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Abstract - Detailed kinetics of the electron transfer reaction
catalyzed by the synthetic iron-sulfur cluster, (3), in cetyl-
trimethylammonium bromide micelles were investigated. The

rates of the reduction of N-9-acridinyl-pivalamide, (5), showed
the clear saturation behaviors both for the concentrations of
dithionite (electron donor) and 5 (final electron acceptor). The
results demonstrate that the reaction implies the pre-equilibrium
of these two species during the electron transfer. The detailed
analysis of the concentration dependencies gave the necessary
kinetic parameters, which indicated that the both processes of

2
showed almost the same

electron transfer reactions in the present system, SO + }2_———>

3- 3- 2-
37 and 37 4+ 5,73+ Sreq.r

efficiencies with those of native ferredoxins.

Introduction

Ferredoxins, which contain one or two non-heme iron-sulfur clusters as an
active site, play unique and important roles as electron transfer catalysts in the
biological systems such as respiration, photosynthesis, nitrogen fixation, hormone
synthesis and sulfur and carbon metabolism.l)

After the Holm's beautiful preparations of the synthetic complexes
{Fe4s4(SR)4]2- which are true analogs of the active sites of bacterial iron-sulfur
proteins,z) many these types of iron-sulfur clusters have been synthesized as
models of the active sites of ferredoxins and their structural, spectroscopic,
magnetic and electrochemical characteristics have been elucidated.3! The attempts
to apply such synthetic iron-sulfur clusters to electron transfer catalysts in

4) or liquid membrane systems) have been also reported. Although

organic solvents
many important knowledges on the iron-sulfur clusters have been accumulated
through these extensive investigations, there is little success®) of the
application of the synthetic iron-sulfur cluster to the electron transfer catalyst
in an aqueous solution because of their instability in water,7) which is quite
contrary to that of the native ferredoxin.8) Recently we reported that both of
the oxidized and reduced forms of the synthetic iron-sulfur cluster (3) showed
fairly good stability in cetyltrimethylammonium bromide (CTAB) micelles,?) and
that 3 in CTAB micelles was reduced by dithionite ion reasonably fast and could

successfully catalyze the electron transfer reaction between dithionite and

+ Deceased on March 22, 1987.
2843
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acridine derivatives in water.10) In this paper, we wish to report the detailed
kinetics of 3/CTAB-catalyzed electron transfer reaction between dithionite and

acridine derivatives.

Results and Discussion

Spectral Properties of Fe-S Clusters, 3 and 4

1D starting

The Fe-S cluster 3 was prepared by the ligand exchange reaction
from (n-Bu4N)2[Fe454(SBu—t)4]2) (see Scheme 1). The compound 4 was also prepared

by the same method and used as a reference hydrophilic cluster to make a

RSH R

(n-BugNi2 [F;454($Bu-t)4] DMF& >

/,SR R

Rs\&/_?j,';“ 2= 2a 3 : L-CHyCH(CO2Na)NHCOCi7Hgs-n Scheme 1

_ ,!j_l 2b_ 4 © L-CHaCH(CONa) NHCOCH3
i vahi Vg

SR
3(4)

comparison of the stability in water and the electronic spectrum. As shown in
Fig. l(a), the compound 3 and 4 showed the characteristic electronic absorption
spectra of Fe,S, clusters in DMF. A cetyltrimethylammonium bromide (CTAB)
micellar solution of 3 (pH 8.5) showed electronic absorptions at 300 nm (g, 2.2 X
104) and 396 nm (¢, 1.7 x 104) (Fig. 1(b)). As previously reported,lz) the
significant blue shift by the solvent change from DMF to water was observed

10%¢€

aq CTAB
[0 Ry - + + +— M 04— +
300 600 300
Electronic spectra

&
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Figure 1. Electronic and CD spectra of 3 , 4 and native ferredoxin.
a) in DMF, [3]=0.1mM, [4]=0.imM. b) in aq. CTAB micelles, [3]=0.1mM,
[CTAB]=20mM in 100mM Tris-Cl buffer at pH 8.5. «c¢) in DMF, [3]=0.1mM,
and in aq. CTAB micelles, [3]=0.1mM, {CTAB}=20mM in 100mM Tris-Cl
buffer at pH 8.S. -
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especially for the 396 nm band and these observations suggest that the present
Fe454 core part of 3 locates near the surface polar region of micelles rather than
the hydrophobic core of micelles.

Since the present Fe~S clusters, 3, has optical active L-cysteine ligands, 3
is active for CD spectra as shown in Fig. l{c). CD spectra of 3 in DMF and
micelles are significantly different and these results indicate the large
difference of the configurational surroundings around Fe-S cluster between these
solvent systems. Although the detailed identifications of CD spectra of native
ferredoxin {and also synthetic Fe-S clusters) are not known yet, it should be
noted that CD extrema of 3 at 340, 384, 420, 468 and 530 nm in the micellar
solution were very similar to those of native ferredoxin from Bacillus
stearothermophilus which contained one Fe,S, core (see Fig. l(c)).

Stabilities of Fe-S Clusters in Aqueous Micellar Solutions

The stabilities of 3 and 4 in DMF and aqueous CTAB micellar solutions were
investigated by following the decrease of its characteristic electronic absorption
at 396 nm. As shown in Table 1, the pseudo first order hydrolytic decomposition
rate (kdec.) of 4 was very fast (kdec.z 2.6 s-l) even in 10% H20~90% DMF at pH
8.5. In contrast with this, that of 3 in agqueous micellar solution (CTAB 20mM) at
pH B.5 was 1.4 x 10~7 s~!, being ca. 2 x 107 fold slower than that of 4 (in 10%
H,0-90% DMF) and comparable to that of native ferredoxin8) (see Table 1). It
should be noted that, based on these observations, the present cluster, 3 was
safely concluded to be completely bound into the CTAB micelles under the present
conditions.

Table 1. Decomposition rates of Fe454 Clusters

Fe,5, Cluster kdec. (s'l) condition
a)b)
3 1.4 x 1077 pH 8.5, 25°C
a)c) o
4 2.?1.4 « 1676,2)D) pH 8.5, 25°C
C. acidi-urici Fd 0.4 x 107 & pH 7.4, 4°C
C. vinosum Fd 1.0 x 10-6 ¢! pH 8.0, 30°C

a) Based on the characteristic absorption changes of 3 and 4
at 396 nm.

b} 0.1 mM Fe~S cluster, 20 mM CTAB, 100 mM Tris-Cl

c) 90% DMF-10% H,0, 10mM Tris-Cl d) ref. 8b) e} ref. 8c)

Since it is interesting to compare the stabilizing effect of the different
micellar systems, the stabilities of 3 in the sodium dodecylsulfate (SDS) and
Triton X-100 micelles are also investigated. The hydrolytic decomposition rates
of 3 in the SDS micelles (SDS, 50 mM) and the Triton X-100 micelles (Triton X-100,
108 v/v) at pH 8.5, 25°C were 1.3 x 1074 87! and over 4 x 1074 s”1, respectively,
which were ca. 103 times larger than that in the CTAB micelles. Thus, the results
made the sharp contrast with that previously reported by Tanaka et. al., where the
synthetic cluster, [Fe484(806H4C8H17)4)2‘, was stable not only in cetyltrimethyl-
ammonium chloride but also in SDS and Triton X-100 micelles.l4}) This sharp
difference between stabilities of 3 and [Fe454(SC6H4C8H17)4]2- in these micelles
suggests that the Coulombic interaction between cationic micelles and negative
charge (-6) of the present cluster, 3, is more important for the binding into the

micelles and stabilization of the cluster than the hydrophobic interaction between
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micelles and long alkyl chains of 3. On the other hand, in the case of
[Fe4s4(SC6H4C8H17)4]2~, the cluster was strongly bound only by the hydrophobic
interaction because of its small negative charge (-2). The importance of the
Coulombic interaction between the micelles and the present cysteine ligand cluster
is also suggested by the fact that even 4 having more hydrophilic N-acetylcysteine
ligands is significantly stabilized in CTAB micelles, though its decomposition
rate is 1.4 x 107° s_l, which is 10 times faster than that of 3 in CTAB micelles
(see Table 1).

Redox Potentials of Fe-S Clusters and Substrate in Aqueous Micellar Solutions

The redox potentials (El/z) of 3 and 4 in DMF containing 0.1N n-Bu,NBr were
measured by a cyclic voltammetry to be -1.08 V and -1.10 V vs Ag/AgCl (-0.88 V and
-0.90 V vs NHE) at 25°C, respectively, which lie in the reasonable range of usual
Fe,S, type clusters having alkylthiolate ligands.ls) In contrast, the Eljzof 3 in
the aqueous CTAB micellar solution containing 0.1M of KCl (pH 8.5) was found to be
-0.75 V vs Ag/AgCl (-0.55 V vs NHE) (see Fig. 2(a)), which was close to that of
native ferredoxin (-0.24 - -0.49 V vs NHE).I) The observed positive potential
shift of 3 by the solvent change from DMF to H,0 (0.33 V) was similar to those of
other synthetic cluster which were measured in aqueous solution containing large

2) or in micelles.14)

excess of mercaptans1
Since the reduction potential of N-9%9-acridinyl-pivalamide, 5, which was
employed as the substrate in this work, under the micellar conditions was not

known, the value was also determined by the cyclic voltammograms.lo)

Interest-
ingly, the reduction potential of 5 also showed the significant positive reduction
potential shift by the solvent change from DMF, -0.80 V vs NHE, to the aqueous
micellar solution, -0.51 V vs NHE (Fig. 2(b)). Thus, the result suggested that
the hydration around both of 3 and 5 were similar each other and the locations of

the Fe,S, core of 3 and 5 were also similar in the CTAB micelles.

NHE

Figure 2. Cyclic voltammetry of 3 and N-9-acridinyl-pivalamide. ) )
a) 3, ¢ ) in aq. CTAB micelles, [CTAB}=5mM, [KC1}=100mM in IOQmﬂ Tris-Cl
buffer at pt 8.5, (-----3 ) in DMF, [n-Bug4NBr]=100mM. b) N-9-acridinyl-

pivalamide, (——) in aq. CTAB micelles, {CTAB] =5mM, [KC1}=100mM in Tris-Cl
buffer at pH 8.5, (----- } in DMF, [n-Bu4NBr]=100mM.

Electron Transfer Reaction Catalyzed by 3 in Micelles
16)

As previously reported, the present cluster, 3, in CTAB micelles showed
the reasonable electron uptake ability from SZO%' in the bulk aqueous solution.
The detailed kinetic analysis reveals that the electron transfer reaction from
3203' to 3 proceeds through the non-cooperative multiple binding of 5203— onto the

surface of CTAB micelles and following dissociation of Szoi_ to 50;' which is
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actual reducing species. The kinetic parameters obtained are 19 t 7 for the

maximum number of szoi“ bound on the one micellar particle (n), 1300 * 400 M ' for

the single binding constant (KI} and 18 t 3 s-l

for the specific intramolecular
reduction constant of 3 by SOE' in the micelles (kl),17) respectively. Although
it is difficult to directly compare the electron uptake abilities of present
3/CTAB with that of native ferredoxin because such a binding process of 3202- is
not known for native ferredoxin, the overall electron transfer rates from 32 i_ to
Fe-S cluster cores are shown to be very similar each other in these systems (see
the later section).

Thus, the electron transfer reaction catalyzed by 3 was surveyed by changing

szoﬁ' 3%~ /cTaB Sred.

Scheme 2

3-
37 /CTAB Sox.

the reduction potential of substrates (S)IO)

(Scheme 2). The results clearly
showed that compounds having slightly higher reduction potentials than that of 3
{-0.55 V vs NHE), such as N-9-acridinyl-amide derivatives are suitable as the
final electron acceptors in the successive electron transfer reactions catalyzed
by 3. Otherwise the direct electron transfer from 5205" proceeds too quickly and
dominates the overall electron transfer reaction, as observed for anthraquinone
derivatives which have too high reduction potentials or no practical electron
transfer occurs as observed for 9-alkylaminoacridine with too low reduction
potential.

In order to elucidate the detailed kinetic process of these successive
electron transfer reactions catalyzed by 3, dithionite reduction of N-9-acridinyl-
pivalamide, which was the best substrate found was studied profoundly. The
reactions were followed by decrease of its characteristic absorption intensity at
385 nm and independently fluorescence intensity at 450 nm (excit. 360 nm) .19) The
typical reaction traces of the fluorescence measurements were shown in Fig 3.

450nm fluorescence of § (excit. 360nm)
nlatlve{_intensltles

+

o 5 10 15
2.

Figure 3. Typical reaction traces of electron transfer reactions from S)03 to
N-9-acridinyl-pivalamide (S).
{5]=0.1mM, [Disodium dithionite]=8mM. a) without 3 , k°b5.=0.83x10'6M~s‘1.
b) with 3 (0.03mM), kgps.=9.4x10-0M-s-1,

Although the initial zerc order traces of the reactions were employed for the
present kinetic analysis, the reactions were confirmed independently to proceed
without any appreciable side reaction, i.e., for example, after oxygen-oxidation
of the reduction product of substrate (5), over 98 % of 5 was recovered. Thus,
the dependences of the initial zero order rate constants of the reduction of
N-9-acridinyl-pivalamide (5) on the concentrations of dithionite, 5 and 3 were
investigated. All the rate constants were corrected by that without 3 {(less than
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Figure 4. Variation of reduction rates M*s l) of N-9-acridinyl-pivalamide(5)
as functions of [dithionite], [S? and [3].

6 @ ; observed data, —; theoretical curves calculated from eq. 1.
Line a: [5]=0.05mM, [3]=0.03mM. Line b: [dithionite]=8mM, [3]=0.03mM.
Line c¢: [5]=0.5mM, [dithionite]=8mM, 5mM CTAB, 100mM Tris-Cl (pH 8.5, 25°C).

10 % even at the minimum concentration of 3) and summarized in Fig. 4. As clearly
shown in Fig. 4(a), a saturation behavior for the concentration of dithionite was
observed under the present conditions (5 0.05 mM, 3 0.03 mM, CTAB 5 mM, Tris-Cl
100 mM, pH 8.5), which was similar to that observed for the reduction of 3 with
202-'16)
A saturation behavior for the concentration of substrate, 5, was also

obgerved when the concentration of 5 increased from 0.025 mM up to 0.5 mM at the
constant concentration of dithionite (8 mM) ({see Fig. 4(b}). At thg 0.031mM of 3,

the maximum reduction rate (Vmax) of 5 was obtained to be 1.2 x 10 Mss as a

saturation rate. This saturation clearly suggests that the reaction, §3‘ + 5.

22_ + SredJ also proceeds through the binding process of § into CTAB micelles (see

Fig. 5).

) 2,’:’\\;
5,00 m———— S.%Oa

agueous phase red. CTAB micellar phase

Figure 5. Electron transfer system of [Feas ((L)- SCH CH{CO Na)NHCOC” 35~n)1.12_;3-
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2_
max) of 5 at 8 mM of SZO4 and 0.5 mM

of 5 was found to be proportional to the concentration of the catalyst, 3 (see

Finally the maximum reduction rates (V

Fig. 4{c)), which indicated again that the Fe~S cluster, 3, quantitatively
incorporated intoc micelles and there was no appreciable equilibrium between 3 in
the micelles and bulk solution. The maximum turnover frequency of 3 was obtained
to be 0.4 8”1 as a slope of a line in Fig. 4(c). The highest turnover number of 3
observed in the present electron transfer reaction system was 28 {(mel product/mol
cat}) which was obtained under the conditions, [szoi‘]=8 mM, [5]}=0.5 mM and [3]=
0.012 mM. Based on these observations, the following reaction scheme is derived
as the most probable mechanism for the present reaction, where the random non-
cooperative binding of dithionite ion and 5 into the CTAB micelles were implied.

Mz'iz'-ni_l-A. + D ——> Mi'iz’-oi‘Aj Ky 1=1,2,...n
M2_/3_‘Di'hj-1 - B —— M2_13_°Di'Aj . K2 i=1,2,...,m
D). *A . — D, .
M D "Aj M D;2)AyD Kq
M27-p. -a, -D* —El*-m3'-0 ‘A —252*~M2—'D *A._, + P (5 __.) Scheme 3
i3 PR i 7y-1 =red.
where M27/37 is micelles including 3, D is dithionite, D* is SO, radical anion, A

is substrate (5), P is reduced A and n and m are maximum numbers of bound D and A
on micelles, respectively.

Assuming the steady state concentration of M3_, the observed initial rate
constant (M's_l) is given by eg. 1 (see Appendix for the details).

/2
Cpky (K K3D e /Mp) <k ymK A

Y 1/
ky (nK KqDo/M1) /2 (14K, A L) +k oMK Ag (14K D) /2

ol’;'s(M's ) =

eq. 1

18) MT is total micellar

concentration,l9) and Cp is total micellar concentration containing 3. The

where D¢ and Ag are concentrations of free D and A,

computer aided nonlinear least square calculation for all the data shown in Fig. 4
(a-c), using known value of Ky = (1.4 * 0.4) »x 1079 M,20) n= 19 ¢ 7, K, = 1300 ¢
400 M~ Yand k1 =18 ¢ 3 s’l,ls)gave the necessary parameters to be 4.4 : 0.4 for n,
5550 t 460 M~! for K, and 0.82 ¢ 0.05 s™! for k,, respectively (see Fig. 4). The
equilibrium constant of mK, was also confirmed by independent experiments of
static absorption change (360 nm} of 5 (4.3 x 107> M) at various concentrations of
CTAB micelles (CTAB 5-15 mM). The double reciprocal plots of the changes of

absorption intensities against the concentration of micelles!?)

gave the mK2 value
to be (2.0 % 0.4) x 104 M'l, which was in a reasonable agreement with that

obtained from above kinetic analysis.

Comparison of Fe-S Cluster/CTAB Micelle and Native Ferredoxin

' As shown in Table 2, the reduction rate (k,..4); 327 33- by SOE', is
similar to that of natural ferredoxin. It is interesting to note that the
apparent rate of the electron transfer (k,K,) from 3/CTAB to $ is also similar to
that from ferredoxin to Co(en)§+,21) even though the thermodynamic driving force
of the reduction (AElfz) is favorable to the latter, e.g., ABlfz(Co{en)§+—Fd) =
0.16 v,21) ang ag!/2(5-3/CcTAB) = 0.04 V, respectively (see Table 2). This
efficient electron transfer of 3/CTAB, however, is evidently due to the present
favorable binding constant (Ky) of 5 compared with that of E‘d-Co(en)g+ {597 mu-1y21)

} of 3/CTAB lies in the same
apl/2

and the intramolecular electron transfer rate (k2

range with that of ferredoxin expected from its value. However, it should
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be noted that, for the electron acceptor such as cytochrome Cq which is known to
form the tight 1:1 complex with ferredoxin, the extremely large rate is observed??)
(see Table 2).

Table 2. Comparison of 3/CTAB with Native Ferredoxin.

a) 1/2

6.7 x 107%) ca. 0.3 ca. 103 6.7 x 104 cytochrome c3

] '
t [}
: k ' k,K E k K
N red. ' 202 2 2
bmlestl) Humlestl) vy (s7h -l acceptor
1 t
M T
$
3/cTAB 3.4 x 1051’:{ 4.6 x 103: 0.04 0.82 5550 s
1 Cha
native Fd ! 2.3 x 1057 1 1.6 x 103 0.16 2.68 597 Co(en)3*
' :
1 i
1 1

a) The reduction rates of Fe-S cluster by SOE'. b} Limiting second order rate
constants at low reagent concentration, e.g., kred = kl(nKl/MT)l/2 and k2K2,
pH 8.5, 25°C, 5 mM CTAB, 100 mM Tris-Cl. cl ref. 20}y 4) ref. 21} e} ref. 22}

These results demonstrate that the present synthetic Fe-S cluster shows the
efficient electron uptake-release activities comparable to those of native
ferredoxin and, at the same time, indicate that, for the further high efficiency
of the electron transfer, the topological relationships between the cluster and
the electron acceptor and/or donor such as the distance and orientation are

necessary to be optimized.

Experimental

General Procedure and Materials
All manipulations, except the preparations of substrate (5) and N-octa-
decanoyl-L-cysteine (2}, were carried out under the argon atmosphere by using a

dry-box in which the concentration of oxygen was controlled to be less than 2 ppm.
DMF, THF and pyridine were distilled from CaHj, sodium and BaQ, respectively.
(n—Bu4N}2[Fe4S4(SBu—t)‘](1) was prepared according to the literature.?! Other
chemicals were commercially available and were not further purified.

Apparatus and Physical Measurements
1y-NMR spectra were recorded on a JEOL FX-90Q spectrometer. The chemical

shifts were given in § values from TMS or TSP. Ir spectra were obtained using a
Hitachi Model 215 spectrophotometer. Electronic absorption spectra were measured
with a Union Giken high sensitivity spectrophotometer SM401 thermostated at 25.0 %
0.1°C by attaching to a circulation system, Neslab Instruments Inc. RTE-9.
Fluorescence intensities were monitored by a Shimazu RF-503A also thermostated.
Cyclic voltammetry measurements were performed with a Bicanalytical Systems Inc.
CVv-1B using a Hg electrode in agueous micellar solution and a Pt electrode in DMF
solution containing 0.1M of KCl and 0.1M of nnBu4NBr as supporting electrolytes,
respectively and a KCl-saturated Ag/AgCl electrode was used as a reference.
Specific rotatory power was measured with a Yanako Automatic Polarimeter OR-50.
Mass spectra were obtained with a JEOL JMS-DX300 mass spectrometer. Elemental
analysis of metal was carried out using an atomic absorption spectrophotometer
Nippon Jarrell Ash AA-8500.
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N-Octadecanoyl-L-cysteine (2)

The compound (2) was prepared according to the method similar to the previous
report.23) Mass spectrum; m/e, Mt=387. Specific rotatory power; [a]ggg= +16.0°
(benzene) .

{n-BuyN) 5 [Fe S, ( (L) -SCH,CH (CO,Na) NHCOC yH35-n) 41 (3)
This Fe-S cluster was prepared by a ligand exchange reaction. 1) The sodium

salt (2(a)) of 2 was prepared by treating a solution of 20 mg (5.2 «x 1075 mol) of
2 in 5 mL of ethanol with a stoichiometric amount of 0.01 N agueous NaOH (5.2 mL).
After the solvent was removed in vacuo, 12 mg (1.0 x 1072 mol) of 1 dissolved in
the 5 mL of DMF was added to the residual white crop. The mixture was stirred for
2h at 50°C, then the solvent was removed in vacuo at room temperature. The
yellow-black residue obtained was dissolved in 2 mL of THF. To the mixture was
added 5 mL of n-hexane, and the solution was stored at -20°C overnight. The
precipitates formed were collected by filtration, washed with cold THF-hexane
(20/80 (v/v)) (-20°C, 2 x 0.5 mL) and dried in vacuo to yield 16 mg (63 %) of 3
which was found to be a tetrahydrate by elemental analyses. ly-nMR (TSP—DMSOdG);
¢ 13.2-14.7 (m, 8H, SCH,), 7.3 (d, 4H, NH), 5.0 (m, 4H, CH for ligand), 3.3 (m,
16H, a-CH2 for n-Bu4N), 2.2 (bs, 8H, COCH, for ligand), 0.9-1.7 (m, 132H for
CigH33—n of ligand and 56H for B-CH,, Y-CH,, CH3 for n—Bu4N). Elemental analyses;
calcd for C116H228N601258Na4 Fe4-4H20, C:54.77, H:9.35, N:3.30, Fe:8.78. Found,
C:54.16, H:8.79, N:3.10, Fe:9.04.

(n-Bu,N) , [Fe S, ((L)-SCH,CH(CO,Na)NHAC) 4] (4)

This Fe-S cluster was prepared in the same method mentioned above by using
L—HSCHZCH(COZNa)NHAc as the ligand. To the 8.0 mg of sodium salt (2(b)) of
N-acetyl-L-cysteine (4.3 x 1073 mol) in 2 mL of DMF was added 12.0 mg of 1 (1.0 x
10'5 mol). The mixture was stirred for 2h at 50°C, then concentrated to 0.5 mL of

volume in vacuo at room temperature. After the addition of 2 mL of THF, the
mixture was stored at -20°C overnight. The yellow-black crystalline precipitate
was collected by filtration, washed with cold THF (-20°C, 2 x 0.5 mL) and dried in
vacuo to yield ca. 10 mg (67 %) of 4. 1y-NMR (TSP-DMSOdg); & 13.0-15.6 (m, 8H,
SCHy), 7.3 (d, 4H, NH), 4.9 (m, 4H, CH for ligand), 3.2 (m, 16H, a-CHy for
n-BugN), 2.0 (s, 12H, Ac), 1.6 (m, 16H, 8-CH, for n—Bu4N), 1.3 (m, 16H, Y-CH; for
n—Bu4N), 1.0 (bs, 24H, CHjy for n—BU4N).

N-9-acridinyl-pivalamide (5)

To the 100 mg of 9-aminoacridine (0.52 mmol) in 5 mL of dry pyridine was
added the 72 mg of trimethylacetyl chloride (0.60 mmol) slowly at room
temperature. The mixture was heated to 80°C for 30 min, then the solvent was
removed in vacuo at room temperature, and aqueous Nay;CO; was added to the residue,
followed by CH,Cl, extraction. The CH,Cl, extract was dried over Mgso, and
evaporated to give a crude 5. Purification by recrystallization (CHC13) afforded
62 mg (43 %) of the pale yellow crystallites of 5. M.P. 218-220 Mass spectrum;
m/e, M*=278, lH-NMR (TMS-DMSOd¢); 6 7.4-8.3 (m, 9H, ring protons and NH), 1.6 (s,

9H, CH3). Ir (KBr); 3460, 3160, 2950, 1650, 1640, 1470 cm_l.

Preparation of Aqueous Micellar Solutions

All solutions used were prepared in a carefully deoxygenated dry-box and the
kinetic measurements were carried out under the argon atmosphere. To a stirred
aqueous buffer solution (4 mL, 0.1 M Tris-Cl, pH 8.5) containing a cetyltrimethyl-
ammonium bromide (CTAB, 0.02 mmol), was added a 50 uL of DMF solution containing
Fe~-S cluster (0.04-0.24 umol) and/or substrate (0.1-2.0 umol) at room temperature.
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The dark brown solution was filtered through the 0.45 ym membrane filter
{Sartorius SM-11306) and the resulting solution was used immediately for the
physical and kinetic measurement {final concentrations; CTAB 5 mM, Tris~Cl 100 mM,
Fe-S cluster 0.01-0.06 mM, substrate 0.025-0.5 mM). Other agqueocus micellar
solutions were prepared in the similar manner.

Kinetic Measurements

In a typical experiment, the reaction was initiated by addition of 0.4 mL of
the aqueous solution containing dithionite (6.0 mM) and Tris-Cl (100 mM, pH 8.5)
to 2.0 mL of aqueous micellar solution containing 3 (0.036 mM), 5 (0.06 mM), CTAB
{6 mM) and Tris-Cl (100 mM, pH 8.5), through the "syringe stopped flow"
apparatus.24) The reactions were followed by monitoring the decrease of the
characteristic absorption intensity at 385 nm and independently the decrease of
the fluorescence at 450 nm {excit. 360 nm) observed for 5. The curve fitting
analysis was performed by the standard damping Gauss-Newton method using a
personal computer.

Appendix

The rate expression used in this work, eg. 1, is derived from Scheme 3 as
follows.
According to the standard theory of the noncooperative multiple blndzngZS)zs)
the total concentrations of the CTAB micelles (MT), the cluster {CT), dithionite
ion {DTl and acridine, 3, (AT) are expressed by eq. 2, 3, 4 and 5, respectively,

assuming the low concentration of SOE’(D*) species compared with others.

n m
B . 2-,.,3-
M = i;'oj;)u(l,g) = (MMM 7) (14K D) (1+x A ) eq.2
n m 2- 3-
CT = MT- ig%jg%MDiAj = (M +M )(1+KID )0 (1+K A ) eq.3

ivri sy 2= 43— n-1 m
iM{i,3) = Df+nK105(M+M +M )(1+Klbf) (1+K2Af) eq.4

- 2-
Af + P+ mszf(M+M

||M3
()
=
-
o
1

3- n m~1
+M )(1+K1Df) (1+K2Af)
eq.5

C o 2- 3-
{Mi{i, 3} MDiAj + M DiAj + M DiAj)

Here, M, Df,

dithionite, free acridine and reduced acridine, respectively.

The total rate of the formation of M>~ species (X) and the initial rate of

Af and P denote the micellar particle containing no cluster, free

the formation of P (AT>> P) are given by eq. 6 and 7, respectively.

1 m
s 3
dX/dt = iZ‘ X (M2 D S1A0%) - Kk, Z gj M7TD A,
=1j=0 i=0f=t
n m 3-
(X= 3 X DiAs)) eq. 6
iz0j=0
1] m 3=
dp/dt = k, ig_,"”; M DA, eq. 7

Since the concentration of 50;'

change by addition of CTAB, the dissociation®constant of dithionite in the

is confirmed by the ESR measurement not to largely
micelles is assumed to be same with that in the bulk aqueous solution, i.e.,

Ky = m;,b)zfng eq. 8
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where the subscript T and superscript b dencte the total concentration and the

*b

species bound on the micelles, respectively. Therefore, Db and DT are estimated

T
by eqg. 3 which is derived from eg. 2, 4 and B.

- - *bh bh,1/2
Dy = Dy -Dg = nR DM/ (1+KDe) and Dp- = (KyDy) eqg. 9

Since the probability of the formation of D* in one micellar particle is
proportional to its number of bound dithionite, the concentration of Mz'Di_lAjD*
is given as follows.

2- * _ in*bspby 1m2-
MTD; _jAD" = (DLP/DR) iM?7DjAL eg. 10

Then, the eg. 6 was transformed in eg. 11 by using eg. 3 and 10.

nKleDf 1/2 szAf
dX/de =k1 W (CT-X) - kz—mx eg. 1i

Assuming the steady state condition for the highly active M3- species (X)), eq.l is
obtained from eg. 7.
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