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We describe an equilibrium model to determine whether a random population of dynamic copolymer sequences could be driven by molecular
recognition to a subset of sequences that tightly bind a specific ligand. The model predicts that the population’s mean binding constant can
be shifted, but because of competitive binding, only to a limited degree (ca. 2 orders of magnitude larger than the original mean). True
chemical evolution will require a mechanism for selection and amplification.

The success of combinatorial chemistry demonstrates theljj  NRNNRNEGEGEGEGEEGEEEEEEEEEEEE

practical utility of a scientific approach in which synthesis Scheme 1. Targeted Equilibrium-Shifting
is linked directly to function. Using the brute strength of

. . ) : R, R,—..... Ry ......
parallel synthesis and screening, combinatorial methods + + 4
bypass the need for understanding how structure gives rise L L L
to function. The payoff thus comes not from an immediate
gain in structure-based knowledge but from the speed at
which discoveries of a practical nature are made.

Recent chemical literature has begun to take these ideas RyL RoL RyL
one step further, by addressing systems in which the diversity.

is chemically dynamié.As shown in Scheme 1, the concept this general approach have appeared in the literatialling

is to replace parallel synthesis with processes involving . . . .
. . under headings such as receptor-driven ligand evolution,
reversible connections between components to generate a

. ) . dynamic combinatorial chemistry, chemical evolution, and
dynamic population of potential receptorR;(..Ry). The . . : .
o : - e adaptive chemistry. In all cases the essential step is targeted
population is then biased by the addition of a specific ligand, A s - .
. : . equilibrium-shifting, most familiar to chemists as Le Tha
L, and a separation method is used to remove the high-

. . e elier's principle. So far this approach has been tested on
affinity members of the population. Several variations on . I .
simple systems consisting of just a few componesistems

@ Revi (@) Lehn, J-MChem. Eur. 11999,5, 2455—2463. (b) that could have easily been investigated by traditional
eviews: (a) Lenn, J.- em. eur. feh - . . . . .

Klekota, B.; Miller, B. L. Trends Biotechnol1999, 17, 205—209. (c) synthesis or combinatorial methods. Although t_hes_e stu¢es
Ganesan, AAngew. Chem., Int. EA.998,37, 2828—2831. demonstrated that receptors could be formed in high yield
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by equilibrium-shifting, the true potential of dynamic L] is the concentration of the complex formed between
diversity lies in the possibility of exploring systems of far sequenceéR, andL. Substituting from eq 1 gives the new

greater complexity. mass balance relationship, eq 3,
We became interested in knowing how useful targeted
equilibrium-shifting would be in enhancing the fraction of [RJ;=[RJ1 + KX)[L]) (3)

“masterpiece” sequences that is present in a random popula-
tion of dynamic copolymers. The masterpiece sequences, as h U is th irati ¢ lexed ligand
Orgel has referred to thefrare the outliers of the population where [L] is the conceniration of uncomplexed ligand.

the individual molecules whose properties fall on the extreme Finally, we specify I[T] ZS tr&e totall corcljcentcrjattlon (t)g at”t |
high-end tail of the distribution. For large populations such sequences (uncomplexed and complexed) and [{] as the tota

as those of random copolymer sequences, complexity arisesconc:ntrgtgon of all tpn?on'lplexig sgq?e.rt{ces as deflrg)ed n
because of competitive binding by the various members. The®0ds & and 5, respectively. From the definitions given above,
question arises as to whether the large ensemble of weakly

binding “average sequences” will overwhelm the strong [T] :f[Rx]TdX (4)
properties of the relatively small fraction of desirable
masterpiece sequences. We are not aware of any attempts [t] = f[Rx] dx (5)

in the literature to address this question, either experimentally
ohr theoretically: 'Ir']he;qglllbnumr?_wohd?l dﬁscndb_ed her_e can dWe can express [Rin terms of the distribution function
thus serve as the basis on which further discussion an [Ry] = [t]-f(x). Substitution of this relation into eq 3 gives

research may be approached. . the new mass balance relationship, eq 6. Equation 7 then
As shown in Scheme 1, the model assumes a population

of sequences that can reversibly interchange with one

another. The individual members of the populatiBg, bind [Rdr = M)A + KEIILD 6)
to L with binding constanK(x), defined in the usual way R

(eq 1). A distribution function,f(x), characterizes the g(x):[ Ar = fO( + K()ILD (7)
frequency of occurrence of sequences having a binding [T] ff(x)(1+ K(X)[L]) dx

constantK(x). The functional form of this distribution, as

providesg(x), which gives the proportion d®« once the
[RyeL] system has been allowed to reequilibrate after adding
= [R,JIL] @) Importantly,g(x) is the new distribution function that results
from shifting the equilibrium. Another useful quantity is the
) . ) ) fraction of sequences with a binding constant greater than a
well as the relayonsh|p betweerandK(x), will be discussed particular cutoff valueKeuor. This would be obtained by
below. WherL is added to the system, those sequences thatintegration ofg(x) as shown in eq 8.

become complexed will be removed from the original
population. Following this perturbation, the system will return

K(x)

to equilibrium, meaning that those sequences left uncom- A>Kcumﬁf(x)(1+ K(x)[L]) dx
plexed will reestablish the original distribution. G(x)= (8)
It is possible to quantify how the equilibrium shifts as a ff(x)(1+ KO)IL]) dx
function of ligand concentration. Each sequence is character-
ized by a mass balance expression (eq 2) To proceed further we need a chemically sensible descrip-
tion of how the binding constants(x) might vary over a
RJ;=I[R,] + [R,-L] @) population of random sequences. From a compilation of

cyclodextrin complex stabilities, Connéisas concluded that
binding affinities are reasonably described as being normally
that sums the unbound and bound components. H&fe [ distributed in logk. Of particular relevance to our discussion
is the total concentration of sequenéy, [R,] is the here, he logically argued that this behavior is universal and
concentration of sequené that is uncomplexed, an®[- can be applied generally to any other noncovalent system.
: Connors writes, “... any chemically reasonably defined
013 (fg)%%)gm?’;'gj %/ggér%\g, QWA_?%Z'TS‘AE%‘I_?,%%&?;}?;?KA w.. Population of a noncovalent association process will have a
Urbancic, M.; Slomczynska, U.; Hopfinger, A. J.; Le Breton, G. C.; Venton, maximum typical stability range of-56 orders of magnitude

D. L. Biopolymersl996,40, 617—625. (c) Huc, I.; Lehn, J.-NProc. Natl. - ilihri A ot
Acadl. Sci. U.S.A1997,04, 2106-2110. (d) Brady, P. A. Sanders, J. K. in the equilibrium cqnstant, resulting in astanda_rd Qew_atlon
M. J. Chem. Soc., Perkin Trans1D97, 3237—3253. (e) Hioki, H.; Still, ~ Of about 1 logK unit. The mean value of the distribution

W. C.J. Org. Chem.1998, 63, 904—905. (f) Calama, M. C.; Hulst, R.;  will be determined by the inherent defining features of the
Fokkens, R.; Nibbering, N. M. M.; Timmerman, P.; Reinhoudt, DORem.

Commun1998, 1021—1022. (g) Eliseev, A. V. Nelen, M.Ghem. Eur.  Population;ithe standard deiation, however, is presumably
J.1998,4, 825—834. (h) Klekota, B.; Miller, B. LTetrahedron1999,55, controlled by the range of forces awvailable from the
11687—11697. noncazalent interactions' Given this premisef(x) becomes

(3) Orgel, L. E.Acc. Chem. Red995,28, 109—-118.
(4) Eliseev and Nelen (ref 2g) considered the case of a two-state receptor:
population with ligand—receptor association constant€gfngandKweax (5) Connors, K. AChem. Rey1997,97, 1325—1357.

916 Org. Lett., Vol. 2, No. 7, 2000



the normal distribution function (eq 9) with standard devia-
tion 0 = 1 andx = log K (i.e., K(x) = 10).

f(x) = — gl 02
ov2m

©)

Next, we estimate what one might expect for a typical
value of the meany, using a well-studied family of

copolymers. Aptamers are random sequences of RNA that

can be selected and amplified for binding and catalytic
activity. In the early 1990s Szostak and co-workers shéwed
that approximately 1 in 20 random sequence RNA 100-
mers can fold into structures capable of binding specifically
to a targeted ligand (e.g., organic dyes) with= 10°—10°
M~L We will assume that Connor's premise applies to
aptamers. For a normal distribution with a standard deviation
of 1, an upper tail area corresponding to 2f1df the total
above logK = 6 fixesu to a value very close to zero (i.e.,
(K= 1 M~1). Thus, for the purposes of the discussion that
follows, we will use a value oft = 0. However, it should

higher than that of the original. The degree to which the
mean shifts depends on the standard deviation of the initial
population (Figure 2). For example, an initial population

N W s~ 00 O

025 05 0.75 1 1.5

standard deviation

1.256

Figure 2. In the limit of a large excess df, the mean valuélog
KOof the new population shifts by an amoufit = ¢2In(10).

be noted that the main conclusions are not altered by the

choice ofu.

The main conclusion from the model presented here is
that the distribution of equilibrium constants can be shifted,
but only to a limited degree. Substitution of eq 9 into eq 7
gives the equilibrium-shifted distribution, plotted in Figure
1 at different values of free ligand concentration. At

48

ligand conc.

proportion of sequences

log K

Figure 1. A random population of dynamic copolymer sequences
is assumed to complex ligarld with binding constants that are
normally distributed in loK (¢« = 0, o = 1). Addition ofLL shifts

the initial distribution as indicated by the series of curves. The
distribution curves are plots @f(x) vs log Kfor values of [L] =

0.0, 0.01, 0.05, 0.1, 0.5, and 10.0 M. The inset showsibgtK[
approaches a limiting value as a function bf [this plot covers
the range 0.&< [L]= 1.0 M.

intermediate values ofL] the distribution is bimodal,

reflecting the relative fractions of complexed and uncom-
plexed sequences. In the limit of a large excess of ligand,
the distribution is again a single Gaussian but with a mean

(6) Lorsch, J. R.; Szostak, J. \Wcc. Chem. Red. 996,29, 103—110.
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havingu = 0 ando = 1 results in a new population whose
mean binding constant is roughly 2 orders of magnitude
higher than the mean of the original population.

A separate conclusion that emerges from the model is that
a significant fraction (ca. 5%) of all sequences in the new
population will have a binding constant greater thaftitBes
larger than the original mean. This result can best be seen
from Figure 3 which plots5(x) as a function of lod<cutofr.
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Figure 3. The fraction of sequence§(x), having binding constant
K > Kot plotted as a function of lodcuwor. The two curves
represent the extreme limits of ligand concentratidsj ¢ 0 and
a large excess df).

This figure gives an indication of the yield that would be
obtained by an affinity chromatography experiment in which
the targeted ligand is immobilized. With appropriate washing
protocol, it should be possible to isolate and analyze only
the tight-binding sequences with aboveKc,f. It would

be very interesting and useful to determine whether the
comonomer composition of these sequences differs signifi-
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cantly from that of the initial population. If such is the case, bration, making it impractical to carry out all but a few
then at the least this experimental approach may be a usefurounds of iteration. Another factor is that the kinetics of the
way to discover lead directions in terms of the comonomer sequence redistribution reaction may become too slow to
composition best suited for producing tight-binding se- adequately explore sequence space, perhaps especially as the
quences. binding affinity rises. Determining the practical limits of this

The model developed here is obviously oversimplified in approach is an aspect that is best left for experimentation.
a number of ways. Most significantly, we have assumed that Is there hope that targeted equilibrium-shifting can be used
the sequences can be completely transformed from one intato synthesize practical quantities of masterpiece sequences?
another. Strictly speaking, this would only be possible if the On the basis of the model described here, the answer is
individual sequences are isomers of one another and if theprobably no. The model showed that, in the face of
equilibrium reaction that interconverts the sequences is ancompetitive binding, the distribution of a large population
isomerization process. A more typical situation will be could be shifted only to a rather limited degree. We have
sequences consisting of comonomers of different chemicalalso raised issues of a practical nature, such as the possibility
compositions and constitutions. The reversible reaction usedof slow redistribution kinetics and exponentially diminishing
to randomize these sequences would likely involve monomeryields for iterative cycles of selection and reequilibration.
catenation; thus, it would not be possible to transform a Thus, while the approach may find value as a tool for
sequence of one composition into another of a different identifying lead compounds, it is unlikely to be of practical
composition. Consequently, the theoretical yields resulting utility for synthesizing significant quantities of masterpiece
from this model should be viewed as an upper limit. sequences.

This model leaves several unanswered questions such as If this conclusion is borne out by experimentation, it
the possibility of evolving the selected population to a new heightens the need for continued research on nonenzymatic
set of sequences having higher affinity still. This might be molecular replicatiof’ or other kinetic-based amplification
achieved, for example, by cycling through an iterative process processes. Chain molecules that can somehow be selected
involving selection and isolation of the best receptors, and amplified meet all the requirements for true chemical
followed by reequilibration of this chosen fraction. Among evolution. The process of selection may be coupled to a
other considerations, this approach assumes that sequenckinction (e.g., catalysis or recognition) while amplification
interconversion reactions can be quenched and re-started orwould come from sequences that catalyze their own replica-
demand, perhaps by the addition of a catalyst. Otherwise,tion. For such a system, a subpopulation enriched in
of course, it would not be possible to lock-in the structure molecules having the desired properties could be expanded
of the selected sequences. The rationale behind this iterativeto the size of the original by exponential replication, thus
approach is that, as suggested above, the comonomenvercoming the synthetic limitations of targeted equilibrium-
composition of the selected population will probably be shifting.
significantly different than that of the initial population. Thus,

during successive equilibration steps, a more optimal pool Grant CHE 97-27172. The authors acknowledge Professor

of comonomers would be use_d to create the NEW SEQUENCe3510ve Zimmerman for conversations that motivated this work.
Consequently, the large fraction of weakly binding average This material is also supported by the U.S. Department of

sequences would be absent and no longer competing forEnergy, Division of Materials Sciences, under Award No.

ligand binding. o DEFG02-96ER45439, through the Frederick Seitz Materials
Obviously, there must be diminishing returns for subse- Research Laboratory at the University of llinois at

quent cycles of selection and reequilibration. This notion is :

. . Urbana—Champaign.
borne out by the model, since the mean value shifts by an
amount proportional t@?. Selecting that subpopulation of OL0055723
sequen_ces fallmg ?bo_‘*éCU_toff WOUld “kely result in a_n_eW (7) Representative examples: (a) Nowick, J. S.; Feng, Q.; Tjivikua, T.;
population whose distribution is narrower than the original’s. Ballester, P.; Rebek, J., I. Am. Chem. S0d.991,113, 8831—8839. (b)

i i i i il| Terfort, A.; von Kiedrowski, GAngew. Chem., Int. Ed. Engl992,31,
Co_nsequer_ﬂly, in successive cycles of iteration, the mean_wul 654656, (¢) Bag. B. G.. von Kiedrowski, @ure Appl. Cherm1996.68.
shift to an mqreasmgly smaller qegree- One f)f t.he practical 2145-2152. (d) Lee, D. H,; Granja, J. R.; Martinez, J. A.; Severin, K.;
factors that will significantly contribute to diminishing returns ghgf]lrl, M-CR-Natur% 3996,3;82, 52§6—5f28- (e) \évanegﬁ B'ﬁ St{therlahr}d, I
is that the overall yield will plummet exponentially with & Chem. Commurl997, 14951496, (f) Yao, S.; Ghosh, 1.; Zutshi, R.;

; . Chmielewski, J.Nature 1998, 396, 447—450. (g) Bag, B. G.; von
respect to the number of cycles of selection and reequili- Kiedrowski, G.Angew Chem., Int. EQL999,38, 3713—3714.
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