^^C]H2-neopterin-(P)2 (or 131 uM [3'-^H]H2-
or pteridines de-neopterin-(P)3), Drosophila extract, and cofactors 

2+ 
a concentrapending upon the experiment. Mg , when present, was at 

tion of 14.3 mM; NAD"^ (Sigma), NADP"^ (Sigma), NADPH (chemically re 

were used conduced, Sigma), and NADH (chemically reduced. Sigma) at 

donecentrations of 2.5 mM. Isotope dilution experiments were with se-

a concentrationpiapterin at a concentration of 4 mM, neodrosopterin at 

isodroso-of 1 A units/mL (pH 5.5), and a mixture of drosopterin and^00 

pterin at 2 A units/mL (pH 5.5). The reactions were incubated in
^00 

the dark at 42°C for 60 min, and then 0.015 umol of sepiapterin and 10 
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uL of a fresh fly-head extract (0.2 g Oregon-R heads homogenized in 1 

ml of 30% ethanol made pH 2 with concentrated HCl, then centrifuged) as 

carrier were added before the reaction tubes werea "drosopterin 

placed in a boiling-water bath for 5 min. After the tubes were heated. 

0.5 units of bacterial alkaline phosphatase (Worthington, BAPC) was ad-

0 
10 min. Afterded to each, and they were then incubated at 42 C for 

the tubes were centrifuged (Brinkmann Eppendorf Centrifuge 3200), 40 uL 

celluloseof the resultant supernatant was subjected to two-dimensional 

thin-layer chromatography as previously described (Wilson & Jacobson, 

in the first sol-1977a) except that the ammonium acetate concentration 

dro-vent was increased to 2 g/100 ml. The sepiapterin and individual 

sopterin" spots were scraped into scintillation vials containing 1.5 mL 

in a scintillationH2O, and the amount of radioactivity was determined 
counter with 15 ml of 0.28% 2,5-bis-2-[5-tert-butylbenzoxazolyl] thio-

phene (Packard) and 33% Triton X-100 in toluene, Kodak RP x-ray film 

was used for autoradiography. 

andPreparation of Neodrosopterin, Drosopterin, Isodrosopterin, 

RokosSepiapterin. The "drosopterins" were prepared by the methods of 

& Pfleiderer (1975) except the initial extract was obtained by homoge 

nizing 10 g of Oregon-R heads in 50 ml of 30% ethanol made pH 2 with 

concentrated HCl. The homogenate was centrifuged at 15,000^ for 10 

sovent threemin. The pellet was reextracted with 50 ml of the same 

times. The combined extracts were concentrated by rotary evaporation 

to form the initial extract. 

Sepiapterin was prepared by homogenization of 5 g of sepia mutant 

HCl. Theheads in 25 ml of 30% ethanol made pH 2 with concentrated 
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sample was centrifuged at 15,000£ for 10 min, concentrated by rotary 

evaporation, and applied to a Sephadex G25 column (1.7 x 40 cm) which 

was eluted with water. The peak sepiapterin fractions were rotary 

amount of water.evaporated to dryness and redissolved in a minimal 

as re-The sample contained a few minor blue fluorescent contaminants 

soved by two-dimensional cellulose thin-layer chromatography. 

3. RESULTS 

obtained whenFigure 7 shows the pattern of radioactive compounds 
14 

extract.[U- C]H2-neopterin-(P)2 was incubated with the pteridine-free 
The radioactive compounds (1-6) correspond in position and shape of 

extract heatedspot to sepiapterin and the "drosopterins". If the was 

at 100°C for 5 min before incubation, no radioactivity was found in 

into thethese positions. The amount of radioactivity incorporated 

"drosopterins" and sepiapterin increased with time and enzyme concen-

tration. Radioactivity from [3'-^H]H2-neopterin-(P)2 was incorporated 
into sepiapterin but not the "drosopterins". When [U-^^CjH^-neop terin-

to produce [U-(P)^ was incubated with bacterial alkaline phosphatase 
14 

no radioactivityC]H2-neopterin, and the latter used as a substrate, 
was incorporated into the six pteridines. 

the role ofWhen planning these investigations, we were aware of 

sedimentable granules in Drosophila eye pigmentation (Shoup, 1966) and 

consequently decided to determine the activity for "drosopterin" syn 

of a headthesis in fractions prepared by differential centrifugation 

homogenate. Sepiapterin and "drosopterin" synthesis appear to be dis 

tributed differently in the various centrifugal fractions (Figure 8). 
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Figure 7. Autoradiogram of a thin-layer separation of 40 uL of a 

reaction which used pteridine-free extract, Mg2+, and NADPH. 

1, sepiapterin; 2, neodrosopterin; 3, fraction e; 4, auro-

drosopterins; 5, drosopterin; 6, isodrosopterin. 
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Figure 8. Ability of various subcellular fractions to support sepia-
pterin and "drosopterin" biosynthesis, Aliquots (15 uL) of 
each fraction were used in the standard assay. Mg2+, NADPH, 
NADP''’, and NAD+ were the cofactors used. N, 600£ pellet; 
M, 15,000£ pellet; R, 100,000£ pellet; S, 100,000£ superna 
tant. 
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in the "droso-The 600£ pellet contains a red layer that is enriched 

pterins and shows considerable "drosopterin" synthesizing activity yet 

essentially no sepiapterin synthesis, Since Yim et al. (1977) had 

and the "droso-shown that the £r mutant is low in sepiapterin synthase 

pterins", it was assumed that sepiapterin is a precursor of the "droso-

pterins". To test if sepiapterin synthase was limiting in the 600£ 

was aspellet, a mixture of the pellet and the 100,000£ supernatant 

sayed. The "drosopterin" synthesis was additive but, surprisingly, se 

piapterin synthase activity was nearly twice the sum of the individual 

activities (Figure 9). Since the stimulatory effect could be elimi 

nated by heating the 600£ pellet in a boiling-water bath for 5 min, we 

believe the stimulatory effect is due to an enzyme. Krivi and Brown 

have fractionated sepiapterin synthase into two proteins, one that is 

Mg -dependent and one that is NADPH-dependent (Brown, ^ , 1979). 

If these two proteins represent two steps of sepiapterin synthesis, we 

propose that only the first is necessary for "drosopterin" synthesis. 

The 600£ pellet would contain the enzyme that catalyzes the first step, 

wouldbut not that for the second, while the 100,000^ supernatant con 

tain both. If the enzyme for the first step is limiting for sepiapter 

in synthesis in the 100,000£ supernatant, the mixing the 600^ pellet 

with the 100,000£ supernatant would result in synergistic synthesis of 

thansepiapterin. As the pr^'^ mutant accumulates less "drosopterins" 

the wild-type and shows lowered sepiapterin synthase levels, the above 

hypothesis would predict that pr^'^ is lacking the enzyme for the first 

step of sepiapterin synthase. When the Oregon-R 600£ pellet was mixed 

with 100,000£ supernatant from a whole-fly pr*^^ extract, a synergistic 
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incorporation into sepiapterin was seen, supporting our hypothesis. 

Furthur evidence for the common precursor hypothesis came from studies 

with the pteridine-free extract as a source of enzyme. 

When these studies were initiated, the 600^ pellet and 100,000^ 

supernatant of crude head extracts were employed. Although "droso-

pterin" synthesis could be detected, the crude extracts presented sev 

eral technical problems: storage at -20°C resulted in loss of activity, 

large amounts of pteridines present precluded the possibility of per 

forming meaningful isotope dilution experiments, and the presence of 

various cofactors interfered with determination of cofactor require-

ments. These difficulties led us to develop the procedure for the 

preparation of the pteridine-free extract described in the Methods sec 

tion. three weeksThe pteridine-free extract was stored for at least 

0 
at -20 C without significant loss of activity. 

By use of this soluble system, the various cofactor requirements 

2+ 
were determined (Figure 10). Sepiapterin synthesis requires both Mg 

2+ 
and NADPH. When Mg and NADH are present in a reaction, only slight 

yet synthesisconversion of H2-neopterin-(P)2 to sepiapterin is seen, 
of the "drosopterins" occurs at the same level as if NADPH were pre 

sent. This is evidence that sepiapterin is not a "drosopterin" pre-

2+ 
cursor. When Mg is left out of the reaction, however, both sepia-

pterin and "drosopterin" synthesis are decreased, suggesting that a 

both classes ofcommon enzymatic step exists for the production of 

pteridines. When NADPH and NADH are both left out of a reaction, se 

piapterin synthesis is negligible and "drosopterin" synthesis is re-

Since neodrosopterin synthesis, in contrast to theduced. other 
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50% in the absence"drosopterins", is only reduced by little more than 

of NADPH and NADH, it is possible that there is an enzyme-dependent 

background at the neodrosopterin position, A possible reaction scheme 

11.in agreement with the above results is shown in Figure 

for theIsotope dilution experiments provide additional support 

common precursor hypothesis. When unlabeled sepiapterin is present dur 

ing "drosopterin" biosynthesis, no dilution of the isotope entering the 

drosopterins" is seen. While it is possible that there is no equili 

bration between the unlabeled sepiapterin and enzymatically produced 

reactionsepiapterin or that sepiapterin is converted by a first-order 

under the conditions used, the most likely explanation is that sepia-

pterin is not a precursor of the "drosopterins". 

to anIsotope dilution experiments were also done in an attempt 

swer questions about the interconversion of the various "drosopterin" 

species. No decreases in the amount of radioisotope-labeled "droso-

pterins" synthesized were seen when either unlabeled neodrosopterin or 

to the reactions.unlabeled drosopterin and isodrosopterin were added 

from neoAs drosopterin and isodrosopterin can arise nonenzymatically 

drosopterin in aqueous solutions (Rokos & Pfleiderer, 1975), kinetic 

diluteconsiderations could explain the failure of neodrosopterin to 

Because thethe isotope entering drosopterin and isodrosopterin. 

isstructural relationship between the two forms of aurodrosopterin s 

analogous to that between drosopterin and isodrosopterin (Rokos & 

Pfleiderer, 1975), and because fraction e is similar to neodrosopterin 

in color and in chromatographic behavior, we are also considering the 

to thehypothesis that fraction e nonenzymatically rearranges 



33 

0 H 
-N, • I 

-C-C-CH, 

H, OHH,N N 
H 

SEPIAPTERIN 

NADPH 
*00,000 » g Sup«rr*otonl 

OH *00,000 ■ g P»»l#* 
t I 2* 

HN MgC-C-CH20-{P)5 
(X)H H 

H,N 600 » g P«ii«t2 
H 100,000« g P«i**t NAOPH cr NAOH 

100,000 I g Sup«mo*oftt 
Hj-NEOPTERIN- (P)j 

'OROSOPTERINS' 
NH2 

N 

HH 

H
HN; 6a H H 

A, H 

H,N N 
H 

OROSO-ANO ISOOROSOPTERIN 

and "droso-Figure 11. Postulated reaction sequence for sepiapterin 
pterin" biosynthesis and the differential centrifugation 
fractions in which the steps are recovered. 
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aurodrosopterins. Schwinck & Mancini (1973) have reported that frac-

tion e and aurodrosopterins act genetically as a group. The pteridine-

free extract synthesizes relatively more fraction e and aurodrosopter-

ins than the crude extracts, with neodrosopterin and fraction e being 

the major products. While this does not reflect the relative amounts 

of "drosopterins" found in vivo, the possibilities may be raised for 

the nonenzymatic conversion of neodrosopterin and fraction e to other 

occurs dur"drosopterins" in the fly. If such nonenzymatic conversion 

measured aftering extraction of the "drosopterins", the distribution 

vivo.chromatography may not represent the distribution in 

4. DISCUSSION 

have reIn the past, hypotheses about "drosopterin" biosynthesis 

acculied upon genetic results and quantitation of the "drosopterins 

mulated in various mutants. Schwinck & Mancini (1973) divided several 

relative amounts ofeye color mutants into three classes based upon the 

ondifferent "drosopterins" resolved by thin-layer chromatography 

cellulose layers. They proposed that the biosynthesis and accumulation 

of different "drosopterins" are under genetic control. 

The in vitro assay of "drosopterin" biosynthesis has become pos 

sible because of three major developments: (1) H2-neopterin-(P)^ is 

recognized as the precursor of pteridines and this precursor is readily 

produced by use of purified GTP cyclohydrolase from coli (Yim & 

Brown, 1976); (2) high resolution, fairly rapid, reproducible separa 

chromatotions of pteridines is possible using cellulose thin-layer 

graphy (Wilson & Jacobson, 1977a); (3) sepiapterin synthase was 
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discovered (Fan £t , 1975) and its role in "drosopterin" biosynthe 

sis was recognized (Wilson & Jacobson, 1977b; Yim^^., 1977). 

Several lines of evidence support the idea that "drosopterin" bio 

synthesis is enzyme mediated: (1) the substrate required is H^-neopter-

is NADHin-(P)2 and not H2-neopterin; (2) Mg 
2+ 

required; (3) NADPH or 

greatly stimulates synthesis of "drosopterins"; (4) the activity is 

heat labile, precipitable in ammonium sulfate, nondialyzable, and 

elutes in the void volume of a Sephadex G25 column. 

Both genetic and biochemical evidence support the idea that sepia-

pterin synthesis and "drosopterin" synthesis are related. In the 21 

mutant, the levels of sepiapterin and "drosopterins" are greatly re 

duced (Wilson & Jacobson, 1977b). This mutant also has low amounts of 

sepiapterin synthase (Yimet aj_., 1977). In this study when the 

100,0002 supernatant of the 211 tant was supplemented with the 600^ 

pellet enzymes of wild-type, a superadditive rate of sepiapterin syn-

thesis occured. Since the 6002 pellet enzymes of wild type make little 

or no sepiapterin but do make "drosopterins", it seems likely that a 

common enzyme in the 6OO2 pellet is involved in the synthesis of sepia 

pterin and the "drosopterins". This, along with the finding that ad-

ding nonradioactive sepiapterin to the reaction mixture caused no re 

duction in the rate or amount of "drosopterin" synthesis, indicates 

that sepiapterin is not a precursor to "drosopterins". Brown et al. 

(1979) reported that sepiapterin synthase can be separated into two 

protein fractions, both of which are required for sepiapterin produc-

2+
tion. It appears that their Mg -requiring fraction is the same we 

found in the 6OO2 pellet. 
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structuralSince it had been previously proposed that pr^ is the 

locus for sepiapterin synthase (Yim ^ al^., 1977), it is logical, in 

light of the evidence presented in this report, to now propose that pr"*^ 
2+ 

is the structural locus for the enzyme that catalyzes the Mg -requir-

ing step. The effect of gene dosage for pr^ was examined by comparing 
found when fliessepiapterin synthase activities. A ratio of 2.0 was 

with two doses of pr'*' were compared with flies with one dose, but the 

ratio was only 1.2, instead of 1.5, when three doses were compared with 

fortwo doses. This might be expected if £r^ ‘•s the structural locus 

the Mg^’^’-requiring step that synthesizes the precursor, since the pos 

sibility exists that with three doses of this enzyme, the second step 

(NADPH-requiring) becomes limiting. 

it isIn a possible scheme for the biosynthesis of "drosopterins" 

necessary to recognize that (1) the 3'-hydrogens of H2-neopterin-(P)2 
three carbonsdo not appear in the final products and (2) there are 

less in drosopterin than there are in two molecules of H2-neopterin-
of (1)(P)^. The removal of the 3'-hydrogens could be a consequence 

side chain ofthe loss of the 3'-carbon or larger portions of the 

As the 3'-hy-neopterin-CP)^, or (2) the oxidation of the 3'-carbon. 
consider such aldrogens do appear in sepiapterin, it is necessary to 

terations as occuring at some stage subsequent to the production of the 

of carbon atoms iscommon precursor. The mechanism by which the number 

must also bereduced by three in the formation of "drosopterins" 

sought. Identification and structure determination of the "drosopter-

in"-sepiapterin precursor should shed light on these questions. 



CHAPTER III 

BIOSYNTHESIS, NONENZYMATIC SYNTHESIS, AND PURIFICATION 
OF THE SEPIAPTERIN SYNTHASE INTERMEDIATE 

I. INTRODUCTION 

The enzymatic conversion of the 3'-triphosphoester of 7,8-dihyclro-

) to 7,6-(^-erythro-I',2',3'-trihydroxypropyl)pterin (H2-neopterin-(P)2 
2+ 

8-dihydro-6-Iactoylpterin (sepiapterin) occurs in the presence of Mg 

and NADPH. Recently it has been proposed that sepiapterin synthase 

& Brown,from Drosophila melanogaster (Dorsett , 1979; Krivi 

1979) and chicken kidney (Tanaka ^ , 1979) consists of two enzymes. 

2+ 
In the casethe first requiring Mg and the second requiring NADPH. 

of Drosophila (Krivi & Brown, 1979) and chicken kidney (Tanaka et al., 

The1979), the separation of these two activities has been reported. 

product of the Mg-dependent enzyme appears to be a precursor of the 

Drosophila red eye pigments, the "drosopterins", as well as sepiapterin 

(Dorsett 1979). 

In this report we describe an assay for the sepiapterin synthase 
o I 

intermediate (X) (product of the Mg -dependent enzyme) using HPLC. A 

to the innonenzymatic method for the conversion of H2-neopterin-(P)2 
described as welltermediate (X) and related compounds [(XI), (X2)] is 

these compounds.as the purification and partial characterization of 

structure of theThe implications of these studies with regard to the 

is discussed.intermediate and mechanism of sepiapterin synthase 

37 
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2. MATERIALS AND METHODS 

bw 
reared atDrosophila melanogaster. Oregon-R and pr cn flies were 

25°C on medium prepared as described by Lewis (1960). Flies were col 

lected daily so that all were 1 day old or less. After collection the 

were obtainedflies were quickly frozen in liquid nitrogen; the heads 

as previously described (Wilson & Jacobson, 1977a) and stored in vials 

under liquid nitrogen for later use. 

in 5 mLCrude Enzyme Extract (CE). Heads (1 g) were homogenized 

of 50 mM Pipes (pH 7.0) (Calbiochem) with a ground glass homogenizer 

(Kontes). The resulting homogenate was centrifuged at 15,000g_ for 10 

for 60 min. Themin, and the supernatant was centrifuged at 100,000£ 

protein precipitating between 40 and 60% saturated (NH^)2S0^ (4°C) was 
collected at 15,000£ for 30 min, redissolved in 0.2 mL of 50 mM Pipes 

(pH 7.0), and filtered through 20 mL of Sephadex G25 (medium) 

(Pharmacia) by use of the centrifuge procedure of Neal & Florini 

(1973). The preparation was stored at -20°C. 

dePteridine-free Extract (PFE). PFE was prepared as previously 

from 60%scribed (Dorsett ^ , 1979) except the pellet resulting 

Pipes (pH 7.0) consaturated (NH^)2S04 was redissoved in 1 mL of 50 mM 
20 mL oftaining 10% glycerol and desalted by filtering through 

Neal & FloriniSephadex G25 (medium) by the centrifuge procedure of 

(1973). The extract was stored at -20°C. 

purifiedH2-neopterin-(P)o. H2-neopterin-(P)2 was prepared using 
E. coli GTP cyclohydrolase as described by Yim & Brown (1976). The re 

action contained 1.67 mM GTP, 0.11 M TrisCl (pH 8.5), 0.11 M NaCl, 
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at least aO.on M EDTA (pH 7.5), and enough enzyme to achieve 90% con 

version in 90 min at 42°C. The completed 6TP cyclohydrolase reaction 

was used directly as the source of H2-neopterin-(P)2. All H2-neopter-

conversion. [U-in-(P)2 concentrations were calculated assuming 100% 
^^C]GTP was obtained from Amersham and [8,5'-^H]GTP from New England 

alkaline phosNuclear. H2-neopterin-(P)2 was treated with bacterial 
phatase as previously described (Dorsett ^ al^., 1979). 

High Performance Liquid Chromatography (HPLC). A Waters Liquid 

Chromatograph with a 3.6 mm x 30 cm uBondapak C18 reverse phase column 

The colwas used to separate sepiapterin and (X) from the reactions. 

umn was eluted at 2 mL/min with 10% methanol (Burdick and Jackson, 

Inc.) at a temperature of 35°C. The pterins were quantitated using a 

Schoeffel SF 770 UV monitor at 260 nm set to 0.1 aufs with a 1 mV re 

corder and a Schoeffel FS 970 fluorescence monitor (excitation at 360 

nm. Corning 7-54 excitation filter, 418 nm cutoff emission filter) set 

Calibration ofto 0.1 uA (4 sec time-constant) with a 1 mV recorder. 

as a subthe peaks was accomplished using [U-^^C]H2-neopterin-(P)2 
the amount ofstrate (specific activity, 20.3 uCi/umol) and comparing 

radioactivity in the peak to the area of the peak as determined by ab 

sorption or fluorescence. 

Preparation of Purified (X), (XI), and (X2). Aliquots (500-1000 

uL) of GTP cyclohydrolase reaction that had gone to completion were 

heated at 100 
0 
C for 40 min and then centrifuged. The (X), (XI), and 

(X2) in the supernatant were separated by HPLC (as above except the 

the indicolumn was eluted with 5% methanol) and fractions containing 

vidual species were lyophilized to dryness. The pterins were 
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checked by HPLC.redissolved in approximately 100 uL H2O and the purity 
Occasionally the (XI) fraction had to be rechromatographed due to sig 

nificant impurities. While this resulted in some loss of (XI), the se 

cond purification was always sufficient to obtain a homogeneous com 

pound. All compounds were stored at -20°C. 

conditionsEnzymatic Synthesis of (X) and Sepiapterin. The exact 

(enzyme, substrate, cofactors present, and reaction time) are shown for 

were carried outthe individual experiments in Table I. All reactions 

in a total volume of 70 uL with 50 mM Pipes (pH 7.5) at 42°C. The re 

actions were stopped by heating at 100°C for 5 min, the resultant pre 

cipitate was removed by centrifugation (Brinkmann Eppendorf Centrifuge 

3200) and aliquots were analyzed for (X) and sepiapterin by HPLC. When 

fractions wereradioactive H2-neopterin-(P)2 was used as a substrate, 
collected in scintillation vials and the radioactivity was determined 

in a scintillation counter after adding 0.28% 2,5-bis-2-[5-tert- butyl-

in toluene. Whenbenzoxalyl jthiophene (Packard) and 33% Triton X-100 

2+ 
present. Mg was used at a concentration of 14.3 mM and NADPH at a 

concentration of 2.5 mM. 

The exact con-Nonenzymatic Synthesis of (X), (XI), and (X2). 

ditions for the experiments are given in the Figure legends, A1iquots 

of the reactions were analyzed by HPLC after centrifugation. 

Phosphate Analysis. Assays were carried out in a total volume of 

(pH 8.5),100 uL containing 1 mM H2-neopterin-(P)2, 0.067 M TrisCl 
uL of either 0.25 M0.067 M NaCl, 0.0067 M EDTA (pH 7.5), and up to 20 

NaOH or 0.25 M HCl. The reactions were run at 100°C for 10 min, cooled 

in ice and analysed for phosphate by the method of Sumner (1944). 
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in 7.5 NAliquots of H2O (700 uL), 100 uL of 6.6% ammonium molybdate 

H^SO^, and 100 uL of FeSO^ solution (2.5 g of FeS04’7 H^O dissolved in 
each reaction. The25 mL H2O plus 0.5 ml of 7.5 N H2S0^) were added to 

solutions were mixed and incubated at room temperature for 15 min; the 

absorbance at 660 nm was determined. Phosphate concentrations were 

calculated from a standard curve. 

Side Chain Loss Analysis. Reactions were run with a total volume 

of 50 uL containing the following components: 1 mM [3'-^H]H2-neopter-
2 mCi/mmol);in-(P)2 (prepared from [8,5'-^H]GTP, specific activity, 

0.067 M TrisCl (pH 8.5), 0.067 M NaCl, 0.0067 M EDTA (pH 7.5), and up 

to 9 uL of 0.25 M NaOH. The reactions were run at 100°C for 10 min, 

to each reaccooled in ice, and centrifuged. H2O (0.5 mL) was added 
tion and the amount of side chain released was determined by filtering 

cm acid-washed charthrough Pasteur pipette columns containing 0.5 x 1 

coal at the bottom and 0.5 x 1 cm DEAE-Sephadex A120 (equilibrated with 

50 mM Pipes, pH 7.0) following the procedure of Yim ^ (1980). The 

the radioactivitycolumns were washed two times with 0.5 mL H2O, and 

present in the effluent was determined by scintillation counting. 

Degradation of (X) at Various pH Values. The intermediate (X) was 

M TrisCl (pHgenerated by incubating 1.67 mM H2-neopterin-(P)2 [0.11 
8.5), 0.11 M NaCl, 0.011 M EDTA (pH 7.5)] at 100°C for 10 min before 

werecooling in ice. Aliquots (15 uL) of the heated H2-neopterin-(P)2 
0.25 M HCl anddiluted to 25 uL with up to 5.5 uL of 0.25 M NaOH or 

The reactions were incubated at 60°C for 120 min and analyzed byH2O. 
HPLC. 

Treatment of (X), (XI), and (X2) with I^, NaBH^, and NaI0/|. 
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Oxidations of (X), (XI), or (X2) in a solution containing 0.1% I2 and 

0.2% KI were carried out in the dark at room temperature for up to 30 

acid solutionmin; the excess I2 was titrated out with a 1% ascorbic 
before analysis of the reaction by HPLC. To test the sensitivity of 

the iodine reacthe iodine oxidation products to NaBH^, aliquots of 
0.1 NaOH solution,tions were made 0.05 M NaBH^ with a 0.5 M NaBH^ in 

and incubated in the dark at rooom temperature for various time up to 

30 min before HPLC analysis. The unoxidized forms of (X), (XI), or 

and NaOH. Per-(X2) were treated with the same concentrations of NaBH^ 
out in 0.02 Miodate oxidations of (X), (XI), or (X2) were carried 

The reactions were incubated for various times up toNalO^ (pH 5). 60 

min at room temperature in the dark before analyzing aliquots of the 

incubation mixtures by HPLC. 

3. RESULTS 

The discovery of the nonenzymatic conversion of H2-neopterin-(P) 2 

to the sepiapterin synthase intermediate (X) occured when the GTP cy-

0 
The detection ofclohydrolase reaction products were heated at 100 C. 

the intermedi(X) by HPLC w^s based on its chromatographic identity to 

ate produced by the partially purified enzyme, Indeed on furthur study 

two other chromatographic peaks were found to be associated with (X) 

when it was produced nonenzymatically; these forms, (XI) and (X2), are 

not present in significant amounts when (X) is produced enzymatically. 

An HPLC chromatogram of nonenzymatically synthesized (X), (XI), and 

(X2) along with added sepiapterin is shown in Figure 12. Enzymatically 

synthesized (X) eluted in the same position as the nonenzymatically 
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HPLCcompletion before heating at 100°C for 40 min. The 

was performed as described in the text except the fluoro-
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to fluorescenceproduced compound and demonstrated the same absorbance 

ratio. 

Several lines of evidenceBiosynthesis of (X) and Sepiapterin. 

support the hypothesis that the enzymatically synthesized (X) is the 

sepiapterin synthase intermediate. Treatment of H^-neopterin-CP)^ with 
extract atbacterial alkaline phosphatase or heating of the enzyme 

100°C for 5 min prior to use prevents the synthesis of (X) (Table I), 

Synthesis of (X) requires Mg 
2+ 

whereas the recovery of (X) decreases 

an increase in 

bw 

when NADPH is added; this decrease is concomitant with 

the synthesis of sepiapterin (Table I), The pr cn mutant con-

tains only 20% of the sepiapterin synthase present in Oregon-R (wild-

locus for thetype) and is thought to be a lesion in the structural 
o , 

• >Mg'^ -dependent first enzyme of sepiapterin synthase (Yim ^ al 1977; 

to (X) bioDorsett ^ £l[., 1979; Krivi & Brown, 1979). With respect 

synthesis the pr^'^cn mutant exhibited only 20% of the activity found in 

14 
C fromOregon-R (Table I). Enzymatically produced (X) incorporates 

in the[U-^'^C]H2-neopterin-(P)2 and from [3'-^H]H2-neopterin-(P)3 
same ratio as sepiapterin (Table I). 

and additionalMore direct evidence that (X) is the intermediate, 

evidence that (X) produced nonenzymatically is the same compound as (X) 

produced enzymatically, was obtained using nonenzymatically synthesized 

The(X) as a substrate for the enzymatic synthesis of sepiapterin. 

nonenzymaticonditions for the synthesis of (X) from H2-neopterin-(P)2 
cal ly is examined in detail below. As mentioned above, when a GTP cy 

clohydrolase reaction that has gone to completion is heated at 100°C, 

It was foundthree related compounds [(X), (XI), (X2)] are formed. 
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support enzyme-dethat such heated H2-neopterin-(P)2 solutions could 
NADPH and absence 

2+ 2+ 

pendent synthesis of sepiapterin in the presence of 

thatof Mg (Table I). The lack of a Mg requirement indicated 
2+ 

for the Mg -deheated H2-neopterin-(P)2 solutions could substitute 
it was found thatpendent enzyme of sepiapterin synthase. Furthurmore, 

solutionseither (X) or (XI) purified from the heated H2-neopterin-(P)^ 
could serve as substrates for the NADPH-dependent enzymatic synthesis 

of sepiapterin (Table I). As the nonenzymatically produced (X) appears 

to be identical to the enzymatically produced compound by HPLC elution 

and by the relationship between absorbance and fluorescence, we propose 

that (X) is the actual sepiapterin synthase intermediate and that (XI) 

reaction condiis probably an isomer produced under the nonenzymatic 

amounts thantions. The third substance, (X2), was produced in smaller 

(X) or (XI) and upon storage at -20°C it became converted to (XI); (X2) 

was not tested as a substrate for sepiapterin synthesis. 

The time courseNonenzymatic Synthesis of (X), (XI), and (X2). 

for the nonenzymatic synthesis of (X), (XI), and (X2) from H^-neopter-

The concentration of (X) reached a max-in-(P)2 is shown in Figure 13. 
at 60 min andimum by 40 min and then fell off; (X2) reached a maximum 

then declined; (XI) reached a maximum at 100 min and then declined as 

the amount of oxidized (XI) increased, Small amounts of oxidized (X) 

and oxidized (X2) were also produced during the reaction (identity of 

the oxidized forms was confirmed by iodine oxidations of purified (X), 

the follow(XI), and (X2) as described below). These results suggest 

to (X) whiching reaction sequence: H2-neopterin-(P)2 is converted 
isgives rise to (X2) which is converted to (XI) which in turn 
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Figure 13. Time course of nonenzymatic synthesis of (X), (XI), (X2), 
and oxidized (XI). 0, (X); •, (X2); A, (XI); A, oxidized 
(XI). Reactions contained 1.67 mM H2-neopterin-(P)3, 
M TrisCl (pH 8.5), 0.011 M EDTA (pH 7.5), and 0.111 M NaCl. 

The reactions were carried out at 100°C in the dark and al 

iquots were analyzed by HPLC at the times indicated. 
abAmounts of oxidized (XI) were calculated assuming its 

sorption coefficient at 260 nm is the same as for (XI). 

0.111 
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oxidized. Support for this hypothesis comes from the observations 

that: (1) purified (X) gives rise to small amounts of (X2) and (XI) 

even during storage at -20°C; and (2) as much as 50% of purified (X2) 

can be converted to (XI) by storage at -20°C for a week, Because of 

these interrelationships, and the observation that (XI) can serve as a 

we believe thatsubstrate for the enzymatic synthesis of sepiapterin, 

(X), (XI), and (X2) are isomers and (XI) is apparently the most stable 

form. 

The requirements for the nonenzymatic synthesis of (X) were 

studied for two main reasons: (1) to optimize the conditions so enough 

purified (X), (XI), and (X2) could be produced for characterization; 

and (2) to determine the mechanism of the nonenzymatic synthesis as an 

aid in understanding the enzymatic mechanism for the synthesis of (X). 

The rate of nonenzymatic synthesis increased rapidly with tempera 

ture above 80°C (Figure 14). The reaction was first order with respect 

on the reaction rateto H2-neopterin-(P)2; ionic strength has no effect 
in the range tested (0.067 to 0.167 M NaCl). 

The nonenzymatic synthesis of (X) demonstrates a remarkable depen-

dence upon pH (Figure 15). At pH values below the maximum (pH 8.5 to 

with the effect9.0), the pH dependence can be explained by comparison 

of TrisCl (pH 8.5) at various concentrations (Figure 16). At higher 

levels off.concentrations of TrisCl (pH 8.5) the reaction rate By ex-

trapolation (lower concentrations of TrisCl (pH 8.5) are not possible 

without either modifying the GTP cyclohydrolase reaction or diluting 

synthesisthe H2-neopterin-(P)2 to such an extent that the nonenzymatic 
of (X) is very slow), the concentration of Tris base to produce half 
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a function ofFigure 14. Rate of nonenzymatic synthesis of (X) as 
temperature. Reactions contained 1.67 mM H2-neopterin-
(P)3, 0.111 M TrisCl (pH 8.5), 0.011 M EDTA (pH 7.5), and 

0 .111 M NaCl. The reactions were incubated for 10 min at 

the temperatures indicated. 



52 

c 0.08-
E 
o 

\ 0.06-
_j 

o 

^ 0,04-
X 

O 0.02-

c 

0 00 

4 6 8 10 12 

pH AT 25 °C 

Figure 15. Rate of nonenzymatic synthesis of (X) as a function of pH. 
Reactions were run with a total volume of 50 uL containing 

M1 mM H2-neopterin-(P)3, 0.067 M TrisCl (pH 8.5), 0.067 
to 20NaCl, 0.0067 M EDTA (pH 7.5), and varied amounts (up 
meauL) of either 0.25 M NaOH or 0.25 M HCl. The pH was 

sured at 25°C with a glass electrode before the reaction 
which occured at lOOOC for 10 min. 
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H2-neopterin-(P)3, 0.056 M NaCl, 0.0056 M EDTA (pH 7.5), 
and TrisCl (pH 8.5) at various concentrations. 
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the maximal velocity is estimated to be 0.02 M. This corresponds very 

of Tris basewell to the pH curve where the calculated concentration 

to produce one-half the maximal rate is 0.016 M. This leads us to hy-

pothesize that Tris base is a catalyst for the nonenzymatic synthesis 

of (X). It should be noted that while the pH values are reported at 

25°C and the reactions are run at 100*^0, the pK of Tris will shift the 

same extent in both the pH-dependence and Tris-concentration experi-

ments. Therefore, while the actual concentration of Tris base at 100°C 

necessary to give half the maximal velocity is not determined, the ex 

base concentrationsperiments can be compared on the basis of the Tris 

0
at 25^0. 

To understand why the reaction rate falls off at higher pH values, 

we considered five distinct possibilities. (1) The phosphate groups of 

The side chain ofH2-neopterin-(P)2 may be hydrolyzed at high pH. (2) 
of (X)H2-neopterin-(P)2 may be labile at high pH. (3) Degradation 

in the reaction,could increase with pH. (4) Tris acid may play a role 

could de(5) The ionization of the pterin moiety of H2-neopterin-(P)2 
crease the reaction rate. 

The first four possibilities were examined as follows. (1) Phos 

phate analysis revealed no significant loss of phosphate above pH 9.4 

and below pH 7; a small amount of phosphate is released between pH 7 

and 9.4. While some of may be accounted for by the synthesis of (X), 

could be acthe amount is stoichiometrically ten-fold greater than 

counted for by the synthesis of (X) alone. The amount still represents 

phosphate isno more than 5% of the H2-neopterin-(P)2 present; since 
not detected in reactions carried out at pH values greater than 9.4, it 
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is concluded that phosphate loss does not account for the decrease in 

the rate of (X) synthesis at higher pH. (2) Analysis of side-chain re-

loss oflease using [3'- H]H2-neopterin-(P)2 revealed no significant 
side chain at any pH tested, (3) Significant degradation of (X) (60°C 

for 120 min) did not accur between pH 4 and 11. (4) The addition of 

contribute moreethanolamine (pKa, 9.5) to the reactions (which would 

protonated amine than Tris at higher pH) did shift the pH for half max 

imal velocity somewhat [Figure 17(A)], but one would predict the pH 

value for half maximal velocity would be shifted about 1.2 pH units if 

The maximum of thethe protonated amine participated in the reaction. 

pH curve was also not broadened as would be expected if this were the 

case. total un-Replotting the pH curves as rate of (X) synthesis v^. 

protonated amine ([Tris base] or [Tris base] + [ethanolamine base]) re 

veals a correlation between the two curves at unprotonated con-amine 

centrations below the maximum velocity and no correlation at unproto 

nated amine concentrations above the maximum velocity [Figure 17(B)]. 

When the data is replotted as reaction velocity y^. total protonated 

there is noamine ([Tris acid] or [Tris acid] + [ethanolamine acid]), 

correlation between the two curves [Figure 17(C)]. These observations 

reinforce the hypothesis that the reaction is catalyzed by unprotonated 

amine and the protonated amine is not involved. 

When one considers the pKa values of various 7,8-dihydropterins, 

pKa of approximate-it seems likely that H2-neopterin-(P)2 would have a 
ly 10. Since the inflection point in the pH curve occurs around pH 10, 

is ionwe hypothesize that when the pterin moiety of H2-neopterin-(P)2 
ized, the reaction to form (X) does not occur. Since the pKa in 
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Figure 17. Comparison of rate of nonenzymatic synthesis of (X) as a 
function of pH with either TrisCl or TrisCl and ethanola-
mine buffers. 0, TrisCl + ethanol amine; A, TrisCl; A, rate 

plotted as a function of pH; B, rate plotted as a function 
of total nonprotonated amine concentration; C, rate plotted 

Reacas function of total protonated amine concentration. 
thetions occured in a total volume of 56 uL containing 

following components: 0.89 mM H2-neopterin-(P)3, 0.06 M 

or 0.06NaCl, 0.006 M EDTA (pH 7.5), 0.06 M TrisCl (pH 8.5) 
variedM TrisCl (pH 8.5) + 0.06 M ethanolamine. The pH was 

or 0.25by the addition of up to 16 uL of either 0.25 M HCl 
M NaOH. The reactions were run at 100°C for 10 min. 
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question is probably due to the 3-amido (4-hydroxy) moiety of the pter 

in (Blakeley, 1969, pp. 61-65), one predict that if the 3-methyl deri 

for the reaction,vative of H2-neopterin-(P)2 was used as the substrate 
an inflection point at pH 10 would not be seen. 

Properties of (X), (XI), and (X2). The ultraviolet absorption 

spectra of (X), (XI), and (X2) at pH 7.0 and 11.7 are shown in Figure 

18. The long wavelength absorption maxima of all three compounds un 

that each ofdergo a bathochromic shift with increasing pH, indicating 

the three has a pKa value between 7.9 and 11.7 as do most 6-alkylpter-

ms. The spectra are unusual for two reasons. First, the long wave 

length absorption maxima of most 6-alkyl-7,8-dihydropterins (e.£.» 6-

methyl-7,8-dihydropterin and 7,8-dihydrobiopterin) usually do not show 

a bathochromic shift with increasing pH (Blakeley, 1969, pp. 65-72). 

Secondly, few 6-alkyl-7,8-dihydropterins exhibit an absorption maxima 

at wavelengths greater than 365 nm while (X), (XI), and (X2) all show 

maxima at 380 nm or greater, Sepiapterin is also an exception to these 

general rules (it demonstrates a bathochromic shift with increasing pH, 

These observationsand an absorption maximum at 420 nm at pH 6.8). 

eachclearly indicate that the three unknowns are closely related to 

other structurally, and also that they are similar in their properties 

to sepiapterin. 

As enzymatically synthesized (X) incorporates label from [3'-^H]-

as precursors forH2-neopterin-(P)2 and as (X) and (XI) both can serve 
the three carthe synthesis of sepiapterin, we assume that they retain 

We also assumed that at leastbon side chain from H2-neopterin-(P)2. 
retained and wetwo of the oxygen substituents of the side chain are 
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Figure 18. Ultraviolet absorption spectra of (X), (XI), and (X2) at pH 
7.0 and 11.7. ( ), pH 7.0; pH 11.7. Molar ab 
sorption coefficients were obtained by comparing A26O peaks 
of the compounds generated by heating a solution of [U-

*^C]H2-neopterin-(P)3 at 100°C for 40 min with the ^50 
peaks obtained with aliquots of the purified compounds. 
The nanomoles per unit peak area were calculated assuming 

as the(X), (XI), and (X2) were the same specific activity 
[U-‘4c]H2-neopterin-(P)3 they were generated from, The 

aerrors in this method may be significant but it provides 
method of comparison. 
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oxidation withexpected that (X), (XT), and (X2) should be sensitive to 

Only (XI), however, is sensitive to periodate oxidation.NalO^. As 

believe that all(X) and (X2) are apparently precursors of (XI), we 

three contain potentially periodate-sensitve groups but perhaps struc 

tural constraints prevent the oxidation of (X) and (X2). 

None of the compounds were reduced by treatment with NaBH^ indi 
This also in-cating that no carbonyl s are present in the side chain, 

dicates that the periodate-sensitive group in (XI) is probably due to 

vicinal hydroxyl groups. 

as meansRecently, iodine oxidations of pterins has been developed 

All threeof oxidizing the pyrazine ring (Fukushima & Nixon, 1979). 

that arecompounds were oxidized by iodine to give rise to compounds 

also found in the nonenzymatic reactions during the synthesis of (X), 

(XI), and (X2). These compounds are more fluorescent than the parent 

compounds as would be expected from the oxidation of the pyrazine ring. 

As the parent compounds are fluorescent they are probably dihydropter-

ins. to regenThe iodine oxidation products can be reduced with NaBH^ 

erate the parent compounds which is again evidence that the parent com 

pounds [(X), (XI), (X2)] are dihydropterins. 

4. DISCUSSION 

conversion ofTwo different mechanisms have been proposed for the 

of both will beH2-neopterin-(P)2 to sepiapterin, and the validity 
tested by identification of the intermediate (X) (Krivi & Brown, 1979; 

Tanaka et al 1979). Attempts to isolate and characterize the enzy• 5 

matically formed intermediate have been unsuccessful. In this study we 
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have developed a sensitive assay for (X) (which should aid in purifica-

and have detion of the Mg -dependent enzyme of sepiapterin synthase) 

nonenzymaticallymonstrated that H2-neopterin-(P)2 can be converted to 

a substance that is the same as (X) by the following criteria: (1) 

chromatographic behavior with C18 reverse phase chromatography; (2) 

absorption and fluorescent characteristics; and (3) utilization by se 

piapterin synthase to produce sepiapterin. We have provided evidence 

that (X) can isomerize to at least two other forms [(XI), (X2)], at 

least one of which [(XI)] can serve as a substrate for sepiapterin syn 

thesis. The nonenzymatic method also allowed synthesis of large 

amounts for purification and characterization. 

that NADPHAs evidence obtained by Krivi & Brown (1979) suggested 

is used and regenerated in the conversion of (X) to sepiapterin (i.e., 

the same oxidationH2-neopterin-(P)2, (X), and sepiapterin are all at 
is converstate), they proposed a mechanism in which H2-neopterin-(P)2 

ted to (X) by a base-catalyzed, nonhydrolytic loss of the phosphate 

base is a catagroups (Figure 19). Our evidence indicates that Tris 

lyst in the nonenzymatic synthesis of (X) from H2-neopterin-(P)2 and 

agrees with their hypothesis in this respect. Their proposed structure 

for the intermediate, however, does not fit the chemical data we have 

obtained on (X) to date. The structure they have proposed (7,8-dihy-

dro-6-(l'-hydroxy-2'-oxopropyl)pterin) (Figure 19) should react readily 

strucwith both NalO^ and NaBH^ while (X) does not. The intermediate 
ture proposed by Tanaka ^ (1979) (7,8-dihydro-6-(l',2'-dioxopro-

pyl)pterin) would also react readily with NalO^ and NaBH^. While we do 
not have sufficient evidence at this time to establish a structure for 
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(X), it seems that both of the recently proposed structure are unlike-

ly. Furthur analysis of purified (X), (XI), and (X2) should resolve 

this problem. Given sufficient GTP cyclohydrolase, the nonenzymatic 

synthesis of (X) could be scaled up to produce large amounts of (X) for 

future structural studies. 



CHAPTER IV 

PURIFICATION AND BIOSYNTHESIS OF QUENCH SPOT, A "DROSOPTERIN 
PRECURSOR IN DROSOPHILA MELANOGASTER 

1. INTRODUCTION 

converIn a previous report we described the iji vitro enzymatic 

sion of the 3'-triphosphoester of 7,8-dihydro-6-(D-erythro-r,2', 3'-

six dipteridine-de-trihydroxypropyl)pterin (H2-neopterin-(P)2) to the 
rived red accessory eye pigments of Drosophila known collectively as 

the "drosopterins" (neodrosopterin, fraction e, aurodrosopterin I & II, 

wasdrosopterin, and isodrosopterin) (Dorsett^^., 1979). It con-

eluded that sepiapterin synthase, the enzymatic activity responsible 

(7,8-dihydro-6-for the conversion of H2-neopterin-(P)2 to sepiapterin 
lactoylpterin), consists of two enzymes. The first enzyme utilizes 

2+ 
se-Mg as a cofactor and produces a product that can be converted to 

piapterin by the second enzyme in the presence of NADPH. In the pre-

intermediatesence of either NADPH or NADH, the sepiapterin synthase 

can be converted to "drosopterins". The intermediate is nonphosphory-

Krivi & Brown,lated but it is not H2-neopterin (Dorsett ^ , 1979; 
1979; Tanaka et al., 1979). The separation of the proteins that carry 

out the two activities of sepiapterin synthase from Drosophila (Krivi & 

Brown, 1979) and chicken kidney (Tanaka ^ , 1979) has been report-

ed. to be aThe purple (£r) eye color mutant of Drosophila is thought 

lesion in the structural locus coding for the first enzyme component of 

sepiapterin synthase (Yirn^aJ^., 1977; Dorsett et ^., 1979). 

64 
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Quench spot (Q.S.) is an unidentitfied, pterin-like compound that 

Henna-recessive-3has been found and quantitated in wild-type, £r, and 

contains low(Hn^) flies (Wilson & Jacobson, 1977b). Purple, which 
levels of sepiapterin and "drosopterins", also haslowlevels of Q.S. 

Sepia contains very high amounts of sepiapterin but no Q.S. or "droso-

andpterins". Henna-recessive-3 has a high level of both sepiapterin 

Q.S. but no "drosopterins". These considerations led us to hypothesize 

that Q.S. is an intermediate in "drosopterin" biosynthesis. 

The results presented in this report support this hypothesis. 

Q.S. is apparently an intermediate in the conversion of the sepiapterin 

synthase intermediate to "drosopterins and is the source of only one 

pterin unit of the dipteridine-derived "drosopterins"; the other pterin 

pathway which isunit apparently arises from H2-neopterin-(P)2 by a 
distinct from the sepiapterin synthase pathway. 

2. MATERIALS AND METHODS 

bw 
cn mutantDrosophila melanogaster. Oregon-R wild-type and pr 

flies were reared at 25°C on medium prepared as described by Lewis 

(1960). Adult flies were collected daily so that all were one day old 

or less. After collection the flies were quickly frozen in liquid ni 

trogen; the heads were obtained as previously described (Wilson & 

Jacobson, 1977a). For long-term storage the heads were kept in vials 

under liquid nitrogen. 

dePteridine-free Extract (PFE). PFE was prepared as previously 

proteinscribed (Dorsett e^ ^., 1979) except that the redissolved was 

desalted by filtering through 20 mL of Sephadex G25 (medium) 
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(Pharmacia) using the centrifuge procedure of Neal & Florini (1973) in 

stead of chromatography on a Sephadex G25 column. The centrifuge pro 

cedure obviated the vacuum dialysis required if the extracts has been 

desalted by chromatography. 

Triton X-100 Extract (TE). Using a ground glass homogenizer 

(Kontes) 1.0 g of heads (Oregon-R or pr*^^cn) were homogenized in 5.0 ml 

of 50 mM Pipes (pH 7.0) containing 1% Triton X-100. The homogenate was 

subjected to centrifugation at 15,000£ for 10 min and the supernatant 

60 min. Thewas subjected to furthur centrifugation at 100,000^ for 

supernatant was removed carefully with a Pasteur pi pet so as not to 

disturb the lipid layer at the top of the tube, filtered through 

Sephadex G25 (medium) using the centrifuge procedure of Neal & Florini 

(1973), and then incubated with 2.5 ml of washed BioBeads (SM2) 

(BioRad) with gentle shaking at 0°C for 60 min to remove the Triton X-

% saturated100. The protein that precipitated between 40 and 60 

(NH^)2S0^ (4°C) was collected by centrifugation at 15,000^ for 30 min, 

redissolved in 0.5 ml of 50 niM Pipes (pH 7.0) that also contained 10 mM 

2-mercaptoethanol and 10% glycerol, and filtered through Sephadex G25 

(medium) using the centrifuge procedure. The extract was stored in 

vials under liquid nitrogen. The Q.S. synthesizing activity was stable 

for approximately a week under these conditions. 

H2-neopterin-(P)o. H2-neopterin-(P)^ was prepared from GTP 

(sodium salt. Sigma) as previously described (Dorsett ^ , 1979) us 

ing pure GTP cyclohydrolase I prepared form E^. coli (Yim & Brown, 

1976). [U-^^C]GTP (Amersham) or [8,5'-^H]GTP (New England Nuclear) 

were added to the GTP depending upon the experiment to produce 
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3 
respectively.[U-^^ClH^-neopterin-CP)^ and [3'-'"H]H2-neopterin-(P)2 

The specific activities used are described below. H2-neopterin-( P)2 

was treated with bacterial alkaline phosphatase as previously described 

(Dorsett et , 1979). 

[U-^^C]sepiapterin. An aliquot (117 uL) of 0.67 mM [U-^^C]H2-
neopterin-(P)2 (20.3 uCi/umol) was incubated with 157 uL H2O, 157 uL 

Oregon-R PFE, 39 uL 35 mM NADPH (Sigma, chemically reduced), 39 uL 0.2 

60 min in the darkM MgCl2, and 39 uL 0.7 M Pipes (pH 7.5) at 42°C for 
incubation atto produce sepiapterin. The reaction was stopped by 

100°C for 5 min and the resulting precipitate was removed by centrifu 

described below.gation. [U-^^C]sepiapterin was separated by HPLC as 

Fractions containing sepiapterin were pooled and evaporated to dryness 

was redissolvedat 40°C by a stream of dry nitrogen. The sepiapterin 

in 100 uL of H2O and stored at -20°C. 
and isoPterin, Isoxanthopterin, and 7,8-dihydropterin. Pterin 

Co. The method usedxanthopterin were purchased from Sigma Biochemical 

was modi-by Kaufman (1967) to reduce biopterin to 7,8-dihydrobiopterin 

fied to prepare 7,8-dihydropterin from pterin, Pterin (1.0 mg) was 

to bring it in-suspended in 400 uL H2O and 200 uL of 2 N KOH was added 
to solution. Zn dust (12 mg) was added and the mixture was incubated 

in the dark (with occasional stirring) for 15 min before incubating at 

55 
0 
C for 5 min. The pH was adjusted to 6 with 4 N HCl and the precipi-

tate was removed by centrifugation. K2HPO4 (1 M) was added slowly un-

til a precipitate formed. After incubating in an ice bath for 60 min. 

the precipitate was removed by centrifugation before testing the super-

2+ 
natant for the presence of Zn (Feigl & Oesper, 1954). When all of 
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2+
the Zn had been removed, the 7,8-dihydropterin was separated by HPLC. 

andFractions containing 7,8-dihydropterin were pooled the methanol was 

removed with a stream of dry nitrogen, The ultraviolet absorption 

to confirmspectrum at pH 13 (Blakeley, 1969, p.66) was determined 

identity and calculate concentration. 

Purification of Quench Spot. Using a Virtis homogenizer, 15 g of 

and 1% 2-Oregon-R heads were homogenized in 75 ml of 50% isopropanol 

the dark at roommercaptoethanol in water for 5 min at half speed in 

temperature. The supernatant obtained after centrifugation at 15,000£ 

75 ml of solventfor 5 min was saved and the pellet rehomogenized in 

before centrifugation. The final pellet was discarded and the pooled 

supernatants were concentrated by rotary evaporation {45°C) to remove 

the isopropanol, The sample was loaded onto a carboxymethyl-cellulose 

column (Whatman CM 23, 8.5 x 13 cm, precycled as described by the manu 

and then 4 L offacturer, washed with 3 L of 0.5 M ammonium formate 

distilled use), Elution was carried out in the darkwater prior to 

with water at a flow rate of 4 mL/min while collecting 20 ml fractions. 

of the fractions revealedThe profile obtained by measuring the 

three major, poorly resolved peaks with the third containing Q.S. [as 

identified by the ultraviolet spectrum and thin-layer chromatography 

(Wilson & Jacobson, 1977a)]. This peak (fractions 36-50) was pooled 

volume of 3 ml. Theand concentrated (rotary evaporation at 60°C) to a 

columnsample was applied to a second carboxymethyl-cellulose 

(Whatman CM 32, 2.5 x 75 cm, precycled as described by the manufactur-

er, washed with 1 L of 0.5 M ammonium formate and 2 L of distilled H2O 

prior to use). Q.S. was eluted in the dark at 4°C with a 660 ml linear 
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gradient (0-50 niM ammonium formate) while collecting 10 niL fractions 

(Figure 20). Q.S. was identified by the ultraviolet absorption spec 

trum and the fractions containing Q.S. (74-80) were pooled and lyophil-

ized to dryness. Upon lyophilization an orange substance was formed. 

The lyophilization flask was washed 20 times with 50 uL aliquots of 

water which were pooled. The orange substance was dissolved in the 

water while much of the Q.S. remained insoluble. Q.S. was recovered by 

centrifugation, washed with 50 uL 95% ethanol and 50 uL diethyl ether 

prior to drying in a vacuum dessicator. The yield was 0.3 mg of Q.S. 

Q.S. was estimated by HPLC to contribute greater than 95% of the sam-

pie's absorption at 260 nm. The spectrum of the purified sample in wa-

ter in shown in Figure 21. 

wasSepiapterin, "Drosopterin", and Q.S. Carrier. Sepiapterin 

purified from sepia mutant heads as previously described (Dorsett ^ 

al., 1979). "Drosopterin" and Q.S. carrier was prepared by homogeniz 

of 30% ethanoling (ground glass) 0.2 g of Oregon-R heads in 1.0 ml 

made pH 2 with concentrated HCl. The homogenate was clarified by cen-

0 

trifugation and stored at -20 C. 

TheAssay of Q.S., Sepiapterin, and "Drosopterin" Biosynthesis. 

in Tablesexact conditions of the assays whose results are presented 

described below wasand Figures are given in the legends. The protocol 

used for all assays. Q.S., sepiapterin, and "drosopterin" biosynthesis 

were determined in a total reaction volume of 70 uL with the following 

components: Drosophila extract (PFE and/or TE), 50 mM Pipes (pH 7.5) 

(except in the determination of the optimum pH for Q.S. synthesis), 

cofactors or[U-^^C] and/or [3'-^H]H2-neopterin-(P)2, and various 
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present, waspteridines depending upon the experiment. MgCl2, when 
used at a concentration of 14.3 mM; NADPH or NADH (Sigma, chemically 

reduced) at a concentration of 2.5 mM. The reactions were carried out 

in the dark at 42°C for various times up to 60 min before stopping by 

heating at 100°C for 5 min. Any precipitate was removed by centrifuga 

tion (Brinkmann Eppendorf Centrifuge 3200) and 15 uL of carrier (prep 

aration described above, supplemented with sepiapterin when necessary) 

was added before subjecting 40 uL of the solution to two-dimensional 

cellulose thin-layer chromatography as previously described (Wilson & 

in theJacobson, 1977a), except the ammonium acetate concentration 

first sovent was increased to 2 g per 100 ml. Q.S. was visualized by 

immersing the thin-layer plates in liquid nitrogen and viewing with a 

and individlong wavelength ultraviolet lamp. The Q.S., sepiapterin, 

vials containual "drosopterin" spots were scraped into scintillation 

was determined ining 1.5 ml of water, and the amount of radioactivity 

a scintillation counter after adding 15 ml of 0.28% 2,5-bis-2-[5-tert-

X-100 in toluene.butylbenzoxalzoly1]thiophene (Packard) and 33% Triton 

Kodak RP x-ray film was used for autoradiography of the thin-layer 

chromatograms. 

High Performance Liquid Chromatography (HPLC). A Waters Liquid 

Chromatograph with a 3.6 x 30 cm uBondapak Cl8 column was used to pur 

ify [U-^^C]sepiapterin and 7,8-dihydropterin and also to check the pur 

of 35°C and aity of Q.S. The column was operated at a temperature 

was with 5% methaflow rate of 2 mL/min. Elution of 7,8-dihydropterin 

nol in water; sepiapterin was eluted with 20% methanol; Q.S. was eluted 

with 20% methanol containing 10 mM ammonium phosphate (pH 8.0). The 
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were detectedultraviolet absorption and fluorescence of the pteridines 

with a Schoeffel SF 770 UV monitor at 260 nm and a Schoeffel FS 970 

fluorescence monitor (excitation at 360 nm. Corning 7-54 excitation 

filter, 418 nm cutoff emission filter) set to appropiate sensitivities. 

3. RESULTS 

Quench Spot Biosynthesis, If Q.S. is an intermediate in "droso-

pterin" biosynthesis, then we would expect that H2-neopterin-(P) 2 could 
be used as a substrate for Q.S. biosynthesis mediated by Drosophila 

enzymes. While such enzymatic activity was found in the pteridine-

free extracts (PFE) used earlier for in vitro "drosopterin" biosynthe 

sis, the amount of labeled Q.S. found was small and insufficient to 

Greater activitest the conditions that affect the synthesis of Q.S. 

ty could be acheived in the Triton X-100 extract (TE). Using this ex-

ract it was found that label from [U-
14 

C] but not [3'-^H]H2-neopterin-

{P)^ was incorporated into Q.S. [Table 11(b)]. Treatment of H2-neo-

prevented thepterin-(P)2 with phosphatase prior to use as a substrate 
synthesis of Q.S. The correspondence of the radioactive spot to the. 

visible Q.S. on the thin-layer plates was demonstrated by autoradio 

graphy. Under the reaction conditions used in Table II, the synthesis 

min lessof Q.S. ceased by 60 min so reactions were conducted for 30 or 

when it was necessary to quantitate the enzyme, The synthetic activi-

ty has a pH optimum of approximately 7.3 (Figure 22). 

EarlierCertain cofactors affect the rate of Q.S. accumulation. 

2+ 
andwe had shown that "drosopterin" biosynthesis was dependent on Mg 

2+ 
NADPH. We found that Mg also stimulates the synthesis of Q.S. from 
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Figure 22. Effect of pH on quench spot biosynthesis. 0, potassium 
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0.142reaction contained 40 uL Oregon-R TE, 14.3 mM MgCl2, 
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niM. The reactions were carried out for 30 min at 42 C. 
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amount of Q.S.H2-neopterin-(P)2 whereas NADPH or NADH decreased the 
recovered from a reaction (Table III). The decreased accumulation of 

Q.S. in the presence of NADPH or NADH is consistent with the hypothe 

accumulasis that Q.S. is a "drosopterin" precursor as "drosopterin" 

tion increases in the presence of these cofactors. 

The biosynthesis of sepiapterin and "drosopterins" requires the 

2+ 
(X) by the Mg -deconversion of H2-neopterin-(P)2 to an intermediate 

pendent enzyme of sepiapterin synthase (Dorsett et al^., 1979). The 
2+ 

Mg requirement for Q.S. biosynthesis then is consistent with the hy 

pothesis that (X) is either a precursor or product of Q.S. As the 

pr^^^n mutant (1) has decreased Q.S., sepiapterin, and "drosopterin" 

levels in vivo , (2) contains only 20% of the sepiapterin synthase 

activity compared to wild-type and (3) probably contains a lesion in 

the structural locus for the first enzyme of sepiapterin synthase 

(Wilson & Jacobson, 1977b; Yim ^ ̂  1977; Dorsett et al., 1979), we• » 

bw 
compared the Q.S. biosynthetic activity present in pr'^'^cn and Oregon-R 

TE. The pr^\n extracts contained only 28% of the Q.S. biosynthetic 

activity found in Oregon-R extracts [Table 11(a)]. 

Whether Q.S. preceeds or is derived from (X) can be considered by 

examining the disposition of the hydrogens on the 3' carbon of H^-neo-
incor-pterin-(P)2. In previous studies we found that sepiapterin 

al. , 1977; Dorsettporates label from [3'- H]H2-neopterin-(P)2 (Yim et 
et al., 1979). Since no ^H was incorporated into Q.S. [Table 11(b)], 

it seems unlikely that Q.S. could function as a sepiapterin precursor. 

This observation and the result that pr^'^cn extracts are low in Q.S. 

synthetic activity are consistent with the hypothesis that (X) is a 
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precursor of Q.S, Recently we have developed an HPLC assay for (X) 

TE and PFE(Dorsett ^ , 1980) and have shown directly that pr^\n 
contain only 20% of the (X) synthetic activity found in the respective 

Oregon-R extracts (unpublished results). 

"Drosopterin" Biosynthesis in the Presence of Quench Spot. While 

compound (X), the sepiapterin synthase intermediate, appears to be a 

precursor to Q.S. and to "drosopterins" (Dorsett ^ , 1979), it re 

mains to be demonstrated that Q.S. is a "drosopterin" precursor. Since 

Q.S. is made in small amounts and is somewhat labile during thin-layer 

chromatography and extraction, it was not possible to isolate large 

enough amounts of [^^C]Q.S. to test if the label could be incorporated 

the heads ofinto the "drosopterins". As Q.S. can be purified from 

flies, the problem could be approached by asking whether unlabeled Q.S. 

causeadded to a reaction synthesizing "drosopterins" could a decrease 

in the label incorporated into the "drosopterins" from [U-^^C]H2-neo-
Q.S. did not diminpterin-(P)2. Much to our surprise, the addition of 

ish but stimulated the incorporation of label into all the "drosopter 

ins" (Figure 23). This can be interpreted to mean that Q.S. is a "dro 

we assume thatsopterin" precursor. To arrive at this interpretation 

and that anothQ.S. is the limiting component in the in vitro reaction 

er precursor (or precursors), arising via another pathway from H2-neo-
The additionpterin-(P)2 is also required for "drosopterin" synthesis. 

of Q.S., therefore, would allow greater incorporation of the putative 

that a contamiprecursor(s) into the "drosopterins". The possibility 

nant in the Q.S. preparation caused the stimulation in "drosopterin" 

biosynthesis was tested by comparing the ability of Q.S. preparations 
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Figure 23. Effect of quench spot on the rate of "drosopterin" biosyn 
thesis. Each reaction contained 15 uL Oregon-R PEE, 14.3 
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were[U-l^C]H2-neopterin-(P)3 (20.3 uCi/uniol). Reactions 
carried out for 3 min at 42°C. The values are the sum of 

the incorporation into the individual "drosopterins". 
wereReactions containing heat-inactivated Oregon-R PEE 

used to determine the values for background correction. 
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of "droso-at various stages of purification to cause the stimulation 

pterin" synthesis. The amount of stimulation remained proportional to 

the amount of Q.S. present (as estimated by the absorbance at 384 nm). 

in "droso-The possibility that Q.S. may be acting as a cofactor 

pterin" synthesis is an alternative hypothesis that may be considered. 

This seems unlikely as (1) Q.S. occurs in relatively large amounts in 

various eye color mutants (Wilson & Jacobson, 1977b) and (2) the se-

been demonpiapterin synthase intermediate (X), which has previously 

strated to be a "drosopterin" precursor (Dorsett et , 1979), is also 

a precursor of Q.S. 

We have demonstrated that pr^'^cn flies have a lesion in the struc-

2+ 
tural locus for the Mg -dependent, first enzyme of sepiapterin syn 

thase which produces (X), the sepiapterin synthase intermediate (Yim ^ 

al., 1977; Dorsett ^ al_., 1979). The evidence shows that Q.S. is an 

intermediate in the conversion of (X) to "drosopterins". If this hy 

pothesis is correct, then addition of Q.S. to pr^\n extracts should 

overcome the metabolic block in these extracts for the synthesis of 

of label from"drosopterins" and therefore allow greater incorporation 

precursor) into[U-^^C]H2-neopterin-(P)2 (via the other "drosopterin" 
the "drosopterins". Indeed, Q.S. did stimulate (to nearly the same 

of labeldegree as reactions utilizing Oregon-R PFE) the incorporation 

cnby £rfrom [U-^^C]H2-neopterin-(P)2 into "drosopterins" mediated 
bw 

PFE. This may also indicate that the additional "drosopterin" precur 

sor does not arise from the sepiapterin synthase intermediate as (X) 

is synthesized in low amounts by the pr^'^cn extracts. 
cause aSince the hypothesis predicts that Q.S. should not 
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14 

decrease of incorporation of label from [U- C]H2-neopterin-(P)2 into 

50% decrease in thesepiapterin, we were surprised to see as much as a 

amount of labeled sepiapterin recovered upon the addition of Q.S. to a 

was shown notreaction. This decrease in labeled sepiapterin, however, 

to be due to isotope dilution by the following experiment. [U-^^C]se-

piapterin was added to in vitro sepiapterin and "drosopterin" synthe 

as substrate. Evensizing reactions using unlabeled H^-neopterin-lP)^ 
in the absence of enzyme the addition of Q.S. resulted in a substantial 

a reaction wasloss of radiolabeled sepiapterin; this indicates that 

occuring between sepiapterin and Q.S. (Table IV). The "missing" label 

was not found in the "drosopterins" but in an unidentified spot on the 

thin-layer chromatogram (detected by autoradiography) which had previ 

ously been described as a possible degradation product of sepiapterin 

(spot G, Wilson & Jacobson, 1977a). The reaction between Q.S. and se 

piapterin was not furthur characterized, but these results point to a 

possible pitfall in the interpretation of even positive isotope dilu 

be measured.tion results when actual specific activities cannot 

or isoTo test the possibility that pterin, 7,8-dihydropterin, 

xanthopterin might be "drosopterin" precursors, isotope dilution exper 

stimulated reactionsiments with these compounds were performed in Q.S. 

in the amountusing [U-^^C]H2-neopterin-(P)2 as substrate. No change 
of recovered in the "drosopterins" occured in the presence of any 

used at a concenof these compounds (pterin and 7,8-dihydropterin were 

of 0.26tration of 0.4 mM; isoxanthopterin was used at a concentration 

niM). 

Some aspects of jji vitro "drosopterin synthesis in the presence 
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2+ 
of Q.S. should be mentioned. Mg and NADPH are both still required 

for "drosopterin" synthesis in the presence of Q.S. (data not shown). 

Under the assay conditions used, total "drosopterin" synthesis appeared 

to level off at 9 to 12 min but this is not true for individual "droso-

reaches apterins". Incorporation into drosopterin and isodrosopterin 

into neo-maximum and then decreases after 12 min while incorporation 

condrosopterin, fraction e (assayed together) and aurodrosopterins 

that drosotinue to increase (Figure 24). This raises the possibility 

the other four "dro-pterin and isodrosopterin may be the precursors of 

sopterins" in contrast to our previous suggestion that neodrosopterin 

is a precursor of drosopterin and isodrosopterin (Dorsett et al., 

1979). The synthesis of "drosopterins" is also linearly dependent upon 

Saturation wasH2-neopterin-(P)2 concentration when Q.S. is present. 
of 0.4 mM. The re-not acheived with a H2-neopterin-(P)2 concentration 

action rate is also dependent upon the concentration of enzyme and Q.S. 

While the molar concentration of Q.S. could not be calculated, addi 

of 3.1 at 384 nmtion of 25 uL of a Q.S. solution with an absorbance 

did not acheive saturation. Furthur investigation with this system 

of "drocould possibly answer questions regarding the interconversion 

sopterins" as well as identify other "drosopterin" precursors. 

4. DISCUSSION 

is illustratedThe proposed pathway for "drosopterin" biosynthesis 

in Figure 25. Q.S. stimulates the incorporation of label from [U-^^C]-

that it is aH2-neopterin-(P)2 into all six "drosopterins" indicating 
common precursor. The amounts of Q.S. present in the eye color mutants 
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Figure 24. Time course of "drosopterin" biosynthesis in the presence 
of quench spot. 0, sum of incorporation into all "droso-

fracpterins; I, sum of incorporation into neodrosopterin, 
intotion e, and aurodrosopterins; A, sum of incorporation 

15drosopterin and isodrosopterin. Each reaction contained 
uL Oregon-R PFE, 14.3 mM MgClo, 2.5 mM NADPH, 50 niM Pipes 
(pFI 7.5), 0.142 mM [U-^4c]H2-neopterin-(P)3 (20.3 
uCi/umol), and 25 uL of quench spot solution (^84’ 3.1). 

used toReactions using heat-inactivated Oregon-R PFE were 
determine values for background correction. 



85 

TOTAL "DROSOPTERINS 
18 r O O 

16 -

14 -

DROSOPTERIN & ISODROSOPTERIN 

-~12 
CM 

O 

X 

i-io 
o 

>-

8 
o 

o 

Q 

< 
Q£ 

6 

-

-

-

-

A 

NEODROSOPTERIN, FRACTION 
AURODROSOPTERINS 

E & 
. 

A 

4 -

2 -

TIME 

10 

(min) 

20 

Figure 24. 



86 

HO OH 0 H 
N N 

HN NADPH HN -C-CH,C-C-CH2-0-(P)3 Mg 
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DROSOPTERIN AND ISOOROSOPTERIN 

Figure 25. Postulated reaction sequence for sepiapterin, quench spot, 
and "drosopterin" biosynthesis. 
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r3 
pr, se, and Hn are consistent with the proposed scheme; possible 

steps at which the latter two mutants are defective are indicated in 

r3 
Figure 25. The level of Q.S. is elevated in Hn but low in pr and s£. 

r3 
and theThe sepiapterin level is low in p£ but high in se^ and Hji 

"drosopterins" are low in all three mutants. The evidence that pr is 

a lesion in the structural locus for the first step of sepiapterin syn 

thase has been discussed elsewhere (Yim e^ , 1977; Dorsett et al., 

r3
1979). The nature of the defects in Hii and se are uknown, but the 

effect is to block interconversion of the pteridines in vivo in a man-

It should bener consistent with the proposed biosynthetic scheme, 

possible to devise assays for the enzymatic steps which are proposed to 

be defective in these mutants. 

It is known that under the proper conditions, 7,8-dihydropterin 

will react with a-keto-3-hydroxybutyric acid to form drosopterin and 

isodrosopterin. Indeed it has been proposed that this is how "droso 

Thepterins" are synthesized in Drosophila (Masada, e_t aj_., 1979). 

failure that we observed of 7,8-dihydropt6rin to cause isotope dilution 

in the enzymatically catalyzed "drosopterin synthesis makes this mech-

anism seem unlikely, It is also difficult to explain the role of Q.S. 

in "drosopterin synthesis with this mechanism. Additionally, the ex 

tracts used in the experiments designed to measure "drosopterin" syn 

thesis have been through ammonium sulfate precipitation and Sephadex 

G25 chromatography, and would not be expected to contain very much if 

any cx-keto-3-hydroxybutyric acid, Since the nonenzymatic reaction is 

known to produce only drosopterin and isodrosopterin, the origin of the 

other four species would require additional explanation. 
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and hasThe rosy (ry) mutant has low levels of "drosopterins" 

been shown to be a lesion in the structural locus for xanthine dehy 

to isoxantho-drogenase, which catalyzes the the conversion of pterin 

pterin (Grell, 1962). Although ry flies contain low amounts of "droso 

is not a "droso-pterins", our evidence indicates that isoxanthopterin 

pterin precursor as the presence of either pterin or isoxanthopterin 

has no measurable effect on the in vitro synthesis of "drosopterins". 

who had found thatThis agrees with the conclusions of Schwinck (1975) 

implantation of ry pupae or adults with phenylalanine crystals stimu 

lated the production of "drosopterins to near normal levels without 

We have found that the addition ofaffecting isoxanthopterin levels, 

phenylalanine to the reaction mixture had no effect on "drosopterin 

synthesis in vitro (unpublished observations). Perhaps xanthine dehy-

drogenase and phenylalanine regulate "drosopterin synthesis in an in-

direct fashion in vivo. 

We are currently investigating the structure of Q.S. by chemical 

and mass spectral analysis, While this is still in progress, it seems 

clear that Q.S. has nine carbon atoms as detected by high resolution 

mass spectral analysis (Dorsett, Jacobson, Sethi, & McCloskey, unpub-

1ished observations). This indicates that Q.S. retains the three car-

As drosopterin contains fifteenbon side chain from H2-neopterin-(P)2. 
carbon atoms, the other "drosopterin" precursor need only contain six 

carbon atoms. This suggests that the other "drosopterin" precursor 

does not need to retain the side chain from H2-neopterin-(P)2. This 

and iso-was the reason for considering pterin, 7,8-dihydropterin, 

On the basis of thexanthopterin as possible "drosopterin" precursors. 
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isotope dilution experiments it seems unlikely that they are precur 

sors, so it may be that either the precursor retains at least a portion 

of the side chain or that it is not a pterin, An enzymatic activity 

the threehas been found to occur in Drosophila heads which removes 

The prod-carbon side chain from H2-neopterin-(P)2 (Yim ^ , 1978). 
uct of this reaction was isolated by chromatography; by chromatographic 

and spectral characteristics it was different from pterin, 7,8-dihydro-

6-carboxalde-pterin, isoxanthopterin, xanthopterin, 6-carboxypterin, 

hydepterin, 6-hydroxymethyl pterin and 6-methyl pterin (Yim et al., 

1980). The possibility remains then, that this compound is not a pter-

in, but is modified in some fashion, We demonstrated that the side 

chain release activity is present in significant amounts in the fly 

remains to beextracts used to assy "drosopterin" biosynthesis. It 

is a "drososeen whether the product of side chain release activity 

pterin" precursor. 



CHAPTER V 

CHEMICAL AND MASS SPECTRAL 

ANALYSIS OF QUENCH SPOT 

I. INTRODUCTION 

that the enIn previous investigations we have provided evidence 

zymatic conversion of the 3'-triphosphoester of 7,8-dihydro-6-(^-ery-

to 7,8-dihy-thro-T ,2',3'-trihydroxypropy1)pterin (H2-neopterin-(P)2) 
interdro-6-lactoyIpterin (sepiapterin) occurs via a nonphosphorylated 

mediate (X) which also serves as a precursor of the six red eye pig 

ments of Drosophila melanogaster known collectively as the "drosopter-

ins (neodrosopterin, fraction e, aurodrosopterin I & II, drosopterin, 

and isodrosopterin) (Dorsett^^., 1979). Furthur investigations 

have revealed that quench spot (Q.S.), a pterin-like compound found in 

is an intermedi-the heads of Drosophila (Wilson & Jacobson, 1977a,b), 

IV). The otherate in the conversion of (X) to "drosopterins" (Chapter 

pathway.pterin unit arises from H2-neopterin-(P)2 via an unidentified 
The postulated biosynthetic scheme is shown in Figure 25 (p. 86). 

In this report we present the results of chemical and mass spec 

Q.S. Two alter-tral analysis designed to determine the structure of 

native structures are also presented and discussed in light of the ob 

servations presented here. 

90 
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2. MATERIALS AND METHODS 

strain ofQ.S. was purified from the heads of Oregon-R (wild-type 

Drosophila melanogaster) as previously described (Chapter IV, p. 68). 

Determination of Q.S. pKa Values. Aliquots (20 uL) of aqueous 

Q.S. solution (A = 3.4) were added to 300 uL aliquots of HCl or NaOH^384 

solutions ranging in pH from 1 to 13 and the absorption at 405 nm (the 

greatest change in absorption with pH occurs at this wavelength) was 

diddetermined. It was assumed that the addition of the Q.S. solution 

not significantly alter the pH. 

After treatmentHigh Performance Liquid Chromatography (HPLC). 

meawith various reagents (described below) Q.S. was quantitatively 

with asured by an HPLC separation using a Waters Liquid Chromatograph 

DuPont Zorbax C8 column (4 mm x 25 cm). The column was operated at 

35°C and elution of Q.S. was accomplished with 15% methanol (Burdick 

and Jackson, Inc.) containing 10 mM ammonium phosphate (pH 7.4) at a 

detected with aflow rate of 2 mL/min. Q.S. and various products were 

Schoeffel SF 770 ultraviolet monitor (260 nm, 0.2 aufs with a 1 mV re 

at 360 nmcorder). A Schoeffel FS 970 fluorescence monitor (excitation 

emission filter,with a Corning 7-54 excitation filter, 418 nm cutoff 

was also used tosensitivity = 6.8, 0.2 uA scale with a 1 mV recorder) 

detect any fluorescent products. 

Q.S. withTreatment of Q.S. with Alkaline KMn0;|. Oxidation of 
of aqueous Q.S.KMnO^ was performed by incubation of a 10 uL aliquot 

solution (A
-384 = 3.1) with 2 uL of 0.1 M KMnO^ and 2 uL of 0.1 N NaOH 

at the dark.in capped polypropylene tubes for 60 min 42°C in The 
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a 1% ascorbate soluexcess Kf-InO^ was reduced to Mn02 by titration with 
was removed bytion until the color of KMnO^ disappeared. The Mn02 

centrifugation (Brinkmann Eppendorf Centrifuge 3200) and the superna 

tant was analyzed by HPLC. In the reagent control, 2 uL of H2O re 

to 6-carboxy-placed the KMnO^ solution. The oxidation of sepiapterin 
pterin was performed as a positive control. Treatment of sepiapterin 

described below.was also used as a positive control for the reactions 

Q.S. solutionOxidation of Q.S. with NalO^. Aliquots ( 10 uL) of 
and 4 uL(A

'-384 =3.1) were incubated with 10 uL H2O, 1 uL 0.01 N HCl, 
temperature in the0.1 M NalO^ for various times up to 30 min at room 

dark before analysis by HPLC. Water replaced the NalO^ solution in the 

reagent control. 

AReaction of Q.S. with 2,4-dinitrophenylhydrazine (2,4-DNPH). 

saturated solution of 2,4-DNPH was made in concentrated H.,S0. and then2-U4 

The excess15 uL were diluted with 20 uL H2O and 70 uL 95% ethanol. 
2,4-DNPH was removed by centrifugation to give rise to the working 

solution. An aliquot (20 uL) of Q.S. solution (A = 3.1) was incu-
-384 

bated with 2 uL 2 N KOH (to keep the pH above 2 when the 2,4-DNPH solu 

42°C for 20 min intion is added) and 2 uL of the 2,4-DNPH solution at 

the dark. The precipitate was removed by centrifugation and the super-

natant was analyzed by HPLC. The 2,4-DNPH solvent replaced the solu-

tion as a reagent control. 

An aliquot (10 uL) of Q.S. solutionReduction of Q.S. with NaBH^. 

(A'^384 =3.1) was incubated with 1 uL of NaBH^ solution (0.1 M NaBH^ in 

0.1 N NaOH) for various times up to 15 min at room temperature in the 

dark prior to analysis by HPLC. NaOH solution (0.1 N) replaced the 
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NaBH^ solution as a reagent control. 
Oxidation of Q.S. with Iodine. Oxidation of Q.S. with iodine was 

performed by incubation of 10 uL aliquots of Q.S. solution (A. = 3.1)384 

acetate (pHwith 2 uL of either H^O, 0.01 N HCl, or 10 mM potassium 
for up to 30 min at5.0), and 2 uL of iodine solution (1% I2 in 2% KI) 

room temperature in the dark. The reactions were stopped by titration 

with a ]7o ascorbate solution until the color of iodine was no longer 

present before analysis by HPLC. A reagent control was obtained by re 

Treatment of the iodine oxida-placing the iodine solution with H2O. 
as describedtion products with 2,4-DNPH, NaBH^, or NalO^ was performed 

ascorbate.for Q.S. after titration of the excess iodine with 

Mass Spectra, High resolution (70 eV, thermal vaporization), iso-

butane chemical ionization, and field desorption mass spectra of Q.S. 

of the Univerwere obtained by Dr. S.K. Sethi and Dr. J.A. McCloskey 

sity of Utah with samples of Q.S. provided by the author. 

3. RESULTS 

is shown inThe ultraviolet absorption spectrum of Q.S. in H2O 
To determineFigure 21 (p. 71). Q.S. is nonfluorescent in solution. 

the pKa values of Q.S., the change in absorption at 405 nm with pH was 

as 2.7 and 10.7.examined (Figure 26); the pKa values were approximated 

and therefore theBelow pH 2 Q.S. is rapidly degraded (irreversibly) 

absorption measurements made below this pH are inaccurate. The absorp 

tion decreases as Q.S. is degraded, so the estimated pKa may actually 

be greater than 2.7. 

There is evidence that Q.S. can exist in more than one form. 
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During the purification of Q.S. it was found that if solutions of Q.S. 

with a stream ofwere dried by lyophilization, rotary evaporation, or 

dry nitrogen, an orange colored compound was formed. This compound was 

found to be more soluble in water than Q.S., yielding an orange solu 

tion. When the solution was diluted to obtain the ultraviolet absorp 

tion spectrum, the orange color disappeared and the ultraviolet spec 

trum indicated that only Q.S. was present. As Q.S. can be regenerated 

from the orange compound, it is apparently not an oxidation product. 

we suspectedAs H^-neopterin-CP)^ and (X) are precursors of Q.S., 
that the side chain of these compounds might be retained in Q.S. and 

with alkalinetherefore examined the sensitivity of Q.S. to oxidation 

(whichKMnO^. Q.S. was lost after oxidation, but no 6-carboxypterin 
was the product of the oxidation of sepiapterin and the expected 

product from all 6-alkylpterins) was produced. No fluorescent products 

The reaor A2gg-absorbing products were seen in the HPLC analysis. 
peakgents used for the oxidation appear as a large A^gg-absorbing 

non-early in the chromatogram; it is possible that an early-eluting 

fluorescent product may have been produced but was obscured by the 

reagent peak. 

that itWhile the oxidation of Q.S. with alkaline KMnO^ indicated 
the lack ofmay have retained the side chain from H2-neopterin-(P)2, 

the side chain ofthe expected product made other tests necessary. As 

the oxidation ofH2-neopterin-(P)2 contains periodate-sensitive groups, 

Q.S. with NalO^ was attempted. Q.S. was readily oxidized by NalO^ (as 
but nowas sepiapterin in which case the product was 6-carboxypterin) 

by HPLC (again, anfluorescent or A2gg-absorbing products were detected 
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A -absorbing product might be obscured by the reagent peak).
-260 

To determine if the periodate-sensitive group contained a carbonyl 

group, the ability of Q.S. to react with 2,4-DNPH and tested.MaBH^ was 

Q.S. formed a red precipitate upon reaction with 2,4-DNPH (as did se-

piapterin) and like sepiapterin was quickly reduced by NaBH^ (3 min), 
A nonfluorescent, A -absorbing product was detected by HPLC after-260 

This product, which has a retention time half thatNaBH^ reduction. of 

Q.S., was sensitive to oxidation with both iodine and NalO^. 
have been deRecently, oxidation of reduced pterins with iodine 

iodine to oxidizescribed (Fukushima & Nixon, 1979), so the ability of 

Q.S. was tested, Under the conditions used, Q.S. was oxidized in 30 

min to form two nonfluorescent products which were detected by HPLC. 

These products had retention times of about 30% the Q.S. retention time 

on the column. While the earlier-eluting product was predominant by 

A
-260 absorption, the amount of the other product could be increased (at 

the expense of the earlier-eluting product) by increasing the pH at 

which the oxidation was performed, The presence of acetate buffer in-

A time course of the oxida-hibited the production of both products, 

tion reaction revealed that the two products are independent (i-^., one 

is not a precursor of the other, As oxidation of pterins with iodine 

should produce fluorescent products (as did the oxidation of sepiapter 

in) by increasing the aromaticity of the pyrazine ring, these products 

are anomalous. andAlso, neither reacted with either 2,4-DNPH or NaBH^ 

only the earlier-eluting product could be oxidized with NalO^. 

A 70 eV mass spectrum of Q.S. is shown in Figure 27. The composi-

tion of each fragment was determined by a high resolution mass spectrum 
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isobu(Table V). The m/z=221 fragment is the molecular ion, as in an 

moleculetane chemical ionization spectrum the expected protonated 

observed, The{m/z=222) and adduct ions (M+39, M+41, and M+43) were 

field desorption mass spectrum demonstrated fragments at m/z=221 and 

did notm/z=222, which provides evidence that thermal vaporization 

cause decomposition of a larger molecule to produce m/z=221. 

4. DISCUSSION 

Several lines of evidence indicate that Q.S. is a pterin: (1) 

absorptionneopterin-(P)2 is its precursor, (2) it has an ultraviolet 
spectrum and pKa values similar to pterins (Blakeley, 1969, pp. 62, 66-

71), and (3) the molecular ion in the mass spectrum has a composition 

carbon (including(C9H11N5O2) indicating that it has retained all the 

the side chain carbons) and nitrogen atoms from H2-neopterin-(P) 2. 

lack of aro-The absence of fluorescence from Q.S. indicates the 

matic character in the pyrazine ring, While tetrahydropterins would be 

nonfluorescent, they are usually unstable and very easily oxidized. 

When pure, Q.S. has been stored for up to six months in aqueous solu 

tions (at -20°C) without significant degradation, A very small amount 

of a product (detected by HPLC and identified by elution position and 

oxidation, waschemical properties), that is also produced by iodine 

found in the stored solutions. The iodine oxidation of Q.S. is not 

rapid and the tv;o products formed are anomalous in that they are not 

fluorescent (which would be expected form an oxidized pyrazine ring). 

Iodine oxidations of pterins have been examined only recently and 

anomalous products have been seen (Fukushima & Nixon, 1979). The 
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from HighTABLE V: Composition of Quench Spot Mass Spectrum Fragments 

Resolution Mass Spectral Analysis. 

Found mass Calculated mass Ion composition 

221.0897 221.0913 C9H11N5O2 

206.0687 206.0678 

193.0966 193.0964 CgHiiNsO 

178.0717 178.0729 C7H8N5O 

161.04B2 161.0463 C7H5N4O 

1B2.0578 1B2.0B72 C5H6N5O 
1B1.0B42 1B1.0494 

136.0B08 136.0B11 ^6^6^30 
13B.0671 13B.0671 C6H7N4 

133.0B09 133.0514 C6Hb'4 

108.0B37 108.0B62 Cb^6'3 

43.0160 43.0180 C2H3O 
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reaction mechanism is unknown, but an opening of the pyrazine ring is 

communication).being considered as a possibility (J. Nixon, personal 

and theThe absence of fluorescence, the stability of Q.S., 

not yield 6-observation that alkaline KMnO^ oxidation of Q.S. does 
carboxypterin as a product lead to the hypothesis that the pyrazine ring 

to C6. Knowingof Q.S. is substituted at another position in addition 

and that Q.S.that Q.S. retains the side chain from H2-neopterin-(P)2, 
that the side chainis a precursor of "drosopterins", it was postulated 

forms a four-membered ring that includes N5 and C6 of the pyrazine ring 

and two side chain carbons (Cl' and C2') (Figure 28). The ring 

structure is similar to the five membered ring present in drosopterin 

N5 and C6 of theand isodrosopterin (Figure 25, page 86) in that both 

to N5.pterin unit are substituted and there is a methyl group 

side chain isWhile the mass spectrum revealed that a three carbon 

atom is presentpresent in Q.S., it indicated that only a single oxygen 

in this side chain. Assuming this to be true there are two 

sensitivitypossibilities that are consistent with both the periodate 

of Q.S. and its reactivity with the carbonyl reagents (2,4-DNPH and 

If Q.S. has structure I shown in Figure 28, the mass spectrumNaBH^). 
could be explained by ring contraction with subsequent loss of CH^CO 

(Figure 29) [this mechanism is common in alicyclic epoxides (Porter & 

Baidas, 1971 )]. Epoxides are sensitive to periodate under acidic 

and 2,4-DNPH.conditions and could be expected to react with NaBH^ 
between aThe second possibility is to postulate an equilibrium 

hydrated form (structure II) and a ketone (structure III) in solution. 

formation of anThis may provide an explanation for the reversible 
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orange compound when Q.S. solutions are dried, The mass spectrum, al-

could be exthough more consistent with the epoxide structure (I), 

plained by assuming that the dehydrated form (III) is generated during 

Thethermal vaporization and this form then generates the spectrum, 

would therefore behydrated form (II) has vicinal hydroxyl groups and 

The ketone form (III) would reactsensitive to oxidation with NalO^. 
go to complewith both NaBH^ and 2,4-DNPH, and these reactions could 

its reaction withtion by continuous removal of the carbonyl form by 

these reagents. 

theThe proposed structures for Q.S. raise a question about 

mechanism of synthesis that was not considered when the biosynthesis of 

Q.S. was under investigation. The precursor of Q.S. is the sepiapterin 

oxidation levelsynthase intermediate (X) which is either at the same 

& Brown, 1979)as H2-neopterin-(P)2 and sepiapterin (CgH-iiN^O^) (Krivi 
or more oxidized than both (Tanaka ^ , 1979). In either case, a 

We found thereduction is necessary for the conversion of (X) to Q.S. 

with buffer congreatest Q.S. synthetic activity in an extract made 

taining Triton X-100, so it is possible that a membrane component, 

Finalpossibly a cytochrome, is required for Q.S. biosynthesis, 

of its biodetermination of the structure of Q.S. and investigation 

synthesis should resolve these questions. 



LIST OF REFERENCES 

« 



REFERENCES 

Baglioni, C. (1959) Nature 184> 1084. 

and Related Pteri-Blakeley, R.L. (1969) The Biochemistry of Folic Acid 
dines. North Holland, Amsterdam. 

Brenner-Holzach, 0. & Leuthardt, F. (195.9) Helv. Chim. Acta 42, 2254. 

Brenner-Holzach, 0. & Leuthardt, F. (1961) Helv. Chim. Acta 44, 1480. 

Brown, G.M. (1979) A^. Enzymology 35, 35. 

Brown, G.M., Krivi, G.G., Fan, C.L., & Unnasch, T.R. (1979) in Chemis 
try and Biology of Pteridines, [Kisliuk, R.L. & Brown, G.M. (Eds.)J, 
pp. 81-86, Elsevier-North Holland, New York. 

Burg, A.W. & Brown, G.M. (1968) Biol. Chem. 243, 2349. 

Burkhardt, D. (1964) Insect Physiol. 2, 131. 

Clayton F.E. (1954) Univ. Texas Bull. 5422, 210. 

Daneel, R. (1941) Biol. Zentr. 61, 388. 

12, 2596.Dorsett, D., Yim, J.J., & Jacobson, K.B. (1979) Biochemistry 

Dorsett, D., Yim J.J.., & Jacobson, K.B. (1980) Fed. Proc. 3^, 1700. 

Ephrussi, B. & Herold, J.L. (1944) Genetics 29, 148. 

Evans, B.A. & Howells, A.J. (1978) Biochem. Genet. ^6, 13. 

259.Fan, C.L. & Brown, G.M. (1976) Biochem. Genet. ^4, 

351.Fan, C.L. & Brown, G.M. (1979) Biochem. Genet. 17^, 

Fan, C.L., Hall, L.M., Skrinska, A.J., & Brown, G.M. (1976) Biochem. 
Genet. 14, 271. 

Fan, C.L Krivi, G.G., & Brown, G.M. (1975) Biochem. Biophys. Res. 
• 5 

Commun. 67, 1047. 

Feigl, F. & Oesper, R.D. (1954) Spot Tests 1, 170. 

Forrest, H., Glassman, E., & Mitchell, H.K. (1956) Science 124, 725. 

105 



106 

Fukushima, T. & Nixon, J.C. (1979) in Chemistry and Biology of Pteri-
Elsevier-dines [Kisliuk, R.L. & Brown, G.M. (Eds.)]> PP- 31-34, 

North Holland, New York. 

Ghosh, D. & Forrest, H.S. (1967) Genetics 55, 423. 

Glassman, E. (1956) Genetics 41, 566. 

Goldsmith, T.H. (1964) in The Physiology of Insecta Vol. I [Rockstein, 
M. (Ed.)], pp. 387-462, Academic Press, New York. 

Grell, E.H. (1962) Genetics 47, 950 

310.Griffin, M.J. & Brown, G.M. (1964) Biol. Chem. 239, 

Grigliatti, T. & Suzuki, D.T. (1970) Proc. Natl. Acad. $ci. U.S. §1, 
1101. 

• 5Hadorn, E., Graf, G.E & Ursprung, H. (1958) R^. Suisse Zool. 65, 
335. 

Hadorn, E. & Mitchell, H.K. (1951) Proc. Natl. Acad. Sci. U.S. 37, 650. 

Hadorn, E. & Ziegler, I. (1958) Z. Vererbungslehre 89, 221. 

Commun. 428.Jackson, R. & Shiota, T. (1973) Biochem. Biophys. Res. 

Jacobson, K.B. (1978) Nuc. Acid Res. 2391. 

Katoh, S. & Akino, M. (1966) Experientia 22, 793. 

Kaufman, S. (1963) Proc. Natl. Acad. Sci. U.S. 1085. 

Kaufman, S. (1967) J. Biol. Chem. 242, 3934. 

371.Krivi, G.G. & Brown, G.M. (1979) Biochem. Genet. ]]_, 

Lewis, E.B. (1960) Drosophila Inf. Serv. M, 117. 

of DrosophilaLindsley, D.L. & Grell, E.H. (1967) Genetic Variations 
No. 627.melanogaster, Carnegie Institution of Washington Publication 

Linzen, B. (1974) Insect Physiol. 10, 117. 

Masada, M, Watabe, S., & Akino, M. (1979) in Chemistry and Biology of 

Pteridines [Kisliuk, R.L. & Brown, G.M. (Eds.)], pp. 129-134, 

Elsevier-North Holland, New York. 

3015.Mathis, J.B. & Brown, G.M. (1970) 1. Biol. Chem. 245, 

Matsubara, M. & Akino, M. (1964) Experientia 20, 574. 



107 

Matsubara, M, Tsusue, M., & Akino, M. (1963) Nature 199, 908. 

Matthews, C.K. & Sutherland, K.E. (1965) Biol. Chem. 240, 2142. 

Neal, M.W. & Florini, J.R. (1973) Anal. Biochem. 320. 

of TechPepperberg, 0. (1973) Ph.D. Thesis, Massachusetts Institute 
nology. 

4, 489.Phillips, J.P. & Forrest, H.S. (1970) Biochem. Genet. 

of Heterocyclic ComPorter, Q.N. & Baidas, J. (1971) Mass Spectrometry 
pounds, pp. 15-18, John Wiley & Sons, Inc., New York. 

317.Reynolds, J.J. & Brown, G.M. (1969) Biol. Chem. 239, 

1582.Richey, D.P. & Brown, G.M. (1969) Biol. Chem. 244, 

Rokos, K. & Pfleiderer, W. (1975) Chem. Ber. 108, 2728. 

Schwinck, I. (1975) in Chemistry and Biology of Pteridines [Pfleiderer, 
W. (Ed.)], pp. 919-930, Walter de Gruyter, New York. 

41.Schwinck, I. & Mancini, M. (1973) Arch. Genet. 46, 

Shoup, J.R. (1966) J. Cell Biol. 223. 

Sumner, J.B. (1944) Science 100, 413. 

Taira, T. (1961) Japan. Genet. 244. 

Tartof, K.D. (1969) Genetics 62, 781. 

Theobald, N. & Pfleiderer, W. (1977) Tetrahedron Lett. 10, 841. 

Wilson, T.G. & Jacobson, K.B. (1977a) Biochem. Genet. 15, 307. 

Wilson, T.G. & Jacobson, K.B. (1977b) Biochem. Genet. 15, 321. 

Yen, T.T. & Glassman, E. (1965) Genetics 52, 977. 

5087.Yim, J.J. & Brown, G.M. (1976) J. Biol. Chem. 251, 

Yim, J.J., Crummett, D., & Jacobson, K.B. (1978) Fed. Proc. 37, 1344. 

Yim, J.J., Crummett, 0., & Jacobson, K.B. (1980) Insect Biochem. (in 
press). 

Yim, J.J., Grell, E.H., & Jacobson, K.B. (1977) Science 198, 1168. 

Ziegler, I. (1961) Genet. 10, 349. 



108 

Ziegler-Gunder, I., Simon, H., & Wacker, A. (1956) Naturforch. 11B, 
82. 



VITA 

Dale Louis Dorsett was born in Seattle, Washington, on January 18, 

1954. He attended city schools in Seattle and Kent, Washington and 

graduated from Kent-Meridian Senior High School in Kent. He graduated 

1976 with a B.A.from Wabash College in Crawfordsville, Indiana in May, 

in chemistry. In September, 1976 he enrolled in the University of 

Tennessee-Oak Ridge Graduate School of Biomedical Sciences to pursue a 

Ph.D. degree. 

YairHe is married to Ziva Misulovin and they have two children, 

and Mai a. 

109 


