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Absiraci: Combinaiorial libraries incorporating muitipie equilibria offer opporiunities to study
molecular evolution, and are a novel method of identifying ligands for biological receptors. We
describe the construction and evaluation of a multi-equilibrium combinatorial library, in which
structural diversity and siructural mutation are accomplished via reversible imine formation and
transition-metal complexation. We demonstrate that oligo d(A+T)-cellulose resin can select subsets of
this libray, in accord with measured solution-phase affinities. © 1999 Elscvicr Science Ltd. All rights reserved.

The Darwinian evolution of biomolecules via a continuous process of mutation, selection, and
amplification is one of the keystone concepts of biology. Laboratory applications of this process, including
the polymerase chain reaction (PCR)' and the selection and amplification of RNA aptamers (for example, the
SELEX method)’ have proven to be invaluable tools for the generation of biopolymers with specific
constitutions or activities. Recently, our group® and others*>® have been exploring methods for applying
evolution, mutation, and selection principles to the generation of non-biopolymeric compounds with specific
properties. In essence, these methods take advantage of the thermodynamics of binding events to influence the
eguilibrium concentration of a mixture. Such methods of neneratmn molecular d_gversn\, via dwnamlc prn(‘esse_:s
held particular promise as new methods for the generation of small-molecule ligands for receptors, since the
amount of a molecule in the mixture should be influenced by its affinity for the receptor. In additior to
potentially providing a rapid means of identitying novel probes of macromolecular structure and function, this

technique could increase the speed with which therapeutic

Population iead compounds are discovered.
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an effective system for molecular evolution. First and
/ \ foremost, the mechanism of library "scrambling" (i.e., bond
formation, coordination/complexation, or isomerization)
arvrerreeny () must be rapid and reversible. Second, "scrambling" of the
(“Scrambling?) | Selection I library must be carried out in such a way that the receptor is
= unaffected. Third, either the products of the scrambling
\ / reaction or the components that combine with one another in
the Scrambhng process must be cppqrthn and identifiable ]'“I
\ / some spectroscopic or spectrometric technique. Finally, in
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an ideal molecular evolution system all hypothetical library
constituents will have equivalent heats of formation, as well
Figure 1: Combinatorial Molecular Evolution as_si_milar _§9l_ubilities_. _Thig_ ensures thé'l‘t seflection is baseQ
- solely on ditterences in binding atnmty for the receptor, and
not on the relative stability or solubility of a component of
the mixture. In practice, this "ideal" is unapproachable, but

should not prevent the experiment from being a success.
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We have been exploring the utility of labile organotransition metal coordination complexes as
scaffolding from which to append functionality potentially capable of binding to oligonucleotides. In
particular, coordination complexes formed between salicylaldimines (1) and Zn®") seemed to fulfill all of the
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closely related metal-salen complexes 2 have been used extensively as DNA- and RNA-binding reagents.®
Although the goal of this study was not necessarily to generate pharmaceutically vxable compounds, it should
be noted that several biologically active compounds, including chromomycin A3® (3) and a series of recently

discovered serine protease inhibitors (i.., 4),!° gain their activity via coordination to a metal ion in sify.
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compounds from an equilibrating combinatorial library of what we presumed to be bis(salicylaldiminato)zinc
complexes formed by mixing pure salicylaldimines with zinc salts in aqueous solution. Several observations
made during the course of that investigation merited further study. First, as was to be expected based on the
known hydrolytic instability of imines in water, we observed significant amounts of hydrolysis for pre-formed
imines on standing in aqueous solution. Conversely, mixing an amine with salicylaldehyde in water was found
to provide a signiﬁcant amount of imine. Indeed, the kinetics of imine formation between various amines and
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Scheme 1: A subset of the complexes that might be formed in a multistage equilibration
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coworkers some time ago,'! support the contention that transition metals can template the reversible
formation of salicylaldimines, and mono- or bis-salicylaldiminato(metal) complexes. Furthermore, during the
course of our initial study, the Lehn group reported observing differences in product ranos for hbranes of
imines formed in the presence or absence of a receptor.'” This suggested to us that a m ion

a
) might in fact be onerational in ou

(uvnnp formation. comnlexation. and recentor bindin might in fac operational in

nine formation, complexation, and receptor binding ti
rather than the two-stage equilibration (complexation, receptor binding) we had envisioned. In s
stage equilibrium process, the presence of amines, salxcylaldehyde, imines, and buffer components prowdes an
extremely complex mixture, since all of these materials are in equilibrium with one another as well as with
various complexed forms. For example, considering only four-coordinate zinc in complex with an equilibrating
mixture of two amines, sahcylaldehyde, and water produces a mixture of at least 1,521 components (Scheme

1), all of which can potentially participate in DNA binding.'

In addition to explicitly examining receptor-mediated selection of compounds from a library assembled
under multistage equilibrium conditions, we wished to address the potential participation of the buffer in the

selection experiments. The selection results obtained in our previous study, conducted in Tris buffer, reflected
the relative solution phase affinities of various complexes for DNA (measured in Tris), but whether the buffer
itself had played a role in the selection was unclear. Tris is itself capable of nonspecific binding to DNA, and
is known to be a strongly metal-coordinating buffer.'*. Furthermore, since Tris is itself a primary amine, it
would form imines with salicylaldehyde and compiex zinc, potentially obscuring our ability to observe
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iS Weic 1au\uxg, we chose to first examine the time-d epenaence or imine formation and t:quuunauu 1 in
the presence and absence of zinc. In phosphate-buffered saline solution (PBS) con taining 100 mM KCl (pH
7.3), 157 uM salicylaldehyde, and 157 uM each of 5-10, the absorbance band corresponding to the imine at

380 nm essentlallv reaches a maximum after two hours in the absence of zinc. In the presence of 40 pM
Zn'*Y), the rate of imine formation is significantly faster (Figure 1), in accordance with Leussing's observations.
However, after reaching a maximumn value, the absorbance falls off over time. At the end of the run a
significant amount of precipitate could be observed in the spectrophotometric cuvette. Most iikely, this
precipitate is composed of insoluble zinc-phosphate complexes, D'y' analogy to known reactions of Zn(ll) salts
with phosphate solutions.’* The same experiment, when run in the much less coordinating buffer N-(2-
hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) (HEPES; 10 mM pH 6.8, 100 mM KCI), showed
approximately the same rate of imine formation, but the rate of decrease in absorbance was markedly slower.
Therefore, this suggested that HEPES might be a more effective buffer for selection and amplification
experiments, since precipitation or other mechanisms of imine loss would be less problematic. That the rate of
absorbance decrease in HEPES is nonzero suggests that at least some of the complexes formed in situ are of
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low solubility, although we observed no pwupilatc
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Figure 1: Imine formation in the presence of Zn”** in PBS or HEPES buffers

A second interesting observation was that the addition of poly(dA+dT) to an equilibrated mixture of
salicylaldehyde, amines, and zinc causes a significant increase in the rate of decay of the absorbance at 380 nm
(Figure 2). This could be due to one of at least two factors. First, free amines and zinc might bind
nonspecifically to DNA, reducing the concentration of amines in solution. This would shift the
salicylaldehyde-salicylaldimine equilibrium in favor of salicylaldehyde, reducing the 380 nm absorbance.

Second, bmdmg of imines and/or complexes to DNA could lead to quenching of the absorbance at 380 nm via
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an electronic interaction. Experiments designed to test the effect of increasing DNA concentration on the
salicylaldehyde - imine - complex equilibrium are in progress. Again, this rate of decay is much faster in

saav yaaaLla yoo j33333 4w \t\llllr‘vl\ e b

PBS/KC! than in HEPES/KCI.
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Figure 2: Imine formation in the presence of Zn®**’ and poly(dA«dT) in PBS or HEPES buffers
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SELECTION EXPERIMENTS

As a first attempt at carrymg out a multistage selection expenment in HEPES buffer, we incubated
S o | P :
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aldehyde, and zero, 41, or 82 uM Zn"®*"). This provided a total initial ratio of 6:1 amine:salicylald
WhICh was anticipated to be a sufficient excess of amine over aldehyde to promote imine formation. The UV
kinetics experiments described above suggested that the half-life for equilibration of the library in the presence
of Zn®" was on the order of 30 minutes; therefore, libraries were allowed to pre-incubate for one hour to allow
them to reach an initial equili'brium prior to their addition to the DNA resin.” Samples were incubated on the
resm IOr mree DOUI’S prlor io Delﬂg Cluleﬂ nyarOicho ana ucrlvatlzea w1m 2- napntnow CnlOI'lC!.e Ueer&UZCCl
samples were analyzed by HPLC, the identity of specific derivatives determined by comparison with the

retention times observed for standard solutions, and peak areas recorded.

Unfortunately, we found that the above set of reagents and conditions produced data that were not
acceptably reproducible; standard deviations among identical sets of experiments were too high to permit any
reasonable analysis. Thinking that perhaps increasing the concentrations of materials involved in the
experiment might improve reproducibility, we carried out another series of experiments in which the amount of
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each amine was doubled (providing a total amine:salicylaldehyde ratio of 12:1). In this case, the
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Average results for derivatized amines from initial elutions are shown in Figure 3. In each case, areas
for eluted peaks in the set of zinc-free samples (164 uM each amine, 82 uM salicylaldehyde, no Zn?") were
used to normalize all other values. In accord with the results of our previous experiments, a significant
reduction in the amount of derivatized N-methyl 2-aminoethyl pyrrolidine (8) was observed from the three
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unfortunately obscured the peak corresponding to 9-naphthylamide, preventing us from evaluating the role of
9 in library selection. Comparison with the initial elutions from unfunctionalized cellulose resin (Figure 4)
indicates similar levels of retention of 10, but not 8. A slight (ca. 20%) reduction in the amount of 2-
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aminomethylfuran (5) in salicylaldehyde and 41 uM Zn?").containing libraries eluted from DNA-cellulose
resin was observed; this may indicate a slight affinity of complexes incorporating § for DNA. Similarly to our
prevxously reported results for hbranes mcorporatmg pre-formed salicylaldimines, these data would lead us to
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CUI'IOUSly, libraries 1nc0rp0rat1ng hlgher( 82 pM) ¢ concentrations of Zn‘“"’ gave markedly different
results from those incorporating 41 uM Zn?". Most notably, we observed a significant reduction in the
of 8 retained on the column. The most Likely exnlanation for this is that the added zinc changes the
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population of complexes present in the library. However, it is not known at present what the precise
structural reasons for this might be. We have observed a
strong dependence of the UV spectra of mixtures of
. salicyldldehyde and N-methyl 2-aminoethy! pyrrolidine

. PS (8) in HEPES buffer on the concentration of Zn'*Y

. (Figure 5). However, the concentrations of Zn®"
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0.14 - higher than those employed in our affinity experiments.

. To verify that the presence of zinc was not
producing artifacts in our ability to derivatize samples,
we prepared control libraries 164 uM in each amine, 82
01 uM in salicylaidehyde, and 0 or 41 uM Zn®". After

T e allowing these libraries to incubate in solution (i.e.,

0.08 . without contact with any sort of resin) for 6 hours, they
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L4 identical manner to samples from selection experiments.
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could be due to experimental error, participation of Zn'**) in the acylation reaction, or by Zn®"-accelerated
partial reversion of hydrolyzed complexes to imines prior to acylation. These results also suggest that
differences in peak volumes for derivatized amines that are greater than 10% are probably significant, with the

exception of 3-methoxy propylamine.
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Figure 6

A potentlally ore desirable method of 1denufy1ng the Ii brary constituents with the highest affinity for
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il SOIME manner Luuuwulg the initial elution of nonoinaing
assumed that simply washing the DNA resin with

ts sequent e assumed that sim ng resin with
ter 1d be suff lgihent to denature the recentor since low salt conditions are known to cause DNA melting.
However we observed only small amounts of derivatized amines from wash solutions, with no experimentally
significant differences among experiments or between DNA-cellulose (Figure 7) and control cellulose (Figure 8)
resins. One potential explanation for this is that the affinity of N-methyl 2-aminoethyl pyrrolidine-containing
complexes is similar for either single or double-stranded DNA; experiments to test this hypothesis are in
progress.

CONCLUSIONS

We have demonstrated that the receptor-mediated selection of subsets of libraries prepared by a
multistage ethbnum process is possible. The observation that complexes incorporating 8 were selected by
this method is consistent with measured solutlon -phase affinities for DNA.>!® Furthermore, as would be

R S PR | Ly smciilte ~L el ol o b —oae ALl
expectea for a process under mermouy ic controi, tne resuiis of ineé seiection EXpenmenis Icpuﬁ a ncicii
are similar to the results we reported earlier which used pre-formed salicylaldimines. That they are not

identical to our previous results (i.e., there is some variance with previously reported amounts of observed
elution products) is most likely the result of other experimental changes mcludmg the overall concentration of
material as well as the buffer in which the experiments were conducted. Efforts to fully characterize the
structure (as opposed to the constitution) of the high-affinity complexes identified using this procedure are in
progress. In order to improve the speed and accuracy with which future muitistage selection experiments may

De Conauctea 1'[ \\Hl De necessary to ucmgn llDrdrle iI'l Wﬂlbﬂ um"d.ry bLI'dHlDl]l’lg lb pt:rmrmeu Dy SOITIC U?{lﬁ:ﬂldl
agent which may be removed from the mixture. Initial exploratory experiments in this direction, as well as
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underway in our laboratories
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2-aminoethylpyridine, N- methyl 2- ammoethv pyrrolidine, 2- ammomethylfuran, (4-fluoro)phenethylamine,
trifluoroacetic acid, 2-naphthoyl chloride, and methylene chloride were obtained from Aldrich chemical
company and used without further purification. Triethylamine was obtained from J. T. Baker corp. and
distilled over calcium hydride under nitrogen atmosphere prior to use. HEPES and PBS buffers were prepared
according to standard protocols from materials purchased from Sigma chemical company. Deionized water
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was subjected to redistillation in an all-glass apparatus prior to use. Zinc chloride and zinc acetate wre used as
obtained from J. T. Baker Corp. Oligo(dT)-cellulose resin, oligo(dA), and poly(dA+dT) were obtained from
Pharmacia Biochem. Unfunctionalized cellulose for control experiments was used as obtained from Sigma
chemical company. HPLC data on derivatized amines were obtained using either a Beckman 112 ternary
gradient HPLC system equipped with an Alcott fixed-fill autosampler, a Whatman EQ-C18 reverse-phase

AAL AN S Sl Ty Avin R FAIDUNS AAASRITILL SNSRI paNE, YV AIQRALIGEL AT VRIsvTpLGSY

column (4.6 x 300 mm), and UV detection, or a Hewlett-Packard 1050 quaternary HPLC equipped with an
autosampler, Hamilton RP-1 reverse-phase column (4.6 x 150 mm), and UV detection. LC-MS was carried out
using a Hewlett-Packard Series 1100 MSD, using electrospray ionization in positive ion mode and a Whatman
EQ-C18 reverse-phase column. UV-Vis spectra and kinetics experiments were carried out on a Shimadzu

s~~~ 1 orn

i160i-PC SpCCIrOphOtOIIlC[EI’ at ambient temperature (23 “C +/-1 ).

N Preparation of DNA affinity resins

For each sample, 15 mg oligo(dT) cellulose was weighed into a 2 ml Bio-Rad BioSpin® polypropylene

chromatography column equipped with a giass frit. The resin was then taken up in 750 ul HEPES buffer (i0
mM HEPES, 100 mM KCI, pH 6.8). 0.5 A0 units of oligo(dA) were then added in 50 pl H,O, and allowed

to incubate on the resin for one hour at ambient temperature prior to the addition of library samples nnnng
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this preincubation period, as well as throughout the remainder of the selection experiments, gentle agitation
was provided by rotating the samples on a Bamstead-Thermolvne LabQuake (tm) rotary shaker Ina snmlar
manner, 15 mg of unfunctionalized cellulose for each control experiment was allowed to soak in 800 pul HEPES
buffer at ambient temperature for one hour prior to the addition of library samples.

(2) Preparation of libraries

Samples were prepared in triplicate from stock solutions as indicated in Tables 1 and 2 to provide a
total volume of 450 pl. An identical set of samples was prepared for control experiments. In each case,
libraries were allowed to incubate at ambient temperature for one hour prior to addition to the DNA-cellulose
or control cellulose resin. Additional sets of library samples were prepared according to lines C and D of Table
2 for control experiments conducted in the absence of DNA-celiulose or unfunctionalized celiuiose resin.

Tahla 1- T ihrar; camnlae "lIaw!" amine concentratinn:
Laviv 1. Livialy sailipivd, 11Uy  diliiliv VULIveiidauvii.
Sample Set Concentration of each ~ Zn®") Concentration Salicylaldehyde
amine Concentration
A 82 0 82
B 82 41 0
C 82 41 82
™ [o3] 09 [+39 ]
17 04 oL oL

All samples were prepared in triplicate, as described in the text. Concentrations are in micromolar, and reflect
the final concentration obtained following addition of the library mixture to the DNA-cellulose or control resin.
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Table 2: Library samples, "high" amine concentration
Sample Set Concentration of each  Zn®") Concentration Salicylaldehyde
amine Concentration
A 164 82
B 164 1 0
C 164 4i 82
D 164 82 82
All samples were prepared in triplicate, as described in the text. Concentrations are in micromolar, and reflect
the final concentration obtained following addition of the library mixture to the DNA-cellulose or control resin

(3) Incubation of libraries with affinity resins

Following the pre-incubation period, each sample was added to either a DNA-cellulose or

unfunctionalized cellulose column as appropriate. These samples were then allowed to incubate on the resin
santla asitatinn at ambhiant tamaaratira far aithar theaa (Tahla 1) Ar civ (Tahla 2\ hanre CQalitiang wors
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then eluted from the resin, frozen, and lyophilized prior to derivatization and analyisis as described below.
Each resin sample was resuspended in 1 ml H,O and agitated for 24 hours; these wash solutions were then
eluted from the resin, frozen, and lyophilized prior to derivatization and analyisis as described below.

(4) Derivatization of samples

Each sample was resuspended in 1.0 ml of a 50% trifluoroacetic acid solution in dichloromethane,
vortexed, and allowed to react for one hour. Solvent was removed under reduced pressure To each samnle 0

dried material was then added a solution of 0.017 mmol 2-naphthoyl chloride ¢
ml methylene chloride. After allowing the reaction to proceed for 10 hours, solvent was removed under
reduced pressure. Each crude sample was prepared for HPLC analysis by dissolution in 700 ul of a 20% H,O
- 80% CH;CN solution.

(5) HPLC analysis of samples

In order to separate and identify as many constituents of each sample as possible. a minimum of two
HPLC elutions were performed for each sample. In the first, a 30 minute linear gradient of 30% to 100%
CH;CN in H,0-0.1% trifluoroacetic acid was applied. In the second analysis, a linear gradient of 30% to
100% CH;CN in 10 mM NH4OAc (pH 4.5) was applied. Elutions were monitored at 230 nm. HPLC peaks
were assigned by comparison with retention times obtained for standards using both solvent systems Further

e s s ALl o Al L TITDT M vnnls ssrnan Alkdatnad ke analusineg calantad cnmanmlas ey T RAQ oosen
CONIrmation OI tne€ acniity Ol rirLu pedks wads 00lainea vy alldly ZIng S€ieCiea bauxple UY LA., J.Vlo, uaulg, UJC
identical PI C conditinng
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In addition to the measured affinities describe
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mixture composed of 6, salicylaldehyde, and Zn(2+) for oligo d(A+T) in HEPES/K
11 micromolar.



