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Laser Temperature Jump Study of Solvent
Effects on Proflavin Stacking
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Abstract: The Raman laser temperature jump technique has been used 10 determine rate constanis for proflavin dimerization
in aqueous solutions of methanol, ethanol, |-propanol, glycerol, and urca. Forward rates for solutions in aqueous ethanol are
quantilatively analyzed using a specific solvation model. The reverse rates arc characierized by the molecularity of ethanol at-
tack on the dye dimer. Thioninc requires approximately three ethanols 1o disrupt a dimer, whereas proflavin requires only one.
Poor correlations are found beiween the reverse rates and bulk solvent properties. The results sugges! that solvent effects on
dye stacking are determined by specific dye-solvent interactions. Comparison with previous results for thionine siacking indi-
cales 1he detailed electronic siructure of 1he dye determines these interactions, and that solveni-solvent contributions are rela-

lively unimporianti.

Stacking interactions play a fundamental role in nucleic
acid chemistry and in the solution chemistry of dyes. Despite
an ever increasing amount of thermodynamic data on stacking
systems, these interactions are still poorly understood. While
quantum chemists have emphasized electronic interactions,'-3
experimentalists have demonstrated the importance of the
aqueous environment.** Initially, the requirement of water
for stacking was thought to implicate traditional hydrophobic
interactions,87 However, this hypothesis is contradicted by
thermodynamic investigations that have shown that the driving
force has a large favorable enthalpy and a significant unfa-
vorable entropy.® Sinanoglu suggested a model in which the
reduction of surface area in the solvent cavity upon stacking
resulted in a favorable enthalpy contribution in liquids of very
high surface tension,'® Unfortunately, there has been little
experimental work on solvent effects on stacking. Thus, the
relative contributions of these various interactions remain
unknown.

A more detailed picture of stacking can be obtained by
studying the kinetics of the reaction as a function of solvent.
In this paper, we present the kinetic results on the association
of a cationic dye, proflavin, in various mixed aqueous solvents
(see Figure 1). These results are compared with our previous
study on thionine.'" The comparison of these two dyes is of
interest, since they both have essentially the same size and
shape, while their equilibrium constants for stacking differ by
almost an order of magnitude.

Experimental Section

Materials. Proflavin, 3 6-diaminoacridine, was obtained from Al-
drich, and recrystallized from water as described previously.!2

¥ Alfred P. Sloan Fellow.
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Gravimelric analysis showed | mol of water per mol of proflavin.
Coneentrations were made by weight using a molecular weight of
227.26. Water was doubly distilled and absoluie ethanol was used.
Methanol was spectral grade from Mallinckrodt, | -propanol "distilled
in glass" from Burdick and Jackson, and urea Ulira Pure grade from
Schwarz/Mann.

Kinetics. The association of proflavin has a relaxation 1ime of less
than | us, thus requiring the use of the Raman laser 1emperature jump
method described previously.!314 The probe beam was filtered with
a Corning CS5-57 filier and monitored a1 440 nm, close 10 the ab-
sorption maximum for the monomer. For studies involving small
equilibrium constants, the probe beam was intensified by pulsing the
Xe arc lamp 10 increase 1he light intensity a facior of 1en.'* As a check
for pholochemical effects, a 3.96 X 1073 M solution in D20 was 1esled.
The temperature jump in DO is over 100 times simaller than in H,0,
and no signal was observed. Relaxation data were photographed on
35-mm film, projecied onto a Tekironix 4662 plotier, and digitized
and analyzed with a Tekironix 4051 1erminal. The dala were fit 10 a
single exponential by a nonlinear least-squares procedure. Each re-
laxation 1ime represenis an average of a1 least |2 shots. The estimated
error in the rate constants is £ 15%. All solutions conlained 0.01 M
KH,PO,.

Results

The stacking of planar dye molecules has been demonstrated
for acridine orange and thionine by the characteristic upfield
shift of the NMR peaks of the ring protons.'!!® Although no
NMR measurements have been made on proflavin, it is ex-
pected to behave similarly. Proflavin does exhibit deviations
in absorbance from Beer’s law at high concentrations, which
suggests that stacking does occur.!7-23

Solvent effects were studied with aqueous mixtures, since
dye stacking has not been observed in nonaqueous solvents,?4
Attempts were made to observe relaxations for both proflavin

© 1979 American Chemical Society
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Table I. Rate Constants for Dye Stacking a1 22 °C and Physical Constants of Aqueous Solvent Systems a1 25 °C¢
thionine proflavin surface
10~%, 10-% _, 10-%, 10-%k_;, 1ension, viscosily, dieleciric
solvent | i s~ M-1g=! s~ dyn/cm cP consiant Y value!
H,0 (0.01 M KH,POy4) 24 0.9 I.1 3.0 72.0 0.89 78.5 3.493
H.0 (0.2 M KCI-0.05 M KH,POy) 0.96 1.8
5% MeOH 0.94 2.8 57.32 1.07 74.9 3.263
10% MeOH 1.6 1.4 0.92 39 50.0 1.24 71.5 3.016
1% E1OH 0.49 0.8 I.1 4.5 63.2 1.00 77.2 3432
5% E1OH 0.20 1.4 0.63 6.2 46.4 1.40 72.0 3.201
7.5% E1OH 0.20 3.0 0.56 8.0 40.4 1.65 68.8 3.028
10% E10H 0.18 5.1 0.48 9.5 36.6 1.90 65.5 2,852
1% PrOH 0.36 1.0 0.16 3.8 48.8 1.0 76.4
10% PrOH (18.0) 26.4 2,15 59.7
1% urea 0.35 6.4 0.917 80.2
5% urea (14.0) 1.00% 85.5
10% urea 0.61 1.7 1156 90.7
10% glycerol 0.4 0.7 1.0 29 68.1 2.74 69.8
| 3% glycerol (4.2) 67.5 4.46 66.6

¢ Oblained by linear interpolation of 1ables in J. Timmerman, “Physico-Chemical Constants of Binary Systems”, Vol. 4, Interscience, New
York, 1960. ¢ K. Kawahara and C. Tanford, J. Biol. Chem., 241, 3228 (1966). < A. H. Fainberg and S. Winstein, J. Am. Chem. Soc., 78,

2770 (1956).

Figure 1. Structure of proflavin.

and thionine (4 X 10~} M, 22 °C) in pure glycerol and ethylene
glycol, but were unsuccessful. Thionine in |5 mol % [-propanol
also showed no relaxation. The relaxations observed in aqueous
mixtures are due to the monomer-dimer equilibrium:

ki
P+P—P, (H
ko
Rate constants are determined from the concentration de-
pendence of the relaxation time according to eq 2:

T_2=k_12+8k1k_1[P]T (2)

where [P]t is the total concentration of proflavin. Figure 2
shows plots of 772 vs, [P]7. Additional kinetic plots are avail-
able in the microfilm edition (see paragraph at end of paper).
Each solvent mixture exhibits the expected linear behavior. The
rate constants obtained from these plots are listed in Table I.
Additional results for thionine are also included. The results
in 0.2 M KCI-0.05 M KH,POy, are identical with those re-
ported previously,?® except in this work the proflavin concen-
trations have been corrected for the contribution of one water
of hydration to the molecular weight. Aqueous solutions do not
show a large salt dependence, and equilibrium constants ob-
tained from the kinetic data are 370 (0.0l M KH,PO,) and
530 M~ (0.2 M KCI-0.05 M KH;PO,). These are in agree-
ment with the equilibrium constants from calorimetric mea-
surements but are considerably different from the spectro-
photometric numbers.!7!9

It was not possible to accurately determine the rate constants
in 5 mol % urea. This is because the low equilibrium constant
in this solution results in weak signals. Relaxation times were
measured at three high concentrations and were found to be
independent of concentration. This suggests the k_;2 term
dominates the relaxation and the k| for the reaction is small.
This is consistent with the large decrease in k| already observed
at | mol % urea. The relaxation times were used to determine
k1 alone.

10% EtOH

10% [Pt], M

Figure 2. Plois of square of reciprocal relaxation 1ime vs. 101al protlavin
concentration for ethanol-water mixiures a1 22 °C: (®) 100% water: (O)
5 mol % ethanol; (+) 7.5 mol %; (0) 10 mol %. All solutions conlained 0.01
M KH,POq4.

Discussion

The goal of this research is to understand how solvent affects
stacking reactions. The results presented here make it possible
to compare solvent effects on proflavin stacking with those
previously determined for thionine.!! Both reactions share the
general mechanism:

ki2 k23
P+P—PP=—P, (3)
k21 k32

where P,P is an encounter complex consisting of monomers
separated by one or more solvent molecules. The first step is
the diffusion-controlled formation of the encounter group, and
the second step is a rearrangement to yield the dimer. Applying
the steady-state assumption to the encounter group gives the
following expressions for the observed rates:

_ kiakas

ki =
YT ko + ko

4)
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kaikas
ka1 + ka3 (5)

Provided there are no long-range interactions, the diffusion-
controlled rates, k|, and k»;, can be estimated from the
Smoluchowski equation.?® Since proflavin and thionine have
similar sizes, they should have similar diffusion-controlled
rates. These have been previously calculated as 4.1 X 10° M~!
s~! and 2.6 X 10° s=! for ki, and kai, respectively.!’ For
proflavin, the measured forward rate, 1.1 X 10° M~!s~! is
almost four times slower than the calculated rate. This might
suggest that electrostatic repulsion between the cations should
be considered. However, the forward rate changes by only 10%
when the ionic strength is varied from 0.01 to 0.25, indicating
that proflavin’s charge is sufficiently delocalized over the ring
system to make electrostatic effects negligible. This is consis-
tent with CNDO/2 calculations of partial charges.?” An al-
ternative explanation is that &3 is partially rate determining.
In this case, consideration of eq 4 gives k>3 values of 9 X 0%
and 4 X 10% s~ for proflavin and thionine, respectively. This
could correspond to rearrangement of dye monomers, or to the
rate of solvent ejection from the encounter complex. The rate
of orientational relaxation of these dyes in water is expected
to be 10'°s~! or higher and should be the same for proflavin
and thionine, since they have identical volumes.?® Thus, k33
appears to be a measure of the solvent exchange rate,
suggesting that water solvates proflavin more strongly than
thionine.

In the solvent mixtures, there is an additional equilibrium
due to interaction of the dye with cosolvent, A:

P+ A=PA Ka (6)

k_1=

Here K A is the equilibrium constant for this association. If both
P and PA can form dimers, then it is necessary to consider the
following parallel reactions:

k1200 k2310
P+P——PP+——P, (7a)
k210 k3@
kall
ki) ka3t
PA+P+——=PAP+—=—=P,+ A (7b)
kah k3D
I
k1 k@
PA + PA=——=PAP+ A== P, +2A (7¢)
kn® k3@

The assumption that PA and P are in equilibrium during the
observed rate processes leads to the following expression for
the observed forward rate:

_ KO+ K (DKATA] + ki DKAT[A]
(I + Ka[A])?

where kO, k(M) and k{2 are overall rates defined by analogy
with eq 4, and [A] is the molar concentration of cosolvent. The
rate k(9 is essentially that measured in pure water. The other
constants can be estimated by fitting the observed dependence
of k, on cosolvent concentration.

For thionine in water-ethanol mixtures, k,(® is 2.4 X 10°
M-'s=land k2 is 0.2 X 109 M~! s~!. This latter value is
derived from the limiting rate observed at high ethanol con-
centration (see Figure 3). The only constants left to be deter-
mined are k;{!) and KA. A nonlinear least-squares fit gives
excellent agreement with the data when k(') is 5.4 X 103 M~!
s~!and K is 5.8 M~!. The predicted curve is shown in Figure
3. The derived K 5 agrees well with the value of 3.9 M~! de-
termined previously from equilibrium spectrophotometric
measurements.2®

For proflavin, the forward rate never levels off at high eth-
anol concentration, so k{® cannot be measured directly.

(3)

1
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Therefore, three constants were determined by a nonlinear
least-squares fit. Assuming a k(9 of 1,1 X 10° M~!s~!, the
fitted valuesare Ko = | M~ k(D =26 X 109 M~ s~! and
kD =20X10¥M~!s™! Incomparing k(% and k"’ it must
be remembered that k(' is a rate for a self-association,
whereas k(1 refers to a reaction of two different species. With
this in mind, it appears that a collision of a PA complex with
P is just as likely to result in reaction as a collision of two P’s.
On the other hand, a collision of two PA complexes is only
one-fifth as likely to result in dimer formation. Equation 4
indicates this may reflect changes in either k.3 or k3, for this
last case, a point we will return to later. Comparison of both
K A and k(U for thionine and proflavin suggests the ethanol-
dye complex is much stronger for thionine than for proflavin.
Of course, these fitted numbers can only be considered order
of magnitude estimates due to the error in the experimental
rate constants.

The effect of cosolvents on the dimerization of dyes is not
confined to changes in the forward rates, but is also seen in the
reverse rates. The increase in k_; may be due to cosolvent at-
tack on the dimer being more effective than water attack. The
molecularity of such an attack can be estimated by plotting k-
as a function of cosolvent molarity. Plots for proflavin and
thionine in aqueous ethanol solutions are shown in Figure 4.
Within experimental error, this plot is linear for the proflavin
data, whereas the thionine data are better fitted by the cube
of the cosolvent concentration. Apparently, the proflavin dimer
is broken up by a single alcohol, while the thionine dimer re-
quires approximately three. This is consistent with the greater
stability of the thionine dimer in water as reflected by its lower
dissociation rate (0.9 X 10%vs. 3.0 X 10s™1),

The effects of ethanol on reverse rates suggest a possible
explanation for the different behavior of k(! and k(2 be-
tween proflavin and thionine (see eq 7). If the encounter
complex P,P is not strictly diffusion controlled, but has some
inherent stability, then the lifetime of this complex should be
sensitive to the number of ethanol molecules present. The de-
pendence of thionine reverse rate on alcohol suggests that more
than one alcohol would be necessary to destabilize this com-
plex. Thus, k5 should be essentially constant for the reactions
ineq7,and k(" and k2 are both determined largely by the
rate of ethanol exchange on thionine. In contrast, a proflavin
encounter complex will be destabilized by a single additional
alcohol, If this complex consists of a single ethanol and two
monomers, then the encounter group formed in reaction 7c will
have a shorter lifetime than that formed in 7a or 7b. This in-
crease in k»; results in the low value calculated for k(2. In this
mode], the rate of ethanol exchange on proflavin is too fast to
slow down the observed rates. This is consistent with the high
value of k{1, the low value deduced for K 4, and the relatively
slow rate of water exchange on proflavin. There is an alter-
native explanation for the difference of k(") and k2 derived
for proflavin. Solvent exchange could simply be slower when
two ethanol molecules are present. While it is surprising this
is not observed for thionine, the possibility cannot be strictly
ruled out.

Attempts have also been made to correlate the measured
rates with the solvent parameters listed in Table 1. The forward
rate could depend on viscosity if reaction occurred immediately
on every encounter.’® However, such a correlation is not ob-
served. Thus, a number of collisions must occur between two
monomers trapped in a solvent cage before the dimer forms.
This is consistent with the proposed mechanism. Since both
dyes have a positive charge, it might be expected that solvent
polarity would influence the forward rates. However, no cor-
relation is observed for log k| with inverse dielectric constant
or with solvent Y values, a measure of microscopic solvent
polarity.36-32 For example, the forward rates measured for
proflavin in 1 mol % |-propanol and | mol % urea are much
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Figure 3. Plo1 ol k| vs. molarily ethanol for thionine and proflavin. Solid
lines are fitted curves.

slower than would be predicted from solvent polarity. For the
reverse rate, there are slight correlations of log k— with vis-
cosity, reciprocal of the dielectric constant, and surface tension.
Both dyes correlate well with these parameters when only al-
cohol-water mixtures are considered, but the urea, glycerol,
and formamide results are not consistent. The surface tension
gives the best correlation and the plot is shown in Figure 5. This
plot is unusual in that it shows two linear regions. The reverse
rate seems to level off at large surface tension. If simple cavity
considerations were important, this plot would be expected to
be linear. It is also important to note that pure glycerol, eth-
ylene glycol, and 15 mol % |-propanol do not appear to cor-
relate with this plot. These solvents have surface tensions at
25°C of 62.5, 48.0, and 25.3, respectively, and would be ex-
pected to have a stable dimer, However, no relaxations could
be detected for either proflavin or thionine in these solvents.
The data, therefore, indicate that cavity terms do not dominate
solvent effects on stacking. Of course, there is no guarantee that
macroscopic surface tension adequately reflects the micro-
scopic surface tension. One possible interpretation of the eth-
anol effects on reverse rates is that the alcohol interacts with
the solvent cavity rather than directly with the dimer. However,
the slope of the proflavin plot shown in Figure 4 yields a rate
constant of 1.2 X 10® M~!s~! for dimer disruption by ethanol.
Thus, only one in every 10* collisions results in dimer de-
struction. This efficiency seems too small for a mechanism
involving cavity perturbation.

It is interesting to speculate on the intermolecular forces
responsible for the effects reported here. The two dyes have
essentially identical sizes, so they should be affected similarly
if solvent-solvent interactions are dominant. This does not
appear to be the case. On the other hand, the electronic
structures of the dyes are significantly different. Proflavin has
a monomer absorption maximum at 444 nm with e = 3.3 X 10*
and an oscillator strength of 0.43, whereas thionine has a
maximum at 598 nm with ¢ = 5.6 X 10* and an oscillator
strength of 0.52. Dispersion forces will surely be involved in
the interaction of the dyes with cosolvents, and to a first ap-
proximation they will be stronger for thionine than for
proflavin.?%:33.34 This could explain the stronger solvation of
thionine by ethanol. However, the forward rate constants
measured in | mol % propanol suggest that this solvent inter-
acts more strongly with proflavin than with thionine. Thus, it
seems that the detailed electronic structure must be considered
to explain the kinetic data. Preliminary CNDO/2 calculations
indicate that proflavin has a more polar structure than thio-
nine.?” This is consistent with the stronger interactions of water
and urea with that dye. Further understanding of the solvation
of these large molecules as reflected in the kinetics will require
more extensive calculations.
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The reverse rates measured in this work indicate that ethanol
is more effective than water in disrupting proflavin and thio-
nine dimers. If the results are extrapolated to high alcohol
concentrations, this is the dominant effect that would prevent
stacking. This is somewhat surprising for proflavin, since the
forward rates indicate the interactions of ethanol and water
with the monomer are of equal strength. This may suggest that
the size of the attacking solvent molecule is important in de-
termining k—,. Recent theoretical work has highlighted the
importance of this parameter on solvent interactions, and this
may be another manifestation of its influence.353¢
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Communications to the Editor

Biosynthesis of the Boron-Containing Macrodiolide
Antibiotic Aplasmomycin

Sir.
Aplasmomycin (1) is a novel ionophoric macrodiolide an-

tibiotic which was isolated from strain SS-20 of Streptoniyces
griseus obtained from a sample of sea mud.! lts structure has

—_—9
CHz-COOH
* CHz of methionine
CHpOH
N “CH-CH,0H
|
OH
(tentatively)

been determined by a single-crystal X-ray analysis as a sym-
metric dimer built around a boron atom.? It is closely related
to boromycin (1), the first boron-containing antibiotic found

in nature,®* The two compounds have very similar confor-
mations and identical configurations at all the asymmetric
centers except C-9, but, in contrast to boromycin, aplas-
momycin does not contain the D-valine moiety. In this com-
munication, we present results on the biosynthesis of this un-
usual macrolide antibiotic.

Following preliminary studies with '*C-labeled precursors,
feeding experiments were conducted with 90% enriched sodium
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[1-'3C]-, [2-'3C]- and [l,2-'*Clacetate, and L-[methyl-
'3C]methionine. The labeled precursors were added to shake
cultures of Streptomyces griseus strain SS-20 at 48 h after
innoculation, and the fermentation was continued for an ad-
ditional 48 h.” The labeled antibiotic samples were then iso-
lated in yields of ~10 mg/L by chloroform extraction of the
broth followed by preparative TLC. The antibiotics thus ob-
tained were analyzed by '*C NMR spectroscopy.

The natural-abundance proton noise-decoupled '3C NMR
spectrum of aplasmomycin shows 20 signals corresponding to
40 carbon atoms of the symmetrical macrocyclic dilactone ring.
Each signal represents two identical carbon atoms. An un-
equivocal assignment (Table 1) of every signal in the spectrum
was made using the characteristic chemical shifts, multiplic-
ities, single-frequency decoupling, comparison with several
derivatives and model compounds, specific deuteration ex-
periments, and analysis of one-bond carbon-carbon couplings
of pairs of carbon atoms.’

The '3C NMR spectrum of [1-!3CJacetate-derived aplas-
momycin showed seven enhanced carbon signals representing
c-1,-1", C-3,-.3,C-5,-5,C-7,-7,C-9,-9", C-11, -1 1", and
C-13, -13’ of the macrolide ring. Conversely, [2-!3C]acetate
increased the intensity of the seven carbon signals corre-
sponding to C-2, -2°, C-4, -4/, C-6, -6’, C-8, -8, C-10, -10’,
C-12,-12’,and C-14, -14’". Incorporation of 14 intact acetate
units was confirmed by analysis of the antibiotic enriched by
sodium [1,2-'3CJacetate, which showed seven pairs of doublets
due to carbon-carbon coupling as characteristic satellite sig-
nals on the natural-abundance peaks, The pattern of incor-
poration of acetate is consistent with the polyketide pathway
in the sense that the polyketide chains extend from carbon
atoms 14 and 14’ through the ring system to carbon atoms |
and |’ in the direction of decreasing numbers of the carbon
atoms with the nonacetate derived carbons 17-15 and 17-15’
as starter units. Table I lists the relative abundance values
observed in this antibiotic after feeding various precursors and
the respective 'J¢.c values found.

Three of the four methyl groups of each chain, carbons 18,
19, and 20 are derived from methionine (Table ). This is un-
usual since the branching methyl groups of most macrolide
antibiotics, with few exceptions, e.g., the lankacidins, have
been demonstrated to originate from propionate units.

No significant enrichment of carbons 15, 16, and 17 was
observed by any of the '*C-labeled precursors employed so far.
Although [2-14C]- and [3-'*C]propionate showed good specific
incorporations, 75 and 80%, respectively, into aplasmomyecin,
surprisingly [1-14C]- and [1-'3C]propionate did not give any
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