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INTRODUCTION

Omne of the most commonly wsed amd semsitive means for purification and detection
of flavins is paper chromatography. HUENNEKENS AND FELTON note that as little as
©.ox ug of flavin cam be detected bw this techmique: when the paper chromatograms
are viewed under ultrawviolet Iight!. Im his review omn flavin coenzymes?, BEINERT
points out some of the chromatographic methods which have evolved in the study
of flavins. Many recemt investigatioms have used paper chromatography in the puri-
ficatiom amd estimation of riboflavim and its biological derivatives. The paper chro-
matographic separation of riboflavim from its matural coenzyme forms, flavin mono-
nucleotide and flavim ademime dimucleotide, has beem imwvestigated by CRAMMERS,
Yacrt, amd more recemtly by WHITE axm» LixcoLN® and by TRAVIS AND ROBINSONS.
Similar solvemts amd resolutiom techmiques hawve beem used by WHITBY? and by
HuENNERENS ¢ al® for the detectiom of heretofore unknmown flavin compounds in
biological materials. The paper partitiom chromatography of riboflavin decomposition
products was investigated by Hals axp PEcakowal.

The symthesis of flawvin amalogues for ascertaining exact relationships of structure
to biological activity is comtinuing as an active area of research. FORTER AND KARRER
studied the behavior of some twenty symthetic flavins upon paper chromatography!®.
Howewer, recent advances im the symtheses of mew flavins: has. increased considerably
both the total mumber of such amalogues and the awvailability of flavins bearing
particular -substituents wiich permit more extensive delineation of the contribution
of structure to physice-chemical behavior, especially as regards mobility with solvents
on paper chromatograms. A need for such extension of information on the chromato-
graphic properties of flavim analogues has stemmmed from studies of the flavin specifi-
cities of emzymes, particularly flavokinasetl-. The presemt paper represents a more
comprehensive compilation of data on the paper chromatography of flavins and the
correlation of structure to Ry valmes.

EXPERIMENTAL.
Procedunre

Spots of 3 wl volume comtaiming 2 pug of flavim were applied in a darkened room™*

* This imwestigation was sopported im part by Research Grant AM-04585 from the National
Imstitute of Arthritis amd Metabolic Diseases, United States: Public Health Service, and by funds
from the State University of New Yorlk.

** Comsidlerablke cane mmust: e talkem to avoid ligit whemn working: with flavin solutions which are
readily photodiecompased, especiallly im allkalime: solvents..
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at 2 cm intervals along a line 5 cm from the bottom of sheets of Whatman Neo. T paper,
usually 40 cm in height and 30 cm in width. The air-dried sheets were stapled imto
cylinders and placed upright in glass chromatogram jars, usually 43 cm in height amd
25 cm in width, which contained 300 ml of solvent previously equilibrated with the
internal atmosphere. The jars were kept in the dark at 25° while solvent was allowed
to ascend to within approximately 5 cm of the top of the paper. The chromatograms
were removed, the solvent front marked, and the paper dried in a current of air
generated in a Reco oven. The flavin spots were marked while their location was ob-
served under ultraviolet light and, whenever possible, by observation under imcam-
descent light as well. Most such flavin compounds exhibit a yellow to orange color in
white light and a more intense, yellowish green fluorescence under an ultraviolet lamypp.

All flavins were run as duplicates at least twice in the solvents used. Suitable
standards, e.g. riboflavin, also were included -on each chromatogram.

Solvents

The three solvents chosen for their differing pH and polarity are these which, as
reported by HUENNEKENS AND FELTON?, have been found repeatedly satisfactory
in the resolution of flavins and their naturally occurring forms:

S, = 5% aqueous Na,HPO,
= n-butyl alcohol-acetic acid~water (4:1:35, upper phase)
S; = phenol-n-butyl alcohol-water (160:30: 100, lower phase).

wn
°
l

The alkaline solvent, S,, was used by CARTER?® in a study of the paper chromatog-
raphy of purine and pyrimidine nucleotides :and has been utilized in the chromatog-
raphy of flavins and their nucleotides by DIMANT ¢t al.1%and by Travis AND ROBINSONS,
The acid, more organic S, has been used for flavin chromatography by several worlkers
" including HA1s AND PEcaRovA®?, WHITBY", YAGI?, and DIMANT ef al3% Solvent S,

also used by HUENNEKENS and his coworkers?.8.1%, generally permits the greatest
migration of non-phosphorylated flavins.

RESULTS AND DISCUSSION

The correlation of Rr values with structure of a flavin may be considered in terms of
substituent functions in the different positions of the parent molecule, riboflavim:

Substitution in the side chain

The effects of side chain substitution at position g of the alloxazine ring on Ry values
of flavins can be seen in Table I. The Ry values -obtained for 6,7-dimethylalloxazine
(lumichrome), 6,7,9-trimethylisoalloxazine (lumiflavin), :and 6,7-dimethyl-g-(x"-D»-
ribityl)-isoalloxazine (D-riboflavin) are in good agreement with those meported by
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TABLE 1
EFFECTS OF SUBSTITUTION IN THE SIDE CHAIN (POSITION Q)

Rp in soluont s3stom®
Compound:
S5, Sg 5,
6, z-Diimetiind substituted
Allocazine: 0.05 062 .88
o-Metlivlisoalloxazine 0.15 ©-4O .93
grPhenylisoalloxazine Q.11 @68 .87
or-Formyvlimethylisoalloxazine 0.15 Q4O .88
o-(f-Hixdroxyvethyl)-isoalloxazine 0.26 .48 0.9z
o~z ~-p-Ribitvl)-isoalloxazine ©.30 ©.28 .78
or{1"-D~Arabitvl)-isoalloxazine .36 ©.29 .80
or{(1"-L~Arabityl)-isoalloxazine 0.37 Q.29 .80
o-(1"-p-Lyxitvl)-isoalloxazine .35 ©.34 .78
or(¥-r-Lyxxitvl)-isealloxazine ©.33 @-30 -7
or{(1"-1-2-Deoxylvxityl)-isoalloxazine 0.32 Q-4 0. QI
or{1"-D~Sorbitvl)-isoalloxazine 0.36 @.24 .75
or{1"-p~-Dulcitvi)-isoalloxazine 0.38 @21 .73
o-{1"-p~Rhammnityl)-isoalloxazine 0.36 ©.40 0.8y
6, -Dicliliono substituted
Qr((n”-mr-mﬂbiityll)',—i'saaﬂlbwine .28 0435 - .75
9;—(_11 ~p-Arabityl)-isoalloxazine 0.36 ©-48 .77
or{(1"-L-Lyxityl)-isoalloxazine 0.32 .43 .72
or-{1"-D-Xylityl)-isoalloxazine 0.32 @41 @73
9-{(1"-D-Sorbitwl)-isoalloxazine 0.34 0.36 .67
or{(2"-p-Dulcityl)-isoalloxazine ‘0.39 0.36 .70
o~ "~-D-Manmityl)-isealloxazine 0.37 043 @70

" Solventt systems:: Sy = 5%, aqueous Na,HPO,; S, = n-butyl aloohol-acetic acid-water
(415, upper phase));; S;, = phenol—n-butyl alcohol-water (160:30: roo, lower phase).

HueNNERENS AND FELTONI. As shown by FORTER anD KARRER for some of the
flavims listed im Table I, increasing the number of hydroxyl groups on the side chain
canses an imcrease: of the Rp walues in 2 more aqueous solvent, €.g. 3% Na.HPO,.
This maw be: seem im the proportionally higher values found in the series wherne position
g bears mo substitnemt, a methvl group, a S-hydroxyethyl group, a pentitvl chain, a
5 -methyipentitwl chaim, and a hexityl chain, r&specrbme!lv. It is interesting to mote,
howewer, that the amalogne with a methyl group in this position moves more rapidly
m aqueons Na,HPO), and phenol-butanol-water, but less rapidly imm butanol-acetic
acd-water, tham does the unmsubstituted 6,7-dimethylalloxazine. This observation is
m Ime with tie gemerally greater solubility of the former flavin, but emphasizes the
fallacy of am unqualified assumption that am increase in the number of alky] groups
om the: flavim structure elicits: a decrease im Ry values in aqueous solvents and am in-
crease im orgamic solwvents'?. Substitution of pesition g with a relatively hvdrophobic
phenyl group results im an analogue which has a low Ry value in aqueons Na.,HIPO,,
butt witiclh wvalwe: s higher than lumichrome. Less differemce in Ry values is seem for
lomger polyhydroxy chaim lengths,. e.g. L-arabityl versus p-dulcityl, where the relative
effect of ome more alcohelic function is less than at shorter chain lemgths. Changes im
configuratiom of a hydroxyl group about only one epimeric center result Im mimor
chamges im mobility im the three solvents. The Ry values for - and L- forms of a
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glycityl chain, e.g. D-a;raxbrtyl :and 1-ardbityl, @are mot sszgmiﬁumﬂﬂy c&ﬁﬂm&mtt As s
pected, a similarity in relative mdbilities of tthose of the abowe dime ‘
alloxazines tested previously in @ butandl-formic @adid-watter sgystmm’ s ﬁmmﬁl
with the butanol-acetic :acid-water sdlwvent msed There. Tihe series of pemitityll amd
hexityl flavims with .chloro substituents in jpositions ® @md 7 of e ming hawe K
valwes which are close to but significantly differemnt ﬁ'n'mmﬂﬂmen'cnmmwmﬁmgcﬁmﬂﬁlmvll
analogues. The dichloro flavins are slightly less wather soluble.

Terminal phosphorylation inithe side chain

The .effects of an orthophosphate ester at the tterminall 3 ydroxymmetiinl gromp af
the side chain can be seen‘in Table I1. The gross €ffect of tlre hiighlly poltar pivospionic
acid residue is to increase sizably the mobilities ©f flavins in aqmeons sdvents;, es-
pecially in the alkaline Na PO, system where efective ionizatiion amdl salt fommestiiomn
of the flavin phosphate ‘occurs. Moreower, @ decrease is foumd im partally cmgzmmc

"TABLE I
EFFECTS OF TERMINAL PHOSPHORYLATION IN THE ‘SIDE (CHAIN ([[FOSIMIeN 3 )

Compound R iinsdiverttsyston™
S, Sy B
57-Mowophosphate substituted isodlloxvazines
6,7-Dimethyl-9-(1 -D—n’bxtyl)— 0.56 @ @6 @y
6 7-Dimethyl-9- (I ‘p-arabityl)- ©:61 @D _—
7-Dxchloro~9-(1 ‘-p-ribityl)- ©.54 @z _
‘6~-Methyl-9-(1’-D-ribityl)- © 164 @b —

* Solvent systems used :are described under Table IL.

solvemts, especially ‘in :acid conditions where ionization of the phogpiste edter s
suppressed. These variations in mdbility of riboffavin 5 ~monephespihathe witth polamitty
of solvent have been demonstrated previoushy?. As witth tive memn-jposphornylted m-
arabityl compared to p-ribityl flavin, the 3 monophosplratte of tire fommer hes sheftily
higher Rp values than riboflavin 5’-monophosphate, both in agneous NaHEFO),, amd
in butanol-acetic acid-water. The 5~moneophosphaite of & ;7-dddnlioro-g-(u"m-mimttyil)-
isoalloxazine has a shightly lower Ry valuein the Na, JHPO,, lbuit Iigher im tie buttzmmoll—
acetic acid system tham does Tiboflavin-5"<monophoesphatte; agam s pamrallldls e
comparative values for the free flavins.

Substitution in.the benzenoid ving

The effects of substitutions in ;pos'ﬁtfions =, 6, and 7 of the henzenoid portion of the
isoalloxazine structure «can be seen in Table IIL. The mgmffxaamnt wanizttions im K
values obtained by differential substitution in the aromatic ming portion of fawvins &
explainable in terms primarily of the differing solubility prepertiies of e suibrstitremtis
per se and secondarily to the effects wihich such fundtional ggzzmqusﬂmmdﬁmmdlﬂymmﬂﬂm
electromeric structure :and, Thence, indirectly on the pdarizability of gromps i e
alloxanoid portion. The solubility conferred lby particular substitmentts i e bemreme
'mg mainly relates directly to ithe expected solwaphilicity of tihese gromps. 'lmmnr
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TABLE III
EFFECTS OF SUBSHITEUTION IN THE BENZENOID RING (POSITIONS 5, © AXD 7)

Rgr tm solfzirms Spstemm®™
Comeromand
Sy S Su

Unsubstitwted isoalloxasines

o-(1"-D-Ribitvi)- 0.6 .17 0.75

o-(z"-D-Sorbityi)- 0.53 ©.17 .67
6-Substituted isoalloxaszimes

6-Methyl-o-(1"-D-ribityT)- 0.38 o.21 .76

6-Methoxy-9-(1™-D-ribit3T)- ©.30 ©.20 0.75

6-Carboxy-9-(1-p-ribityl)- 0.I7 ©.20 .30

6-Ethyl-o-methwil- ©.12 .74 0.90

6-Chloro-9-methyl- 0.07 .50 0.53
F~-Substituted isoalloxazines

7-Methivi-o-(1 "-D-dullcitsi)- 049 o.1G o.71

7-Methyl-o-{1"-D-mannityI)- .46 O.21 0.73
5.,6~-Diswbstituted isoalloxazine

5.6-Dimethyl-o-({r"-p-rEbityI)- 0.2y 28 0.78%
6,57 -Disubstituted isoallovazimes

6, 7-Dimethyi-o-{1™-m-ribityl)- ©.30 ©0.28 .78

6,7-Dichloro-9-(1"-o-ribritwl)- 0.28 .33 0.75

6,7-Dibromo-g-{1”"-p-ribityE)- 0.6 ©.50 —_

6-Methyi-7-fluoro-o-(1"-p-ribityl)- .20 ©.36 .77

6: 7-Benzo-9-{1 -p-ribityI)- ©.TL 0.91 —_

6.7-Dimethoxy-9-methyl- —_ .40 0.95

6: 7-Tetramethylene-g-mnetkryl- ©.I2 ©.54 ©.91

* Solvent systems msed are described under Table I.

positions in the benzere ring appear to be relatively umimportant. For example,
whether the methyl sabstituents are iz both positions 6 and 7, as in riboffavin, or in
both positions 5 and 6, as in iseriboflavin, have negligible effects on the comparative
migrations of these flavins im all three solvents emploved. Also, the relative mobilities
of the 6-methyl and 6,7-dumethyl derivatives of g-(x"-D-ribitvl)-isoalloxazine are
comparable to the relative mmobilibes of the 7-methyvl and 6,7-dimethyl-flavins
which bear a dulctyl side chain (¢f. Table I). Therefore, presence of methvl groups in
positions 5, 6 and 7 are approximately equivalent with respect to solubility in the
chromatographic solvents. In a2 comparable series of svmmetrical 6,7-disubstituted
flavins, e.g. dimethyl, dichioro, and dibromo analogues of g-(1"-D-mibityl)-isoailoxa-
zines, the Ry values are a reflectionr of the solubilities of these flavins in the solvents.
Lack of substitution or substitution with different groups in either position 6 or in
both: 6 and 7 positions preduces flavins which have the expected differences in Ry
values.

Substitrution in the alloxanoid ring

The effects of substitution in positions 2 and 4 of the alloxanoid portion of the iso-
alloxazine structure can be seer in Table IV. No great effect of substituents in po-
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EFFECTS (OF SUBSTIITCIIICES [N THHE ALITOTSANSNOTID) RIDNG: ((;ms;mmns; 2 AND) 41))

Rig-tinsolbantisystom®™

(Gonypounii
Sil SE: s}
L~ (p-Riibitail)-2 F«diketro+6 7@ imeatdingdl-
.2 3, tatranvdrossrquiimesaline @y oy 073
-2-Substituted-6 7-domatinitisadlionazines
.zlmliiOfQ-{(lI"—m-m'iﬁit}_\ﬁ)- O%: ) 3@ o196
..—memmg-‘ (o' “o-niibitwil}- @z L3 7%
2-Benzslazino-«g{{n ikt oy aJg) 0196,
2-Phenyilamiino-<g-{(n —m-miikiitwil)- @ FW 3o o9z
24(f-Hyidroxyeatinilaming )« ~m-
wibitsil)- B (R o185
2-NMenphdline<g-(op-miibittwib)- @zn @ _ym 019y
2 Netinilmercagpto-«g-(0 ~op-miibiitwil)- (O%uc)l a3 01904t
2-Substituted+6 ~dEmmethoxvitsodlionaiine
2-0hio<g-methnyil- —_— fCIT ¢ g
-§-Substituted~6 ;~&melinisadllonazine
y-Inrine~9-{(o"—pmibityil)- O% 1) % ) n 8&

*'Solvent systems wsed are @egorihed nondier Tbike 11,

sition 2 «can Tbe seen firom Ry wallnes obtaimed usimg agqueous: Na, HIPO),;: greater:
differences arve apparent in tthe patiiallly orgomic, acid solvemtts:. The: pelarization:
veffects in position 2 of these analogues are rdhttivelly simmilbn,, whereas: their solubilities:

in orgamic selvents :are (quite dhssimilar. Even umdier tihe apparentily mildl conditions:
«of chromatography msed, the alkakmne ph of Na,HPO), pemmts ncleophilic: displace-
ment of ithe sulfur im tthe 2-thio analloge tho fomm mibofawim. s effect has: been noted!
before™. 77, The mesdltant contimmons prodinctiom of nrboflaxim gives: nise to a less:
‘defined spot ©n paper dhromatograms wihere tihe 2-tinio amd 2-oxy compounds: owerlap..
Surtable stabikity and segparatiion of boettih tihese favims i foumd! witth phenol-butanel—
water as solvent. Replacementt of e jcaihomy]l of mibeflawim witth a 4+-imine function
matkedly @alters tthe mmdbillity of tihis ffiawim im alll tmee sollventts:. This: finding: max: bHe:
explained by tthe @ltered tamtomenizable matumre off tihe lttter compound! abhout: positions:
3 @and 4. The yimino flavim has @ deoressed albilitty to form am enmamine tautomer
:analogous to the polar, tomzed el strmctore of miboffavim indnced! by am electrophilic
agent. Studies «of metall dhdlatiion by fawims™ andl, more: tecemtily, the binding: of this.
flaxin to flavdkinase™ subsitamttitatte tits fmdime.

SSONOLANRE”

A compreéhensive paper dhromattagrapine stedly has heem made: of thhe: mobilities: of
some fifty tlavin amalogues im three soiwemt systems wibiich ane: differentt withy cespect:
to pH :and pdlanity. Spedific altorations in the stroctuones: off flawins: inffluence: the:
solubility «characteristics @amd hawe @ diredt amdl gemerallly predictable: effect o Ry
walues:
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I. Increasing the mumber of hyvdroxyl groups om the side chain increases ithe
solubility of flavins In aqueons solvents. Refatively smnailer differences are seen among
longer chains than shorter omes.

2. Phosphorylation of the hvdroxymethvl grouwp termuinal to the side :chain
greatly imcreases the mobility of flavims m allkalime, agqueous solvents and decreases
their mobility in acid, ongamnic solvents.

3. The solubility and rescltant mobility conferred by particular substituents in
the benzenoid portion of the isoalloxazine ring mainiy relate to the known -solubility
of the substituent group. Ther positioms im the benzeme ring of flavins appearito (be
relatively ummmportamt.

4. Effects of substitution in position 2 of the alloxanoid portion of the isoalloxa-
zZime Ting appear similar in an alkalme, agueouns solvemt, but dissimilar-in acid, or-
gamic solvents. A g4-imimo function markedly alters the mobilities in all three solvents.
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