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15N Nuclear Magnetic Resonance of Flavins? 

Kunio Yagi,* Nobuko Ohishi, Akiko Takai, Keiichi Kawano, and Yoshimasa Kyogoku 

ABSTRACT: Ninety-nine percent 5N-enriched flavins were 
synthesized and their proton decoupled I5N resonances were 
observed. The enriched compounds were [ 1 ,3-15N]riboflavin, 
[ 1,3,5-'5N]riboflavin, [ 1,3-'SN]riboflavin 5'-phosphate, 
[ 1 ,3,5-15N]riboflavin 5'-phosphate, [ 1 ,3,5-ISN]flavin adenine 
dinucleotide, [ 1,3,5-'5N]lumiflavin, and [ 1,3,5-'5N]lumi- 
chrome. By comparison of their spectra and from the nuclear 
Overhauser effect data each 15N resonance peak could be as- 
signed to each I5N nucleus. The order of the chemical shifts 
well corresponds to that of the calculated r-electron densities. 

Physicochemical properties of flavins such as their electronic 
spectra on their molecular basis have been amply discussed, 
but little information is available on the attitude of each atom 
or group of the isoalloxazine ring of flavins. To reveal the fine 
mechanism involved in the binding between flavin coenzymes 
and apoproteins and the oxidoreduction catalyzed by flavo- 
proteins, such information is essential. For this purpose, nuclear 
magnetic resonance (NMR) '  studies are quite promising. 
Accordingly, the structure of flavin coenzymes and their in- 
teraction with apoproteins have been studied by the use of 
proton magnetic resonance (Sarma et al., 1968; Kotowycz et 
al., 1969; Kainosho and Kyogoku, 1972; Crespi et al., 1972; 
Raszka and Kaplan, 1974). However, the parts which directly 
participate in redox reaction and the sites which interact with 
apoproteins are known to be mainly localized at the 1-5 posi- 
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Nagoya, Nagoya 466, Japan, and Institute for Protein Research, Osaka 
University, Suita, Osaka 565,  Japan. Receiued February 26, 1976. ' Abbreviations used are: FMN, riboflavin 5'-phosphate; FAD, flavin 
adenine dinucleotide: NOE, nuclear Overhauser effect; Me*SO-ds, di- 
methyhi6 sulfoxide; NMR,  nuclear magnetic resonance. 

The N-3 nucleus gives the most intense inverted peak and the 
N-5 nucleus a small noninverted peak. By changing pH from 
neutral to alkaline, the chemical shift and the intensity of signal 
were mostly affected in the N-3 resonance of riboflavin 5'- 
phosphate. The N-5 signal of flavin adenine dinucleotide 
showed a fairly large downfield shift with the increase of 
temperature. These observations can be well interpreted by the 
chemical structure and the proposed conformation of riboflavin 
5'-phosphate and flavin adenine dinucleotide. 

tions in the isoalloxazine rings. Proton magnetic resonance 
cannot give us direct information on the positions, since protons 
are located only at the 6-9 positions. For this reason, carbon 
and nitrogen magnetic resonances seem to be more useful. I3C 
resonance of FMN in natural abundance has already been 
reported (Breitmaier and Voelter, 1972), but some of the as- 
signments were corrected by the 13C spectra of 13C-enriched 
riboflavin (Yagi et al., 1976). The interaction of riboflavin with 
egg white flavoprotein was studied using [ 13C]riboflavin (Yagi 
et al., 1976). The present paper deals with the preparation of 
ISN-enriched flavins and their I5N magnetic resonance spectra. 
This is the first systematic report on the I5N resonance spectra 
of flavins. 

Materials and Methods 
To obtain 15N-enriched riboflavin, [ 1 5 N ] ~ r e a  (99.36 atom 

%, Prochem., England) and sodium [15N]nitrite (99 atom %, 
Prochem., England) were used as starting materials. As shown 
in Figure 1, [1,3-15N]ribofla~in and [1,3,5-15N]riboflavin were 
synthesized through barbituric acid and N-ribityl-3,Cdi- 
methyl-6-phenylazoaniline. By phosphorylating 15N-enriched 
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FIGURE 1: Diagram of the synthesis of ISN-enriched flavins 

I riboflavin 

1 r 1,3-' '~-ribflavin 
I 1 , 3 , 5 - '  'N-riboflavin J 

I 

POC 1 -H ,O 1 hv 
in a l k a l i  1 1: acid 

H 
1 

riboflavin with POC13-H20, [ 1,3-I5N]FMN and [ 1,3,5- 
"NIFMN were obtained. [ 1,3,5-15N]FAD was obtained from 
the enriched FMN through fermentation procedure. [ 1,3,5- 
I5N] Lumiflavin and lumichrome were prepared by photolysis 
in alkali and acid media, respectively. These flavins are chro- 
matographically pure, except for lumiflavin which contained 
a small amount of lumichrome. 

15N spectra were recorded on a JEOL PFT-100 pulse 
Fourier transform N M R  spectrometer operating at  10.14 
MHz, with associated proton-decoupling equipment. Pulse-free 
induction decay curves repeated every 2 s (45' pulse, 18 K S )  
were Fourier transformed after 100 times accumulations in 
the time domain, and the accumulations in the frequency do- 
main were continued until a satisfactory spectrum was ob- 
tained. Spectra ranged over 8 192 points corresponded to 5000 
Hz  and the resolution was 1.22 Hz, i.e., 0.1 2 ppm for 15N. 

Samples were dissolved in H2O and spun in 10-mm diameter 
tubes. Field was locked to the D resonance of D 2 0  in a 2-mm 
coaxial tube. Chemical shifts were read relative to the I5N03- 
resonance of 95% enriched ND415N03 dissolved in 1 N DCI 
in the coaxial tube. 

1 
FAD 

U 

1 umi chrome 

Results and Discussion 
Assignments of 15N Resonances. All of the proton decoupled 

spectra of 1 ,3,5-I5N-enriched flavins gave two inverted peaks 
and a noninverted peak (Figure 2). By comparison of these 
spectra with those of [ 1,3-'5N]riboflavin and [ 1,3-I5N]FMN, 
a small noninverted peak around 40 ppm was assigned to N-5 
(Table I) .  For the assignment of the remaining two peaks, it 
is noted that the chemical shift of the N-3 signal should be close 
to that of barbituric acid because of the resemblance of their 

T A B L E  I: I5N Resonances of l5N-Enriched Flavins and Barbituric 
Acid. 

Chemical Shifts (ppm)" 

5-h 1 - N  3-N 

[I ,3-'N]Riboflavin (in 50% 185.1 
acetic acid) 

[ I .3-I5N]FMN (PH 7.6) 184.65 
[1,3.5-'sN]Riboflavin (in 35.15 177.9; 

MelSO-d6) 
[1,3,5-"N]FMN (pH 5.7) 42.15 184.45 
[1.3.5-I5NN]FAD (pH 5.8) 41.55 184.3 
[1.3.5- '5N]Lumichr~me (in 39.1 246.55 

MezSO-ds) 

VezSO-dh) 

2.0) 

[ I  ,3,5-15N]Lumiflavin ( in  ~- __ 

[ 1,3-"N]Barbituric acid (pH 

216.15 

215.25 
214.3 

215.85 
21 5.75 
217.9 

214.3 

223.2 

" Measured from external ND415N03 

chemical structures. Bigger negative N O E  enhancement for 
the signals of the nucleus which is bonded to a proton can be 
also expected. From these reasons, the signal in higher field 
is assignable to N-3. Thus, the chemical shifts of I5N resonance 
are in the order well corresponding to that of the calculated 
Ir-electron densities of the nitrogen atoms in the isoalloxazine 
(Song, 1969). The K-3 nucleus is the most and the N-5 is the 
least shielded among the three nuclei. 

For the signal of the N -  1 nucleus, an ordinally noninverted 
peak is expected, since there is no proton on it. However, it gives 

2878 B I O C H E M I S T R Y .  V O L  1 5 ,  h o  1 3 ,  1 9 7 6  



I S N  N M R  O F  F L A V I N S  

I , 3 , 5 - " N  riboflavin I ,3 ,5 - "N lumiflavin 

I I I 1 I I I 
0 IO0 200 300 

CHEMICAL SHIFT ( ppm) 

FIGURE 2: Proton decoupled 15N N M R  spectra of (a) [ 1,3,5-I5N]ri- 
boflavin (15 mg of sample was dissolved in 1.5 ml of MezSO-ds, 
32 500 times accumulated at  SO "C), (b) [1,3,5-15N]FMN (20 mg of 
sample in 1.6 ml of H20,  pH 4.0, 43 900 times accumulated at room 
temperature), and (c) [1,3,5-I5N]FAD (100 mg of sample in 1.5 ml of 
H20, pH 5.8, 33 600 times accumulated at  room temperature). 

an inverted peak. It may be due to the intramolecular NOE by 
the protons in the ribityl group (Lichter and Roberts, 1971). 
The evidence that the resonance of N-1 can hardly be seen 
around 185 ppm of lumiflavin supports the idea (Figure 3a). 
It may be considered that the signal becomes weak by the lack 
of the effect from the ribityl protons. Small inverted peaks in 
the spectrum are  due to lumichrome contaminated as im- 
purities. 

If the small negative NOE of the N-1 signal arises from the 
solvation of water molecules, the intensity of the signal should 
change when the solvent is replaced by another one. However 
riboflavin and F M N  in MesSO-ds still give an inverted signal. 

In the spectrum of lumichrome, two strong inverted signals 
are  seen besides a weak signal of N-5 a t  40 ppm (Figure 3b). 

h 
b 

I I I I 1 I I 
0 IO0 200 300 

CHEMICAL SHIFT (ppm) 

FIGURE 3: Proton decoupled I5N N M R  spectra of (a) [1,3,5-ISN]- 
lumiflavin (6.5 mg of sample in 1.5 ml of MerSO-ds, 43 100 times ac- 
cumulated at room temperature) and (b) [ 1,3,5-15N]lumichrome (20 
mg of sample in 1 .5 ml of Me2SO-d6, 36 600 times accumulated at 60 
"C). 

Thus, it is evident that protons are  bonded to both of the N-1 
and N-3 atoms, as shown in Figure 1. The peak at 246.55 ppm 
was tentatively assigned to the N-1 nucleus, since it can be 
expected that the removal of the ribityl group from N-10 and 
the protonation a t  N-1 result in a large change of the electron 
density around N- 1, and induce a large shift for the N- 1 signal. 

Splits for the N-1 and N-3 signals due to the geminal 
lsN-lSN spin-spin coupling and splitting by I5N-5 for the 
proton magnetic resonance of 'H-6 have been expected. As 
such splitting could not be detected in both cases, it has become 
clear that  geminal ISN-lSN coupling in the heterocyclic ring 
is less than 1 Hz. The vicinal IH-ISN coupling a t  the cis posi- 
tions is also known to be quite small (Axenrod, 1973). 

pH and Temperature Dependence of Chemical Shifts. pH 
dependency of lSN chemical shifts has been measured for 
FMN.  Sometimes in the spectra of alkaline solutions several 
lines were observed. Since F M N  is known to be unstable in 
alkaline solutions, some of the lines are considered to be as- 
cribed to the decomposed products of FMN.  After the mea- 
surement of the spectra, however, F M N  was found to be still 
a main component as checked by chromatography. 

In Figure 4 the positions of main peaks are plotted. NO shift 
is seen below pH 8, while above pH 9 there is a trend of a large 
downfield shift in the plot for the N-3 signals. Small up- and 
downfield shifts are also seen for N-5 and N-1, respectively. 
These shifts must be due to the deprotonation at  N-3. The pK 
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FIGLRE 4: pH dependency of the I5h chemical shifts of [1,3,5-15N]- 
FMN.  Twenty milligrams of sample was dissolved in 1.5 ml of H20. 
Each point was obtained after 25 000-35 000 times accumulations. 

value estimated from the curves is consistent with that reported 
previously (Kavanagh and Goodwin, 1949). 

The temperature dependence of the ISN chemical shifts of 
FAD was also measured (Figure 5). Sometimes satellite peaks 
accompanied by main signals were observed in the spectra of 
FAD a t  higher temperatures. It  is suspected that they come 
from decomposed products after long time accumulations a t  
high temperatures. 

All of the three main signals shift to downfield as the tem- 
perature is raised. The shift must be ascribed to the break of 
intra- and intermolecular stacking interaction. The extent of 
the downfield shift is the largest for the signal of N-5. The 
result is consistent with the expectation from the previously 
proposed models for intermolecular interaction of the isoal- 
loxazine ring and also from the most probable conformation 
of FAD (Kainosho and Kyogoku, 1972). The N-5 is the ver- 
tically nearest to the center of associated isoalloxazine and 
adenine rings. 

In the present experiment it has become clear that  the 
chemical shifts of I5N resonances reflect the electron densities 
of the corresponding nuclei and are also sensitive to the way 
of interaction. Besides it, the NOE of the signal reveals the site 
of protonation, as demonstrated with histidine by Kawano and 
Kyogoku (1975). Thus, the ISN magnetic resonances of flavins 
are considered to be useful to elucidate the change in charge 
distribution accompanied by redox reactions and also the 
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FIGURE 5 :  Temperature dependency of the ISN chemical shifts of 
[l,3,5-I5N]FAD. Each point was obtained after 10 000-15 000 times 
accumulations. 

mechanism of their interactions to apoproteins. We  are now 
i n  the process of investigation in this direction. 
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