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Reciprocal Relations and Proximity of Bases in

Flavin—Adenine Dinucleotide”

D. W. Milest and D. W, Urry

ABSTRACT: The nature of the intramolecular complex
of flavin—adenine dinucleotide and the electronic struc-
ture of the isoalloxazine chromophore have been in-
vestigated using circular dichroism techniques. Seven
circular dichroism extrema which are clearly visible in
the spectra of flavin mononucleotide and riboflavin at
about 450, 370, 340, 307, 265, 235, and 220 myu are re-
markably altered in the interacted state of flavin-ade-
nine dinucleotide. The presence of reciprocal relations
in the circular dichroism spectra of flavin—adenine di-
nucleotide, demonstrated by solvent, pH, and temper-
ature studies, gives strong evidence that the interacted

Many physical properties of FAD! have been
shown to be dependent upon solvent conditions. For
example, the addition of a nonpolar solvent such as di-
oxane or even a polar solvent such as formamide re-
stores the fluorescence and the 500-300-my absorption
features characteristic of the isoalloxazine chromophore
of FMN (Weber, 1966). Similarly the optical rotatory
dispersion properties of FAD, which differ significantly
from those of FMN in neutral aqueous solution, ap-
proximate the sum of the rotations of FMN and AMP
in nonaqueous solvents and at low pH (Listowsky e7 al.,
1966; Gascoigne and Radda, 1965; Simpson and Vallee,
1966). These results have been interpreted as evidence
that an adenine-isoalloxazine complex is present in
pure aqueous solution and that this interaction is abol-
ished at low pH and in nonaqueous solvents. Hypo-
chromism (Whitby, 1953; Warburg and Christian, 1938),
photodecomposition (Wada and Sakurai, 1953; Yagi
and Ishibashi, 1954), dipole moment and infrared stud-
ies (Shikita, 1965), measurements of oxidation-reduction
potentials (Koziolo and Knoblock, 1965), and studies of
photochemical reactions (Radda and Calvin, 1963; Fris-
ell et al., 1959) have also been found compatible with the
reversible stacking of the adenine and isoalloxazine rings.
In this communication we present evidence from the
circular dichroism spectra for a nonplanar arrangement
of the two aromatic systems in close proximity. Posi-
tive and negative areas in the circular dichroism spectra
of aqueous FAD (which resolve to be nearly equal in
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state is substantially populated at low temperature in
aqueous solution.

The interbase coupling of several sets of electronic
transitions gives rise to regions wherein pairs of circular
dichroism bands of opposite sign and almost equal ro-
tational strengths are found. These results are found to
be in qualitative accord with recent theoretical studies of
the electronic structure of the adenine and isoalloxa-
zine chromophores. A stacked conformation consist-
ent with the analysis and based on the calculations of
Song is included for the interacted state of flavin-
adenine dinucleotide.

area) are found to progressively diminish upon addi-
tion of nonaqueous solvents, acid, or upon raising the
temperature. This reciprocal behavior of the circular
dichroism spectrum is in accord with Tinoco’s general
theory of optical activity (Tinoco, 1962) and further
emphasizes the utility of the concept of reciprocal re-
lations in optical rotation (Urry, 1965, 1968 ; Miles and
Urry, 1967, 1968). Briefly stated this concept is a sim-
plification of the coupled oscillator term of the Tinoco
derivation. Because of the (v,? — vz%)~! factor in this
expression, the interaction of transitions with closely
spaced frequencies will often be more important than
the other interactions. As an experimental parameter
such as solvent, pH, or temperature is varied which
brings two different chromophoric groups into juxta-
position, the close-lying transitions may exhibit a cou-
pling in which the circular dichroism peak due to a
transition in the first chromophore becomes more posi-
tive while the circular dichroism peak of a close-lying
electronic transition in the second chromophore be-
comes more negative in a reciprocal manner.

Experimental Procedure

Circular dichroism measurements were obtained on a
Cary Model 60 spectropolarimeter equipped with the
Model 6001 circular dichroism attachment. Scan speeds
and time constants were chosen to allow sufficient re-
sponse time and achieve favorable signal-to-noise ratios.
The circular dichroism unit was calibrated by using the
Cary Model 1401 circular dichroism attachment for the
Model 14. The standard used was an aqueous solu-
tion of d-10-camphorsulfonic acid (J. T. Baker, lot
no. 9-361) with an ¢, — er of 2.20 = 0.05 at 290 my.
Absorption spectra were run on the Cary Model 14. pH
was measured with a Radiometer Model 25SE pH meter.
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FIGURE 1: Circular dichroism and absorption curves of FAD (——), FMN (---), and riboflavin (- - -) in 0.1 M potassium
phosphate buffer at pH 7. The absorption curve of AMP at pH 7 (----- ) is also given for ready reference. Measurements
were made on 1 X 107¢ M solutions. A cell of 2-cm light-path length was used above 300 myu and a 0.5-cm cell was used

for measurements at lower wavelengths.

Sample temperatures were maintained with the Haake
KT-62 Kryothermat and were monitored with a YSI
Model 42SC telethermometer while spectra were being
run. The sample was introduced by means of a syringe
and Teflon tubing through a hole drilled in the sample
compartment cover with the purpose of eliminating
base-line shift arising from the manipulation of the cell
compartment carriage. The base line was checked before
and after all measurements. As flavin absorbance is high
and molar ellipticities relatively low, particularly in the
case of FMN and riboflavin, the following test for ab-
sorption artifact was conducted. A base line was run
with a solvent-filled sample cell and second cell contain-
ing a chromate solution in the light beam. The absor-
bance at the critical wavelengths was 2 or greater. Then
the cell containing chromate solution was removed from
the light path and the base line was rerun. The test
was repeated with an optically active sample with max-
imum ellipticity of about 40 meg. Absorption artifact
was found to be negligible below an absorbance of 2 and
less than 1 mdeg at absorbances near 3.

Curve resolution was carried out on the visual
DuPont 310 curve resolver. FAD, FMN, riboflavin,
and AMP were obtained from Sigma Chemical Co. All
solvents were spectral grade except tetramethylurea.
All other chemicals were reagent grade.

Results

The circular dichroism and absorption spectra of
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FAD, FMN, and riboflavin from 500 to 190 mu are
given in Figure 1. The positions of the absorption max-
ima and circular dichroism maxima of FMN are ob-
served to be virtually identical with the corresponding
maxima in riboflavin. Small differences attributable to
phosphate-base interactions are found, however, in the
magnitudes of the absorption and circular dichroism
bands.

The maxima of the Cotton effects of FMN and ribo-
flavin do not always correlate well with the maxima of
the absorption spectra which suggests the absorption
spectra of the isoalloxazine chromophore is considerably
more complex than has previously been supposed. Seven
circular dichroism extrema are clearly discernible over
the spectral range 500-210 mg. Riboflavin and FMN
exhibit negative extrema at about 450, 307, 265, and
235 mp and positive extrema at 340 and 220 mu. The
long-wavelength side of the 340-mu band is perturbed
in the 360-380-mu region by another positive band
which is probably related to the 375-mu absorption max-
imum of the isoalloxazine chromophore. Similarly the
447-, 265-, and 220-mu absorption bands of this chro-
mophore can easily be related to the 450-, 265-, and 220-
my circular dichroism extrema. It is then apparent that
the remaining three extrema at 340, 307, and 235 mu
derive from transitions masked in varying degree by
more prominent absorption bands. Figure 1 shows that
the circular dichroism of FAD is, as expected, sig-
nificantly different from that of either FMN or AMP,
the two moieties which constitute this coenzyme. The
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447-mu absorption band of isoalloxazine exhibits very
little optical activity whereas the 370-mu band (which
gives a small positive Cotton effect in FMN and ribo-
flavin) gives a relatively larger Cotton effect in FAD
with a negative sign. Positive and negative Cotton effects
are observed at about 330 and 300 mu which most likely
arise from the same transitions that gave rise to the 340-
and 307-mu extrema of FMN., The most dramatic dif-
ferences in the circular dichroism spectra of FAD rel-
ative to FMN are found below 300 mu. In this region
two sets of adjacent circular dichroic bands of opposite
sign are found in the circular dichroism spectra of FAD.
One set of positive and negative areas of rotational
strength is found in the 280-240-mu region with a neg-
ative circular dichroism band at 273 mu and a positive
circular dichroism band at 254 mu. A second pair of
bands is found centered around 205 mu with the max-
imum of the negative band located at 217 mu and the
positive band peaking at 196 mu. Another feature of
the circular dichroism spectra of FAD below 300 mu
is the small positive circular dichroism band at about
230 mu. The differences in the absorption spectra of
FAD relative to FMN or riboflavin has been discussed
in a recent review (Penzer and Radda, 1967).

The effect of adding dioxane to a water solution of
FAD is shown in Figure 2. The circular dichroism bands
near 273 and 254 mu are seen to progressively diminish
with the addition of dioxane. At 3097 dioxane (by vol-
ume) the circular dichroism curve of FAD in the 200
220-mu region resembles the circular dichroism curve
of FMN. Figure 2 does not show the effect of dioxane
on the circular dichroism spectra above 300 mu. It is
worth mentioning, however, that changes in the circular
dichroism spectra in the 280-240-mu region occur at
much lower per cent nonaqueous solvent than the ef-
fects in the 500-300-mu region, that is, we have found
that an 809 dioxane (by volume) concentration is re-
quired to generate an FMN-like circular dichroism
curve for FAD, whereas the effects in the 280-240-mu
region are complete at 309 (by volume) dioxane con-
centration. The dioxane study suggested a more sys-
tematic investigation of the solvent effects in an attempt
to define the nature of the forces responsible for the sta-
bility of the complex. The importance of the London
dispersion forces (induced dipole-induced dipole forces)
to the ‘“‘stacking energy” of the DNA helix (Hanlon,
1966) and dinucleoside phosphates (DeVoe and Tinoco,
1962) and the self-association of various nucleosides
(Broom ef al., 1967) suggested a comparison of solvent
molar refraction and ellipticity of the 273-myu circular
dichroism band. The plot given in Figure 3 demonstrates
an approximate linear relationship between ellipticity
and molar refraction. These effects are much too large
to be accounted for by index of refraction corrections.
Similar attempts to relate the reduction in ellipticity in
various solvents with the permanent dipole moments or
the dielectric constant were unsuccessful.

The effect of increasing temperature is to bring about
a gradual decrease in complexity of the circular dichro-
ism pattern (Figure 4) with a simultaneous decrease in
magnitude of the 273- and 254-mu extrema in analogy
with the solvent effect (Figure 2). Lowering the pH (Fig-
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FIGURE 2: Circular dichroism curves of FAD in different
water-dioxane mixtures in 0.0l M potassium phosphate
buffer at pH 7.

ure 5) brings about a similar reciprocal decrease in the
absolute ellipticities of these bands.

Resolving absorption curves for each chromophore
into component bands and then using these bands to
describe the interacting FAD system involves the as-
sumption that the frequencies of the transitions are not
altered by interactions in the dinucleotide. Because an
initial resolution into component bands may not be
unique and because of likely shifts on interaction we
have chosen to simultaneously fit both the absorption
and circular dichroism curves of the interacted FAD
system with a minimum of Gaussian functions. Such
resolution allows a gross assignment of bands to a given
moiety and presents a spectral delineation of dipole
strengths and anisotropies which are indicative of types
of transitions. It is expected that the reported anisotro-
pies of magnetic transitions will be low, as the procedure
associates as much dipole strength as possible with a
given rotational strength. The procedure is to fit the
circular dichroism curve with a minimum set of Gaus-
sian functions. These functions are then put in the posi-
tive mode and their heights are varied in an attempt to
fit the absorption curve. One then shifts back and forth
between absorption and circular dichroism curves until
what appears to be a minimum set of Gaussian func-
tions will simultaneously fit both sets of data by chang-
ing only sign and height of the function. As the result
of exhaustive attempts three resolutions were obtained
which could simultaneously fit the absorption and cir-
cular dichroism curves, all resolutions but one gave in-
verse absorption intensities for the bands resolving near
255 and 264 my, that is, assuming the 255-mu band to
be due to an adenine transition and the 269-mu band to
originate in the isoalloxazine moiety only the resolution
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FIGURE 3: Molar ellipticity at 272 my plotted as a function of the molar refraction of the nonaqueous component of the water-
organic mixtures. Concentrations of the nonaqueous component were 0,025 and 0.05 M for the right and left panels, re-

spectively.

reported in Figures 6 and 7 and in Table I resulted in a
less intense 255-mu absorption. (The other resolutions
also required more bands in order to achieve an ade-
quate simultaneous fit.) Bands are resolved at 306, 269,
255, 238, 227, and 214 my. The critical values for the
resolved Gaussian curves are given in Table I. The back-
ground absorption used below 220 my in the resolution
is considered to contain the second very intense adenine
transition (ca. 207 my in Figure 1). It should be noted
that a resolution which simultaneously utilizes absorp-
tion and circular dichroism curves will not distinguish
between close-lying bands with nearly identical polar-
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FIGURE 4: Circular dichroism curves of FAD at various tem-
peratures in 0.1 M potassium phosphate buffer at pH 7.
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izations, or more specifically between bands in which
the half-band widths at half-intensity are greater than
the separation between band extrema and in which the
transition dipole moment directions are almost coinci-
dent. In this situation only a single band will be resolved.

Discussion

Spectra. The absorption and circular dichroism spec-
tra and the resolved data taken together allow a more
conclusive delineation of the electronic spectrum of
flavin than has previously been possible. Even so a reso-
lution cannot be considered unique but rather becomes
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FIGURE 5: Circular dichroism curves of FAD at pH 2.1 (- - -)
and 7.0 (—).
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TABLE I Critical Values for Resolved Gaussian Curves of Flavin-Adenine Dinucleotide.

Dipole Anisot-
Extinction Strengthe Molar Rotational ropye
Wavelength of Coef X Oscillator (D) X Ellipticity Strength? 'R/ D!
Extremum 10-3 Strength 1038 X 10-3 (R;) X 10% X 104
214 (217)¢ 20.4 0.42(0.74)¢ 20 -29.0 —-21.5 1.07
227 (230) 11.0 0.15(0.11) 7.42 12.4 6.309) 0.85
238 4.4 0.06 3.43 ~11.5 —6.8(—9) 1.98
255 14.9 0.31 17.6 225 20.1 (18) 1.14
269 (271, 275) 23.6 0.40(0.8) 23.7 -29.8 —22.6 (—18) 0.95
306 0.7 0.006 0.4 —3.06 —1.4 3.5

« The dipole strength is calculated from the expression (Moscowitz, 1961), D; = 1.63 X 10%(e,A./\,), where €'
is the molar extinction coefficient at the curve maximum, A; is the wavelength of the ith maximum, and 4; is the half-
band width at ¢,;/e. The transition dipole moment u;, is (D)'/.. ® The rotational strength is calculated from the expres-
sion, R; = 1.23 X 10742 (6,A/\;), where 8, is the molar ellipticity at the maximum of the resolved curve, A; and \;
are defined above. ¢ The significance of anisotropy is discussed by Kauzmann et a/. (1940). ¢ The numbers in parentheses
are the theoretically derived values on Song. ¢ The calculated rotational strengths for the proposed structure obtained
when using the theoretical transition dipole moment directions of Song and the magnitudes from the resolved data

(see Appendix).

increasingly credible as it correlates with other data and
with a priori theoretical calculations. As shown in Fig-
ure 1 the absorption spectrum of riboflavin in water con-
sists of four bands centered around 220, 265, 375, and
447 mu. In the Results section it was observed that there
are three Cotton effects in riboflavin near 340, 307, and
235 mu which do not correspond to maximum in the
absorption spectra. The 340-mu Cotton effect is espe-
cially interesting in view of the fact that the fluorescence
polarization spectrum has been reported to be constant
across the 375-mu absorption band. These results al-
lowed identification of only one independent electronic
transition in this region of the spectrum (Weber, 1966).
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FIGURE 6: The resolved absorption curve of FAD at pH 7
below 300 mu. Bold-faced curve represents experimental
data.

The small 307-mu Cotton effect had been observed in
optical rotatory dispersion studies and was attributed
to a ketonic absorption band (Simpson and Vallee, 1966).
Cotton effects could also arise from n-7* transitions of
the lone-pair electrons on the pyridine-type nitrogens of
the isoalloxazine moiety. In either case such transitions
are expected to be of low oscillator strength. Accord-
ingly the much less intense n—7* bands would not in-
troduce an appreciable slope in the polarization ratio
on the long-wavelength side of the 375-mu band. These
observations indicate an n-m* origin for the 340-my cir-
cular dichroism band. The large anisotropy of the re-
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FIGURE 7: The resolved circular dichroism curve of FAD
below 300 mu. Bold-faced curve represents experimental
data.
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solved 306-mu band (Table I) demonstrates the large
magnetic moment for this transition.

Much work has recently been directed toward inter-
preting the absorption spectrum of the adenine chro-
mophore. There is substantial evidence that the 260-mu
band is complex containing not only a strong electronic
transition at 260 mu but also a much weaker transition
at about 240 mu. A second strong electronic transition
is observed in the spectrum of adenine at 207 mu (see
Figure 1). Comparison of the circular dichroism and
absorption bands of FMN and AMP suggest that transi-
tions arising in the isoalloxazine chromophore are found
at 220, 235, 265, 307, 340, 375, and 450 mu and adenine
transitions are found at 260, 240, and approximately
207 mu. The energy of the transition responsible for the
235-mu circular dichroism extremum in isoalloxazine
is subject to the greater uncertainty. Examination of the
FMN spectra indicates that the 235-mu circular dichro-
ism position results from a superposition of the 220-mu
positive band. Hence the true position of this band prob-
ably lies several millimicrons to the blue.

It is interesting to compare the energies and intensitjes
of the transitions in the isoalloxazine chromophore as
determined by our circular dichroism studies with the
recent-all-electron self-consistent field (with configura-
tion interaction) calculations of Song (1968). Song finds
strong transitions at 446 (f = 0.65), 359 (f = 0.14), 275
(f = 0.59), 271 (f = 0.23), 230 (f = 0.11), and 217 mu
(f = 0.74). The dipole moments of the 275- and 271-mu
transitions are almost parallel and would therefore ap-
pear as a single band in absorption and circular dichro-
ism. The predicted energies are reasonably close to the
circular dichroism bands found in FMN with extrema at
450, 265, 235, 220, and a shoulder at about 360 mu. No
m—n* bands are predicted in the 300-350-mu region.
This is in accord with anisotropies of the bands near
340 and 306 mu in both FMN and FAD. Making allow-
ances for slight shifts in energy and changes in intensity
accruing from strong base-base interaction the com-
parison of the resolved FAD data (Table I) with Song’s
results is quite remarkable. It would appear that the day
when quantum chemistry can predict the spectral prop-
erties of even complex systems is indeed not far off. The
calculated values are given in parentheses in Table I.

Reciprocal Relations and the Nature of the Complex.
In the absence of steric factors the exchange and dis-
persion energies are maximal and the surface free energy
is minimal when the planar aromatic systems interact in
a sandwich or stacked agreement (Sinanoglu and Abdul-
nur, 1964), A stacked conformation of FAD is also
consistent with the observed hypochromism and other
physical properties cited in the introduction. This pre-
sumed stacked arrangement of FAD is favored in water
but becomes unstable with respect to a nonspecified un-
stacked form as the concentration of organic solvents is
increased. Several explanations for the stability of the
stacked form in water have recently been reviewed by
Penzer and Radda (1967). In the present work the abil-
ity of solvents like alcohols and formamide to unstack
the aromatic ring systems appears to follow the solvent
molar refractivity. Figure 3 shows an almost linear re-
lationship between reduction in the ellipticity at 273 mu
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and the molar refraction of the solvent. These results
suggest that the London dispersion forces (induced di-
pole-induced dipole forces) which can be approximated
by

L9 Lh RR
T 8N L+ L, ryt

~

e))

are among the principal factors which stabilize the un-
folded conformation. In eq 1 the symbols R, I, and N
refer to the molar refraction, ionization energy, and
Avogadro’s number, respectively. The subscripts a and
b refer to the nonaqueous component of the solvent and
the isoalloxazine or adenine rings, respectively, and ras
is the distance between a and b. In the unstacked con-
formation each of the aromatic residues is surrounded
by a surface of solvent. Dispersion forces between the
bases may be considered a principle factor favoring the
stacked form (Penzer and Radda, 1967). Accordingly
equilibrium between the stacked and unstacked con-
formation is shifted toward unstacking as the surface
of solvent becomes richer in concentration of highly
polarizable molecules.

In the coupled oscillator theory of optical rotation,
the rotational strength of the «’ transition in adenine
arises from coupling with all the 8 transitions in the iso-
alloxazine chromophore and with all the far-ultraviolet
transitions of the sugar and phosphate moieties. When
the two aromatic bases are in close proximity the inter-
actions between the bases are favored because of their
large dipole strengths and close-lying energies. Therefore
when the bases are juxtaposed the rotational strength
of the a' transition of adenine is largely the result of
coupling with the 8 transitions in the isoalloxazine
moiety. This contribution is written as the following sum

Ru = ZRurs @)
8

Similarly the rotational strength of the 3’ transition in
isoalloxazine arises largely from coupling with the «
transitions in the adenine moiety and is written as

Ry = ZRyrg )

The rotational strength of the «’ transition in adenine
due to coupling with the @' transition in the isoallox-
azine chromophore may be written as

Ryp = :_2_71-Va'ﬂ’ya’yﬂ’ra’ﬂ"“ﬂ’x“a' @
¢ Mg ~ vy
In eq 4, p,’ and ug are the electric dipole moments of
transitions «’ and 8'; v, and vy are the transition fre-
quencies; V,g is the Coulombic energy potential due to
interaction of instantaneous charge distributions of the
a’ and B’ transitions; ¢ and /4 are the speed of light and
Planck’s constant, respectively. rn/g is the vector dis-
tance between the transition origins. As the numerator
does not change sign on interchanging the indices (i.e..
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Fogr = —Tgior and pgXp, = —pu.Xug) while the
the denominator does, it is apparent that the rota-
tional strength of the 3’ transition in isoalloxazine which
derives from coupling with the o' transition in adenine
is the same value but opposite in sign, i.e.

Ralﬁl = —R’B’al (5)

Thus they are seen to vary in a reciprocal manner. In
favorable circumstances where the o’ and 3’ transitions
have relative orientations giving rise to large values for
the triple-scalar product, r.rg*pgXu,, and have
closely spaced energies such that

(vg? — w71 (6)

is large, then it is expected that these transitions will
derive a substantial part of their rotational strength from
coupling one with the other when in a stacked conforma-
tion. In the case of FAD it is significant to point out
that the resolved bands can be grouped into three pairs
(see Table I and Figures 1, 6, and 7) the 269- and 255-mu
bands, the 238- and 227-myu bands, and the 214-and 196-
mu bands. The rotational strengths of the first two pairs
are of approximately equal magnitude but opposite
signs. As demonstrated in Figures 2, 4, and 5 this com-
plexity can be largely removed by nonaqueous solvents,
pH, and by raising the temperature. Hence as the two
aromatic ring systems are brought together by varying
the temperature, solvent, or pH, one finds that the ellip-
ticities of these pairs of coupled transitions increase in a
reciprocal manner.

The specific nonplanar arrangement of the two aro-
matic systems which gives rise to the observed reciprocal
behavior can be described once an assignment of the
transitions has been made and the transition moment
directions are fixed with respect to the molecular frame-
work. A structure dependent upon theoretical work on
the electronic structures of the adenine (Berthod et a/.,
1967) and isoalloxazine (Song, 1968) chromophores and
derived from the observed coupling of the 269- and 255-
my bands and the oppositely signed 238- and 227-mu
bands and 214- and 196-mu bands is indicated in Figure
8. In this conformation the angle between pairs of
transitions is large giving large values for the triple-
scalar product, r,/g - us'Xu,’, for each pairwise cou-
pling. Moreover interactions between nonadjacent
bands, such as the 255-mu adenine-217-mu isoallox-
azine band and the 271-mu isoalloxazine-205-mu ade-
nine bands, would be small as the transition moments of
these combinations are almost parallel. Also g and
Uazr are small (see Table I, footnote a).

In Appendix A it is found that the circular dichroism
spectrum calculated for the proposed structure of Fig-
ure 8 yields rotational strengths for the first two sets of
bands which are of the same sign and same order of
magnitude as those found by the simultaneous resolu-
tion of the circular dichroism and absorption spectra
(Table I). The calculations in the Appendix are based on
the dipole-dipole approximation for ¥,.s. As no ex-
perimental results have been reported to date for the
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FIGURE 8: Considered structure for a stacked conformation
of FAD. The essential statement of the indicated stacking
is the angle made by the planar projection of the x and x’
axes, Translation of either base may occur along its long
axis. The adenine moiety (dashed structure) underlies the
isoalloxazine moiety (solid line). Directions of transition
moments are similarly indicated. Open circles indicate nitro-
gens.

isoalloxazine chromophore, the proposed structure is of
course dependent upon the ability of theoretical studies
to predict transition moment directions. There is, how-
ever, reason for guarded optimism regarding the ability
of the more sophisticated self-consistent field with con-
figuration interaction treatments (particularly those
which also include the ¢ electrons) to predict transition
moment directions. A recent self-consistent field with
configuration interaction treatment on uracil (O. W.
Adams, private communication) predicts that the polar-
ization of the characteristic 260-mu transition of uracil
is at 20° measured counterclockwise from the C,—N;
line. Experimentally the 260-mu band of 1-methylthy-
mine is polarized at 19 + 3° and that of 9-methyl-
adenine is polarized at either —3 or 45 + 3° measured
counterclockwise from the C,~C; line (Stewart and
Davidson, 1963, 1964; Stewart and Jensen, 1964).
Berthod’s self-consistent field with configuration inter-
action treatment of adenine and uracil (Berthod et a/.,
1967) places the 260-mu bands at 37 and 10°, respec-
tively. Insofar as the experiments on 1-methylthymine
and 9-methyladenine are representative of the situation
in uracil and adenine, the theoretical results are very
satisfactory.

The calculated rotational strengths for a considered
structure (see Appendix A) are reported in Table I (see
footnote ). It is seen that both the proper sign and cor-
rect order of magnitude are obtained for the first two
sets of bands. The pair of bands at shorter wave-
lengths which are incompletely resolved also give the
correct signs. The observed reciprocal relations, the
resolution which compared favorably with Song’s in-
dependent calculations and particularly the very limit-
ing constraints imposed by the three pairwise couplings
of transitions, which are so adequately met, are the basis
for the stacked conformation given in Figure 8.

In the calculation a distance of 4.5 A was used. It
may be that the distance is closer to 3.5 A in which case
the calculated values would be larger. While decreasing

2797

IN FLAVIN-ADENINE DINUCLEOTIDE



2798

TABLE II
Adenine Isoalloxazine
exo = —0.64i + 0.77 em = exs = —0.771 —
0.64j
€ = 0.98i — 0.18j €30 = —1.0j

exr = 0.86i + 0.50j exr = 0.80i — 0.60j

the distance would result in larger values the inclusion
of damping factors would lower the calculated result.
It is, in fact, surprising that eq 4 does so well considering
the extent of overlap of the resolved bands (Figure 6)
and the equation’s expected limited range of applica-
tion. Approximate retention of the band character-
istics of the noninteracted chromophores and domin-
ance of coupling between the two closest energy
transitions are features which have been observed in
both the FAD and adenosine 5’-mononicotinate (Miles
and Urry, 1967). These observations, which extend
beyond the validity of eq 4, experimentally demonstrate
the utility of the concept of reciprocal relations in
assessing proximity of chromophoric moieties with
close-lying transition energies.

Appendix A

In order to calculate the rotational strength of the
FAD transitions from eq 4, a method of approximating
the potential, V44, of the interaction of the instan-
taneous charge distribution of the groups must be de-
cided upon. Assuming the dipole approximation to the
multipole expansion of Vg, eq 4 becomes (Tinoco,
1962)

Zwva/Vﬁ"#al\Mﬁ'\GF

R g = — —~
'8 ch(vg® — vo'®)
GF = l‘ea"eﬂ' o z(ea"ra'ﬁ')(eﬂl'ra’ﬂ')] X
- Longd
egrXey Torg
‘ira'ﬂ'l‘a

where the e’s are unit vectors in the direction of the ap-
propriate transition moment vector and all other sym-
bols are as previously defined. Values for the frequen-
cies and transition moments are obtained from the data
of Table I with the exception of the 207-mu adenine
transition. The e vectors are determined from the theo-
retical work of Song and Pullman as discussed in the
text and are listed in Table II in terms of the unprimed
coordinate system of Figure 8. The magnitude of the
207-mu adenine transition moment is 4 D (DeVoe and
Tinoco, 1962). The distance vector, r,/g, in eq 4-A is
given by the expressionr,/g = x'cos¢i + x’'sin 8 j +

MILES AND URRY

BIOCHEMISTRY

zk, where x’ is the projection of the center of the
adenine chromophore along the x’ axis and ¢
is the angle made by the planar projection of the x
and x’ axis. The essential statement of the proposed
structure is the angle ¢. Translation may occur along
the x’ axis. Thus the value of x’ in the above expression
as well as the vertical distance, z, are not specified in the
proposed structure. Calculations based on the geometry
given in Figure 8, i.e., x’ = 0.7 A and = 15°, and the
assumption that the vertical distance between the chro-
mophores is 4.5 A gives calculated rotational strengths
for the resolved Cotton effects in the 300-195-mu region
of the right sign and right order of magnitude.
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Transfer Ribonucleic Acids in Escherichia coli.

Multiplicity and Variation*

Karl H, Muencht and P. Alicia Safille

ABSTRACT: Gradient partition chromatography of trans-
fer ribonucleic acid from Escherichia coli, strain B, re-
veals 56 transfer ribonucleic acid chains for 20 amino
acids. Acceptor profiles, determined with partially puri-
fied aminoacyl transfer ribonucleic acid synthetases,
demonstrate three transfer ribonucleic acids for aspar-
agine, cysteine, glycine, histidine, and threonine; four
transfer ribonucleic acids for proline, and five transfer
ribonucleic acids for tryptophan. Each of the tryptophan
transfer ribonucleic acid can exist in an active and an
inactive conformation as measured by response to chlo-

\/arious techniques of separation (RajBhandary and
Stuart, 1966) have revealed multiple tRNAs (isoaccep-
tors) for most of the amino acids. As techniques have
improved and multiplied, so has the recorded multi-
plicity of tRNA expanded. The general validity of this
multiplicity is accepted. However, the reasons for multi-
plicity are incompletely understood. Even less under-
stood are reasons for variable amounts of isoacceptors
and for changes in those amounts. To establish the min-
imum number of tRNAs and the isoacceptor constancy
in Escherichia coli, we examined four lots of tRNA by
gradient partition chromatography. For 7 amino acids
not previously studied (Muench and Berg, 1966a) 24
tRNAs were found, bringing the number of tRNAs for
20 amino acids to at least 56. At least two tRNAs have
been resolved for each amino acid, five for leucine and
tryptophan. Relative amounts of isoacceptors varied
widely in some cases and were constant in others.
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roquine in the charging medium, Although asparagine
transfer ribonucleic acids and aspartic acid transfer ri-
bonucleic acid emerge in the same region of the profile,
asparagine and aspartic acid do not share common ac-
ceptors, as shown by studies involving periodate oxi-
dation. The profiles of leucine and tyrosine acceptor are
essentially constant for different lots of transfer ribo-
nucleic acid prepared from commercial cells, whereas
the acceptor profiles for eight other amino acids vary
markedly. The variability is not explainable by differ-
ential extraction or artifacts in resolution.

Experimental Procedures

Materials. E. coli strain B cells were purchased from
Grain Processing Corp., Muscatine, Iowa.

Lots 1 and 4 of tRNA were prepared in our labora-
tory as described (Muench and Berg, 1966a):from two
different batches of the commercial cells stated to be
grown in minimal® medium and harvested in exponen-
tial phase at three-fourths maximal growth. Lots 2 and
3 were prepared by Schwarz BioResearch (6701 and
6603, respectively) by the method of Gutcho (1968) from
cells also supplied by Grain Processing Corp. but stated
to be grown in enriched! medium and harvested in ex-
ponential phase at three-fourths maximal growth. Lot
2 was derived from several batches of cells, whereas lot
3 was derived from one batch (S. Gutcho, personal com-
munication).

Pure tyrosyl-tRNA synthetase (Calendar and Berg,
1966) was a gift from Dr. R. Calendar. Other aminoacyl-
tRNA synthetases were prepared by batch fractionation

! According to the Grain Processing Corp., ‘“minimal®
medium consists of 1.0%; glucose, 1.0} yeast extract, 2.08%
K:HPOy4, and 1.62%, KH:POy; “enriched” medium consists of
4.0 % peptone casamino acids, 1% glucose, 0.5% yeast extract,
0.64% K:HPO,, 0.04%7; (NH¢):HPO, 0.003%; KCl, 0.001%
each of MgSQ., CaCl,, and ZnSO4, and 0.008 %} FeCls.
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