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Abstract: trans-Bis(N-methylpyridinium-4-yl)diphenylporphine forms extended, organized assemblies on
DNA templates under appropriate conditions of concentration, ionic strength, and temperature. Addition of
f-cyclodextrin to these arrays leads to their disassembly as evidenced by changes in extinction, circular
dichroism, and resonance light scattering spectra. The structure or flexibility of the polymer template has
an effect on the rate of disassembly; the reaction is faster on a poly(dG-dC), surface than on ct DNA. The
kinetic profiles for the disassembly process can be fit with great precision with a two-kinetic parameter
equation in which the rate constant is itself a function of time. The reaction rate, studied in the presence
of excess -CD, shows a dependence on the mode of detection. A model is presented to account for
these observations in which the arrays become increasingly reactive with time due to 5-CD attack at the
interior of the porphyrin assemblies as well as the ends.

Introduction H;C
NES)
Descriptions of the interactions of cationic porphyins and NZ=—
metalloporphyrins with DNA have been reported in several /
review articles, and although differences in emphasis are N

apparent in these summaries, they have a number of basic

features in commof.® General agreement exists that some

porphyrin derivatives are capable of intercalating into DNAs

of appropriate composition, while other porphyrires a result

of the nature of peripheral substituents or inserted meted

limited to external, groove binding. In addition, evidence has

been presented for porphyrin self-assembly on a DNA suffsce.

In some instances, these aggregates are relatively modest in

size#5but for at least two derivatives, compelling evidence has / \
been presented for highly extended assemBtié$he free base
and copper(ll) derivatives dfans-bis(N-methylpyridinium-4-
yl)diphenylporphine %H>P.gg Figure 1) and a “tentacle” CHs

porphyrin each provide spectroscopic signatures consistent withFigure 1. Structure of the free base porphyriransbis(N-methylpyri-
dinium-4-yl)diphenylporphinet{H2Pag).

*To whom correspondence should be addressed. E-mail: rpasterl@ . . .
swarthmore.edu. the formation of extended, electronically coupled, organized

T Swarthmore College. assemblies on DNA. Particularly useful for identifying and
* Goucher College. characterizing these aggregates have been circular dichroism
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porphyrin becomes part afggregatesthe critical concentration
of monomer at equilibrium depends on both ionic strength and
temperaturé?

Kinetics of aggregate formation have been investigated for
both t-HyPagg and t-CuPsgg 0n DNA 13 The time-dependent

plicability and the implications of this kinetic model are now
under active investigation.

In the present paper, we consider an equally important, but
heretofore largely unexplored area of supramolecular chemistry.
We describe studies on the kineticsadsembly degradation

profiles obtained for the porphyrin-assembly process generally These experiments are begun with a fully formed, equilibrated

begin with an induction phase, followed by a period of rapid
growth, and then by a gradual approach to equilibrium. A

array of DNA-bound porphyrins. Then, through the addition of
p-CD, the DNA surface is cleared of porphyrin ligands with

nonconventional autocatalytic mechanism was proposed for thethe formation oft-H,Pagd3-CD complexes. We report here on

aggregation in which the growing assembly catalyzes the
formation of new reaction centers for polymerizati§riThe

formation of these reaction centers (referred to also as “nuclei”
or “seeds”) is putatively the rate-determining step in the overall
aggregation process. As implied by the term “autocatalysis”,
the system becomes increasingly reactive with time, which

the nature of the porphyrin product and the mechanistic
implications of the degradation kinetics.

Experimental Section

Materials. The porphyrin used for this studyransbis(N-meth-
ylpyridinium-4-yl)diphenylporphine (Figure 1) was prepared frivams:

manifests itself in this analysis in ime-dependent rate constants.Pis(pyridinium-4-yl)diphenylporphine supplied by Mid-Century Chemi-
The proposed rate law, written to reflect the reversibility of cals (Chicago, IL). The starting material (75 mg) was refluxed for 48

the process and the unusual form of the mass action expressio

(i.e., K = cac= [Mj]), is given by the equation
—dMJ/dt=k@O{(M] — MD)"(M] — MD™} (1)

wherem is related to the number of molecules that comprise
the reaction nucleus, [M] is the concentration of monomer at
timet, [Mg] is the initial concentration of porphyrin, and [M

is the concentration of monomer at equilibrium. The form of
the rate constank(t), is considered next. In the absence of a

catalyst, the reaction proceeds with a time-independent rate
constant,k,. However, as a consequence of autocatalysis, a

second term is included thattisne-dependentJsing the model

in 150 mL of a 1:1 mixture of iodomethane and methylene chloride.

he product, after evaporation of the solvent system, was treated with
a Dowex anion-exchange resin to convert the iodide salt to the more
soluble chloride form. ThéH NMR spectrum of the final product was
identical to that obtained with a fully characterized authentic sample.
Stock solutions, prepared from the solid in purified filtered water, were
stored in the dark. Porphyrin concentrations were determined in 1 mM
phosphate buffer, pH-7, using a value for the molar absorptivity of
€ =2.40x 1® M~ cm™ at the Soret maximum near 419 fBoth
poly(dG-dC) and calf thymus DNA were obtained from Pharmacia
Biotech (Piscataway, NJ). The former polynucleotide was purified by
extensive dialysis against a solution consisting of 1 mM phosphate
buffer and 8 mM NacCl. Calf thymus DNA was purified using a standard
method described previouslyConcentrations, expressed in moles of
base pairs per liter, were obtained using 1.48 x 10* M~ cm? for

of surface-catalyzed reactions as a guide, the catalytic ratepqly(dG-dC)!® ande = 1.32 x 10* M~ cm? for ct DNA® both at

constant is expected to be proportional to Huygregate size

the UV maximums near 260 nm. The integrity of the double helix was

For fractal aggregates, cluster size has been shown to increasenonitored via circular dichroism.

with a power-law dependence on tirifeand therefore, it has
been proposed that the overall rate constet)t, can be written
ag?

k(t) = ko + k(k)" &)

where the parameten is related to the growth rate of the
aggregate. The differential rate law ( eq 1) is integrated to give

M] = [M]+ (M = [MD{(@+ (m— 1Ykt +
(n+ 1) (k)™ DY (3)

for m= 1.

Both o- and y-cyclodextrins were purchased from Sigma-Aldrich
Co. and used without further purification. Sigma-Aldrich also supplied
theS-cyclodextrin 3-CD) used in this study, but this product was twice
recrystallized from warm water. All other chemicals, obtained from
Fisher Scientific, were reagent grade and used without additional
purification. Water, purified through a Barnstead Nanopure water
system, was passed through @i2-Nalgene syringe filters immediately
prior to use in solution preparation. All stock solutions, except those
containing nucleic acids, were also filtered.

Methods. Absorbance (extinction) measurements were conducted
on a Jasco V550 spectrophotometer using Fisher methacrylate cuvettes
whenever possible. The temperature was maintained at24€51°.
Porphyrin staining of the cuvette surfaces is less severe for methacrylate
than quartz cuvettes, and so the latter cuvettes were reserved for
experiments conducted in the ultraviolet region and for circular

This nonconventional approach has been used with somegichroism experiments performed on an Aviv 62DS spectrometer.
considerable success for the Investigation of assembly formatlonHuorescence and RLS measurements were conducted on a SPEX

of t-HyPaggandt-CuPygg on DNA L1315 addition, the model
proves capable of fitting literature data for several biologically

Fluorolog spectrofluorometer. The RLS method, as previously de-
scribed®?uses a “synchronous scan” mode in which the emission and

important assembly processes, including actin polymerization excitation monochromators are preset to identical wavelengths.

and the formation of3-amyloid aggregates:1316 Fuller ap-
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Figure 2. Extinction spectra oft-HoPagdct DNA solutions, 1.0 mM 200
phosphate buffer (pH-7), at various conditions: (a) 8.0 mM NaCl; (b)
0.10 M NaCl; (c) equilibrated in 0.10 M NaCl followed by the addition of 250 I I L
S-CD to 5.0 mM. 350 400 450 500 550

wavelength (nm)

the pc_)rphy_rm, in its monomeric form, is per_mltted to |nteract_ with the Figure 3. Circular dichroism spectra dfHPagdpoly(dG-dC) solutions,
nucleic acid prior to the addition of salt to induce aggregation. 1.0 mM phosphate solution, 0.10 M NaCl, f&CD added £); after addition
Due to the speed of the deaggregation reaction, kinetic scans limitedof 4.0 mM -CD (- - -).

by hand-mixing of the reactant solutions miss a significant portion of

the signal change. An RX-1000 rapid mixer (Photophysics) was of Soret intensity is observed near 450 nm (Figure 2b), the

employed to monitor the kinetics. The instrument incorporates a circular dichroism signal in this region is very large and

blackened quartz cuvette (having small transparent windows on all four pisignate, and a markedly enhanced RLS signal is observed.

sides) attached to driving syringes via an umbilical cord through which \we have identified these spectral changes as resulting from the

the unmixed solutions travel to the cell. The windows are located low {5 mation of extended organized assemblies of the porphyrin

on the cuvette, and fabricated risers were employed to allow for various molecular ions on the DNA templafeWhen the solution of

beam heights of instruments. The temperature was maintained at 24.5Fi . ca . .
gure 2b is made 5 mM iB-cyclodextrin, spectrum 2c is

+ 0.2°C. For each kinetics experiment, one syringe contained 1 mM btained havi . dditi h
phosphate buffer, 0.10 M NaCl, and double the target concentration of Obtaine aving a maximum at 423 nm. In addition, the

botht-H,Psgsand DNA; the other syringe contained the same phosphate enhanced RLS and circular dichroism signals disappear and the
and NaCl concentrations, but no porphyrin or DNA and twice the target quantum yield for fluorescence increases. Similar results are
B-cyclodextrin concentration. “Blank” experiments were performed by obtained for poly(dG-dG)as template, as shown in Figure 3.
mixing aggregate samples with a buffer and salt solution witf3eQD The enormous, bisignate circular dichroism signal of the
to examine dilution effects. organized porphyrin array disappears in the presence of excess
Extinction and circular dichroism measurements were conducted at 5.CD. TheS-CD has apparently reversed the assembly process
450 nm whereas resonance light scattering kinetics runs were perrormeoby forming a complex witht-HaPag, Neithera-CD nor y-CD
at 535 nm for poly(dG-dG)and at 570 nm for ct DNA. These latter o' «anaple of competing with the porphyrin/porphyrin interac-

wavelengths correspond to Q-bands of the aggregate where thetions involved in array formation, and thus, these two cyclo-

absorbance is low at the concentrations used in these experiments, thua trins h little i t on th tincti ircular dichroi
circumventing the need for absorption corrections. extrins have littie impact on the extinction, circular dichroism,
or RLS spectra of assembleédH Pagg

Results To achieve a fuller understanding of theHPaqd3-CD

The manner in which-H,P.q interacts with DNA depends intergction, both spectrophotometrig and spectroﬂuorqmetric
sensitively upon concentration, nucleic acid composition, tem- fitrations of the free base porphyrin undeonaggregating
perature, and solvent conditions. For example, at a porphyrin conditionswere carried out'. Close e>.<am|nz.it|on of t'he tlt'rat!on
concentration of M, ct DNA at 25xM, 1 mM phosphate spectra reveal; thqt ther(_e is no persistent isosbestic point in the
buffer (pH~7), and 8 mM NaCl, the porphyrin remains almost €ourse of the_t_nrgtlon (Fl_gure 4). The data were analyzed for
totally monomeric on the nucleic acid template at 245 The stepwise equilibria gllowmg for three chromophores, the un-
Soret region is characterized by a single peak at 422 nm (Figurecomplexgd porphyrin, a 11 complex, and a 1:2 complex
2a), and it is only through the application of more sensitive (POrphyrin-/5-CD). An equation of the form
spectroscopic techniquesircular dichroism and especially 5
resonance light scatteringhat evidence can be found for the A= [tHPygdo(€ + €,K4[B-CD], + ;K K;[f-CD],)/
presence of any porphyrin aggregate. The Soret maximum has (14 K,[8-CD],+ K,K,[3-CD],3) (4)
undergone a bathochromic shift 6f5 nm, with some 50%
hypochromicity relative to the porphyrin free in solution under was used for these equilibria, in whi¢his the absorbance at
these ionic strength and pH conditions. Addition of 0.10 M NaCl a given wavelength¢,, €1, ande, are the molar absorptivities
has a profound effect on the solution species stable at equilib-of the uncomplexed, 1:1 complex and 1:2 complex, respectively;
rium, as evidenced by dramatic changes in extinction (preferred andK; andK; are the association equilibrium constants. A plot
to absorption because of the scattering contribution), circular of the data at 417 nm (near the Soret maximum of the porphyrin
dichroism, and RLS spectra. As previously described, a peak monomer in aqueous solution) and the fit provided by eq 4 is

J. AM. CHEM. SOC. = VOL. 124, NO. 14, 2002 3535



ARTICLES Pasternack et al.

0.12 100 T T

20

0.1

80
0.08

70

Extinction  (a.u.)

0.06

60

Absorbance
Extinction (a.u.)

time  (s)

0.04 50

40
0.02

30 1 I 1 1

0
400 410 420 430 440 450 time (s)

wavelength (nm) Figure 6. Kinetic study of the disassembly of a DNA-bouhtizPagearray
Figure 4. Titration of 0.40uM t-H,Paggwith 8-CD in 1.0 mM phosphate by 8-CD at 450 nm. Conditions are 2(M t-HzPagg 12.54M poly(dG-
buffer and 8.0 mM NaCl. These conditions were selected to avoid porphyrin dC), 1.0 mM phosphate buffer (pH7), 0.10 M NaCl, and 4.0 mM-CD.

aggregation.®), no 3-CD added, M) 1.8 uM -CD, and @) 0.50, @) The curve through the points was generated using eq 5. The values obtained
2.5, and 4) 5.0 mM -CD. for ks andn are 0.21 s and 1.0, respectively. (Inset) Closeup view of the

early data and the fit provided by eq 5.

0.105
volume of a buffer/salt solution containing BeCD (dilution

experiment), a very small, slow effect was observed, which
could be fit as a single first-order process havinga 0.001
s1 for poly(dG-dC)» and ~0.005 s? for ct DNA. However,
the color change is so small for these dilution experiments as
to introduce considerable uncertainty as to the uniqueness of
this functional form to fit the data and the value of the rate
constant. In contrast, as shown in Figure 6, the additight@D
leads to a large, easily detected extinction change at 450 nm.
The kinetic profile could not be fit with simple, standard forms,
i.e., coupled first-order, second-order, etc. Rather, the inflection
, in the data suggested to us that we consider an autocatalytic
0 00001 0.0002 0.0003 0.0004 0.0005  0.0006 pathway in which rate constants can show a time dependence.
[B-CD] In analogy to previous work on assembfgrmation we
) - consideredk(t) = ki(kit)", which provides a rate constant having
Figure 5. Absorbance titration data at 417 nm y&CD]. The smooth . . .
curve shown in the figure was generated using eq 4. units of reciprocal time regardless of the valuenoThe smooth
curve through the data, shown in the figure, was obtained using
shown in Figure 5. We obtail{; = 2.2 x 10° M1, K, ~ 100 the integrated rate law:
M~1 ande x 107°=2.1, 1.4, and~8 M~ cm™%, respectively.
Therefore, under the conditions of the kinetic experiments to E=E
be described below, mixtures of the 1:1 and 1:2 complexes form
as products. in which E, E,, andEjy; are the extinctions at timg initially
Kinetic data for the disassembly process were obtained usingand at equilibrium. Note that i = O, the equation takes on
several detection methods; extinction, circular dichroism, and the conventional first-order form, but for the data shown in
resonance light scattering. The reactions are so rapid thatFigure 6, the excellent fit was achieved with= 1.0. Shown
ordinary hand-mixing of the reagents leads to a loss of data in in the figure as an inset is the fit of the data for the early portion
the critical early stages of the reaction. Therefore, a rapid-mixing of the kinetic profile, a region that is particularly challenging
method was required for which a Photophysics RX-1000 rapid- for (i.e., unsatisfactorily modeled by) more standard functional
mixing device described in the Experimental Section was used.forms.
Shown in Figure 6 are data obtained for one such kinetic The dependence of reaction rate on initial conditions of
experiment using the RX-1000. A solution (which had been porphyrin, DNA, andf-CD concentration was investigated.
allowed to equilibrate) containing 4M porphyrin, 25uM Results obtained from these experiments with poly(dG;a@)
poly(dG-dC}), 1 mM phosphate buffer, and 0.10 M NaCl was shown in Figure 7. We also investigated whether the measured
mixed with an equal volume of a solution containing 8.0 mM reaction rate shows a dependence on detection mode, as a
p-CD, in 1 mM phosphate buffer and 0.10 M NaCl. When a possible source of mechanistic information on the deaggregation
sample of the porphyrin/DNA solution was mixed with an equal process(es). For these studies, we determined valuesasfa

0.095 [

0.09[

0.085 [

Absorbance

0.08[

0.075 [

0.07

+ (B, — Ep) exp(kt)" (n+ 1)) (5)
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various detection methods®) extinction detection;®) RLS; (@) circular
dichroism. The RLS and circular dichroism results have nearly identical
dependences of{CD]; the slopes are 77 M s~ for the former and 84
M~1 s71 for the latter method, whereas the slope obtained for extinction
detection under the same conditions is 401\

03

T T T T

84 vs 40 M1 s71). Similar results were obtained for ct DNA,
for which the slopes are 28 and 26 #s~1 for RLS and circular
dichroism, respectively, while the slope obtained for extinction
detection under the same conditions is 16"\ . The values
indicate that the more stable, rigid polynucleotide, which
promotes assembly formatiéhl®also facilitates its degradation

4 by p-CD.

Discussion

None of the cyclodextrin derivatives tested proved capable
y of removing intercalated/groove-bourteH;Pagg from DNA
under conditions of low drug load and ionic strength. At higher
ionic strengths, the primary interaction type of the porphyrin
changes to a DNA-bound supramolecular assembly, and under

0.1
0.001

Figure 7. Dependence of the rate constakt, on initial concentrations
using extinction detection: (a) (- - $H2Pagg and () poly(dG-dC); (b)
[-CD. The equation for the linear plot in part bks= 0.045+ 40[3-CD]

at 2.0uM t-HaPagg 12.5uM poly(dG-dC), 1.0 mM phosphate buffer, and
0.10 M NaCl. Three separate data points are shown for 4.0 #v0D;
these conditions were repeated several times to test the reproducibility of

0.002

these kinetic results.

function of 3-CD concentration at (i) 2.0M t-HoPagg 12.5uM
poly(dG-dC), 1 mM phosphate buffer, 0.10 M NaCl, 246,
and at (ii) 2.5uM porphyrin, 25uM ct DNA at the same buffer,

0.003

[B-CD]

these conditiong3-cyclodextrin induces deaggregation with the
formation of t-H,Pagd3-CD complexes. Neithew- nor y-CD
is effective at promoting the disassembly process. Such dis-
crimination of guests among cyclodextrin hosts is not uncom-
mon and usually reflects differences in size and hydophobicity
of the cyclodextrin core. For example, an anionic water-soluble
porphyrin, mesetetra(4-sulfonatophenyl)porphine {FPPS),
has been reported to bind to cyclodextrins with order of
preference3-CD > y-CD > a-CD.2t

The failure of the cyclodextrins to remove porphyrins from
DNA at low ionic strength is the consequence of a thermody-
namic, not a kinetic barrier. If theH,Pagdf-CD complex is
challenged with DNA under these conditions, complete transfer

0.007

salt, and temperature. All of extinction, circular dichroism, and to the polynucleotide is observed based upon absorbance and
RLS detection were used. For the RLS measurements, thecircular dichroism evidence. The free energy of binding of
reaction was followed at 535 or 570 nm (Q-bands of the porphyrins (and other cationic drugs) to DNA is dependent on
aggregates, see Experimental Section) to avoid the necessity oboth charge type and concentration of electrolyte cations, with

absorption correctiod&!'that are difficult to make since they

Ka (the association constant) decreasing with increasing elec-

too are time-dependent. The results of these studies for poly-trolyte concentratiof?23The porphyrin/cyclodextrin interaction
(dG-dC) are shown in Figure 8; the rate constant dependenceis far less sensitive to ionic strength, and so the ability of

on 5-CD is clearly sensitive to the method of detection. Little
difference is observed between RLS and circular dichroism, but
the slope of the extinction verssCD line is smaller (77 and

21) Ribo, J. M.; Farrera, J.-A.; Valero, M. L.; Virgili, ATetrahedron1995
51, 3705-3712. Hamai, S.; Koshiyano, T. Photochem. Photobiol. A:
Chem.1999 127, 135-141.
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p-cyclodextrin to clear the DNA surface of porphyrin at high in which the system becomes activated by the kinetic events.
but not low NaCl concentration is not completely unanticipated. What is the basis of this kinetic activation?
The product, at thgg-CD concentrations used for the present The reaction rate constar, was determined as a function
experiments (28 mM), is a mixture of 1:1 and 1:BHyPagd of 8-CD concentration using three detection modes (Figure 8),
B-CD complexes. It should be noted that the kinetic analyses and a linear dependence gh€CD] is observed for each set of
(Figures 7 and 8) lead to a linear dependence of rate constaniexperiments. However, whereas the kinetic results are nearly
on [$-CD]. Therefore, the rate-determining step in the disas- identical for circular dichroism and RLS detection, the extinction
sembly process involves the initial attack of#&D molecule kinetics are significantly slower. Circular dichroism and RLS
on a DNA-bound porphyrin, and not the formation of higher signals are both highly sensitive to aggregate size whereas
order complexes. absorbance (which is the major contributor to the extinction

The form of the differential rate law that leads to eq 5 is signal) depends primarily on concentration of aggregated
(deceptively) simple: porphyrins and less sensitively on the size of the array for
aggregates larger than20 units?® Our results indicate that the
second-order rate constart k/[3-CD]) is roughly half as large
when the concentration of porphyrins in aggregates is monitored
than when the size of the aggregate is detected, for both poly-
(dG-dC) and ct DNA templates.

The observation that the concentration of aggregated por-
phyrin units disappears more slowly than aggregate size has
mechanistic implications for the mode(s)&D attack on the

—d[P)/dt = ky,dP] (6)
where [P] is the concentration of porphyrin bound to DNA at
time t; i.e., the concentration of porphyrin not yet complexed
by -CD. Unlike more conventional rate laws, the rate constant,
kobs has a time dependence which we have modelddas
k"N, In this form, ks is time-independent and has units of
s L. As might be expectedns (and thereforek) shows a aggregate and the source of the catalysis. The issue resolved
dependence orpfCD], ([3-CD], > [P]lo). However, the state by these results relates to the questiondoD molecules react
of the system (e.g., aggregate size, distribution, and fractal with t-H,P,ggat the ends of the aggregate only, with porphyrins
dimension) and therefore its reactivity may depend on porphyrin anywhere in the aggregate, or only with the equilibrium
and DNA concentrations as wéll For poly(dG-dC), no clear- concentration of free monomer? Dilution experiments allow us
cut dependence is seen over the conditions of our experimentso exclude the last of these. F-CD were simply a passive
(Figure 7a), althougks may increase modestly with-HoPagd. scavenger, its presence would not enhance the rate of deaggre-
For ct DNA, the measured rate constant at a congta@D gation, only the extent. The dependence of the rate on the
concentration is somewhat more sensitive to starting conditions, spectroscopic technique used to monitor the reaction allows us
increasing with porphyrin concentration and decreasing with ct to rule outend-onlyattack of the aggregates. If this were the
DNA concentration. case, the concentration of aggregated monomers would decrease
Integrated rate laws having a stretched exponential time at precisely the same rate as the average aggregate size. On the
dependence, found here to be useful for fitting the data, are notother hand, attack at an interior site removesHyPagq Unit
without precedence in chemical kinetics. In 1939, Avrami from the aggregate one molecule at a time, but severs the
proposed an equation of this form for describing the kinetics electronic coupling of the assembly, thereby reducing average
of polymer crystallizatior#* In his analysis, the exponentvas aggregate size by a greater factor. The experimental rate would
taken as a measure of both “seed-formation” dynamics and thetherefore be expected to be faster for RLS and circular dichroism
dimension of the polymer, which was expected at the time to detection than for absorbance, as observed. Furthermore, each
be integral. However, chiral aggregates of porphyrins on a DNA time an interior porphyrin is removed, two new ends are created
surface are of fractal dimension; light scattering measurements(ignoring penultimate porphyrins and annealing through as-
provide an estimategk ~ 1.9 under the conditions of these sembly translocation). If ends are more reactive than interior
experiments! A general treatment farggregationin a fractal molecules, the apparent rate constant for the transfer of
space provided by Leyvraz leads to the conclusions that (i) the porphyrins from the DNA surface would increase with time, as
size of the aggregate scales as a power law of time (as describedhas been found experimentally.
earlier)and (i) the concentration of monomers decreases with  These insights concerning the mechanism (autocatalysis,
a stretched exponential time dependetdenally, an equation attack at interior sites as well as ends) suggest a strategy for
of this same form can be obtained from the nonconventional modeling the process of aggregate degradation. We find that to
autocatalytic model proposed by us and described in the achieve a satisfactory fit with the data requires a minimum of
Introduction if “seed formation” is replaced as the rate- four kinetic parameters, one f@-CD attack at each of four
determining step by the binding of monomer units to a growing different types of porphyrin sites. The model described below

assembly; i.e.m= 1in eq 116
In the present study on tldeaggregatiorof a fractal array,

is incomplete in that it considers the array as a linear aggregate
and thereby ignores branch points associated with a fractal array,

a stretched exponential form of the experimental rate law provesit does not consider a dependence on the exact position of a

effective at fitting the data. The analyses leachte 0, which

porphyrin in the array or annealing, and it assumes the

implies that the DNA-bound porphyrin system becomes increas- aggregates are always very large. As a consequence, the model
ingly reactive with time. Thus, we consider the degradation of hecomes unrealistic near the end of the degradation process,
the porphyrin assembly b§-CD to be an autocatalytic process and some 8590% of the extinction change was selected for
analysis. Despite its limitations, the modeling results are
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included here to illustrate that the conclusions arising from a 100 x
nonconventional approach are consistent and adequate to account
for the general experimental kinetic profile. \~\
The four types of porphyrins considered in the more % . 1
conventional analysis are as follows: end (Y), penultimate (W), \
interior (Z), and isolated (I) units. Differential rate laws are ~ _ | \\ i
written as 2 .
Y’ = 2[Z] 5 . \ ]
N,
Z' = =5k [Z] — ky[Y] — 2ky,[W] £ N
= 60 | N B
I = —K[1] + ky[W] \\
W' = 2k;[Z] (7 °r o
Equations 7 embody the approximations and assumptions o ‘ . ‘ ‘

described earlier. Thus, each time an end porphyrin is removed, 0 R 4 6 R 10
a penultimate unit becomes an end and an interior unit becomes
a penultimate. When a penultimate porphyrlnlls removed by a Figure 9. Results of numerical integration using the system of egs 7. The
_ﬁ'C[_) m0|eCU|ez the end molecule becomes isolated and two gjnetic data (- - -) are a portion of the data shown in Figure 6 (see text).
interior porphyrins are converted, one to an end and the otherThe model used for the analysis is successful at fitting this part of the data
to a penultimate. Finally, when an interior porphyrin is removed, proLiIeI (- -)- At 'Ongethrilmes' 'arge dewa‘g)”_s bgtW?‘;” the dzta %”d the
. . . model are apparent. e best fit was obtained with second-order rate
tWO new ends and two penul_tlmates form. Thesg Consweraﬂons'constants (after division byfCD]) for attack at ends and penultimate sites
which account for the numerical constants used in eqs 7, requireas 11 and 3.6 M s, respectively. The rate constant for an interior position
the aggregates to be long to be valid. Numerical integrations is 1.1 M™* s™, and %helrate constant for attack ByCD of an isolated
were carried out for the system of equations usioientist a porphyrin is 0.92 M* s™.
software package provided by Micromath Scientific Software

(Salt Lake City, UT), and the best fit, shown in Figure 9, was direct comparison of kinetic constants for similar systems,
obtained with ri’:tte cc')nstanﬂs‘ ~0 46151 ky = 0.15 51 k,z allowing evaluation of the impact of systematic component and

= 0043 s%, andk = 0.0037 s. As anticipated by the mode of detection variation on the disassembly (or asséibly
auto.catalytic, modell presénted ab(;ke Ky > k. The small processes. The availability of this information can, as in the

value of k; suggests that an isolated porphyrin unit rapidly g;e:g::]gﬁtsaer’ Ie;g tz)a\,mgﬁawnf:ﬁ ?er\?;lumaetz:j(el)xprcec)sr?\/e:nltri]()tﬁgTS
intercalates$;?® leading to slow removal by-CD. y step y

In summary, an analysis of porphyrin-array disassembly methods provides rate constants for the individual reactions.
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