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Combinatorial library diversity: probability assessment
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ABSTRACT The random sequence section of the template can be prepared
) ) _ . by allowing a DNA synthesizer to mix the building blocks or by
A method is described for measuring the diversity of filling an auxiliary bottle with a building block mixtur&,g). In
combinatorial oligonucleotide libraries that entails planning arin vitro selection experiment, one must consider the
extrapolating the base composition of a co-synthesized amount of library initially being screened for molecules that
model library (dNC, N = A, C, G, T) to that of a multibase display the property of interest. The initial amount of library is
library template. The base composition of dNC was dependent upon combinatorial sequence length, desired pool
measured by HPLC. The ability of dNC to predict the complexity and practicality. Due to the reaction volumes
base composition of a multibase library template was necessary for inclusion of all possible sequences, it may be
corroborated by measuring the  composition of a impractical to begin a selection experiment with a library pool
12 base combinatorial library. The base composition of that contains all possible sequences. In any case, assaying a
the 12 base library was determined by several template library’s population distribution before the commencement of a
dependent incorporation assays: measurement of selection protocol is desirable. This is sometimes accomplished
restriction fragment specific activities from polymerase by sequencing a number of the individual library memiset$)(
incorporation/restriction enzyme digests, template M.Yarus, personal communication). Here we describe methods
directed radionucleotide primer extension and quan- for measuring the diversity of a library’s synthetic template,
titative dideoxynucleotide sequencing. Additionally, a henceforth referred interchangeably as the library or template.
convention for describing oligomeric combinatorial The probability of finding a particular sequence in a library
library (OCL) diversity is proposed. The convention sample will depend upon the breadth of library diversity and the
uses a quantity termed the diversity quotient (Q  ¢) 0 number of molecules sampled. Adequate breadth will serve to
describe library breadth and the mole fraction of the enhance the probability that failed or missed selections are not
least represented monomeric unit of the OCL to due to library deficiencies. It was recently reported that a first
calculate  minimum library quantity requirements. attempt at selecting binding sequences for a 19 base triplex
Similar methods/conventions could presumably be forming oligonucleotide (TFO) failed due to deficiencies in the
developed/adopted for non-nucleic acid libraries. composition of the initially prepared templa®.(Selections
starting from a subsequently synthesized template successfully
INTRODUCTION identified binding sites for the TFO. At the other end of the library

length extreme, a class | ribozyme ligase has been isolated starting
Random sequence oligodeoxyribo and ribonucleic acid librarigeom a 220 nucleotide librani{). It was fortuitous that the ligase
have been used to isolate and identify sequences that bindetmlved from the pool since statistically such molecules should be
sequence specific ligands and less obvious targets (receniplated only once in 2000 selectiof§)( Intuitively, a deficient
reviewed in 1-6). Such libraries are composed of randomor biased library could make the odds even worse. Since library
sequence blocks flanked by defined/primer sequences. Definatificiencies can result in failed selection experiments and likely
primer sequences are for the amplifications used during thieduce the probability of fortuitous isolations, knowledge of a
selection process. In practice, a DNA library is prepared fromléorary’s diversity prior to selection should enable one to design
synthetic template using the polymerase chain reaction. RNéxperiments that minimize library deficiencies.
libraries are prepared by transcription from such DNA libraries. To facilitate the discovery of novel structures using combinatorial
In either case, the first step in preparing an oligonucleotide libratgchniques, it is hoped that the burden of library preparation will
is solid phase synthesis of a library template. The diversity ofhift from user to secondary and/or commercial sources. In this
library’s amplification/transcription products can at best equal thevent, it will be imperative that the user know the breadth of a
parent synthetic template’s diversity. Development of sequenagipplier’s library. It is anticipated that conventions for reporting
independent amplification/transcription protocols will ensurdibrary diversities and accepted methods for their measurement
that an aptamer’s diversity is equal to its parent templatelsill be essential. Our immediate interest in combinatorial
diversity. Such protocols would also benefit selections bypligonucleotide libraries is derived from the preparation of
eliminating target independent sequence biasing. duplex libraries for combinatorial type IIS restriction enzyme
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footprinting experiments(12). It occurred to us that having a are 10.6, 7.3, 8.8 and 8.1 mhtnT1respectively (3). The ratios
guantity that describes a library’s diversity, a quantity used fasf the dimer standards were also assayed by HPLC analysis of the
calculating minimal sequence representation and less demandaxdaustively hydrolyzed (overnight digestion using snake venom
methods for their measurement would be desirable. phosphodiesterase froorotalus durissus terrificQdimer mixture

It was our hypothesis that the base composition of a templat4,15). The analysis revealed that the dimers were quantitatively
could be conveniently measured by determining the badgdrolyzed to nucleosides. The ratios of the nucleosides, and
composition of a co-synthesized one base library (dNC). Toence the dimer ratios, were calculated assuming the 260 nm
demonstrate this point, we found that the composition of ANC waextinction coefficients are 15.4, 7.4, 11.5 and 8.7/mM/cm for dA,
consistent with an identically prepared multibase library;$dN dC, dG and dT respectivel§3).
lib). The base composition of the model was measured by HPLC,
dNp2lib was measured by several template dependent incorporatigNC HPLC analysis
assays (TDIA). The quantitative TDIA included measurement of ) ) _
restriction fragment specific activities from polymeraseAnalytical HPLC was performed using Shimadzu hardware
incorporation/restriction enzyme digests, template directed-C-10AT liquid chromatograph, SCL-10A system controller,
radionucleotide primer extension and ditative dideoxy- SPD-M10AV diode array detector) and software (EZChrom v.3)
nucleotide sequencing. Quantitative dideoxy sequencing reveal#th a 250x 4.6 mm Wdac 218TP C18 reversed phase column.
that base addition during solid phase synthesis isomippately ~ The mobile phases were 10% aqueous acetonitrile (A), 1 M
sequence independent. These data support our contention ffigthyl ammonium acetate (B) (Glen Research) and water (C).
easily prepared and characterized one base model libraries sholit¢ gradient was from 30 to 70% A (1 ml/min, 20 min), B
be useful for the characterization of any length combinatoridemained at 10% throughout. Dilute acetonitrile (Buffer A) was
template. Similar methods could presumably be developed fgsed because the separations were not reproducible when a 3—7%
non-nucleic acid oligomeric libraries. acetonitrile gradient was attempted using neat acetonitrile.

To report library diversity, we propose that a quantity termed
the diversity quotient (§) be used. Qis the mole fraction of the Library labeling and purification

least abundant combinatorial monomigrdfvided by the most . .
: : : P Using standard method&6), 15 pl of a 1:100 dilution of the
(m). This convention yields for completely random librariega chude template was-82P-end-labeled and purified on a 12%

maximum of 1. Libraries with g that are<1 have reduced - . ;
molar diversities (i.e. the number of individual sequences p&dENaturing polyacrylamide gel. The full length band was excised
mole of library). The quantity of library that achieves minimaland eI:gted byl ag!gatlng the gel slice |nd1me EDTAdovernlgh.t.
sequence representation for an initial selection experiment IK'€ Oligonucleotide was concentrated by repeated extraction
with sec-butanol followed by ethanol precipitation. The pellet

calculated using the quantitySincel is the mole fraction of the ; .
least represented combinatorial monomer (L), the greateggt\slvzlésnpssnggd in 1of water (X library) and stored at —7G

likelihood for all oligomers to be statistically represented is if th
homo L containing oligomer is present. Since these two quantities 3 ) ) o o
are independent of oligomer structure, they could be used £8->4PJdNTP incorporation/restriction enzyme digestion assay

describe the diversity of any oligomeric library. Modified T7 DNA polymerase/BgliTo seven 0.5 ml micro-

centrifuge tubes were aliquotequbof library mix [0.1x library,
MATERIALS AND METHODS 8.4uM P2 and 104M dNTPs (N = A, C, G, T)]. To tubes 1-7

were added respectively il of HyO, HO, [0-32P]dATP,
Unless otherwise noted, all materials and reagents were from Sigma-32P]dATP, [-32P]dCTP, p-32P]dGTP and q-32P]dTTP
Radionucleotides were from Amersham. Oligonucleotides wergoo0 Ci/mM, 10 Cill). To each tube was addgd 8f diluted
prepared on a Biosearch 8600 DNA synthesizer using standgiglymerase [3.38 reaction buffer (Amersham), 25 mM DTT,
synthesis programs. The mixed base sequences were prepare@.B2 Ufil modified T7 DNA polymerase (Amersham)]. The
filing the auxiliary fifth base bottle ('U’) with a solution prepared reactions were incubated at&7for 5 min, temperature ramped
from a 3:3:2:2 molar ratio of dA:dC:dG:dT CED phosphoramiditeso 65° C at 2.5 C/min followed by a 30 min 6% incubation. The

(2,10). tubes were centrifuged (15 s) and equilibrated &C37To
reactions 2 and 4—7 were addedglllof Bglll (10 U/ul). The
dNC standard restriction digests were incubated at°G7for 30 min and

guenched by the addition of pl of gel loading buffer
The dimer standards were purified using conditions similar to th@mersham). After heat denaturation (2 minS @ 5ul aliquots
analytical separations. Dimer purity was assayed by HPLC andere loaded onto a 0.4 mm 40 cm long 12% denaturing
electrophoresis. Chromatograms of the individual dimers containgalyacrylamide gel. The gel was run at 85 W (constant power)
single-homogeneous peaks. Homogeneity was demonstrated ubitil the xylene cyanol marker had migratézi3 down the gel.
comparison of the up and down slope spectra with that of thghe bands were excised from the gel and quantitated by
apex. In all cases the up slope, down slope and apex spectra waamiatillation methods using a Beckman 3801LS scintillation
in absolute agreement and had correlation coefficients that wereunter.Tag DNA polymerasdgglll, Nsi. To four tubes, each
>0.999. 5-3%P-end-labeled dimers were resolved among themselvesntaining 4ul of [a-32P]JdNTP (N = A, C, G and T, respectively,
and shown to be single-banded by 20% PAGE. The concentraticets3000 Ci/mM, 10 Ci/l) was added gllof PCR mix. The PCR
of the individual dimers that were used for the preparation of thaix was prepared to containx20->x dilution of the crude diy
equimolar (1 mM each) HPLC standard were measured opticaliprary, 2.3uM P1 and P2, 12PCR buffer, 12@M dNTPs and
assuming the extinction coefficients for dAC, dCC, dGC and dT0.05 U{ul TagDNA polymerase. The amplification protocol was
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10 cycles of 95C for 30 s, 68C for 30 s, 72C for 60 s, followed  are deficient in key populations will have a lower probability of

by 10 min incubation at 7Z and 12C soak. To polish the evolving sequences demonstrating the desired properties. For
3-termini, 10 U of T4 DNA polymerase was added to eaclexperiments aimed at characterizing the consensus binding sites
reaction and incubated at’X2 for 15 min (7). The amplimers for sequence specific ligands, one would ideally want to begin a
were spin filter purified (Qiagen) and concentrated by rotargelection experiment with a library pool that contained all
evaporation. After adjusting the volumes topd520 pl of each  possible sequences. To avoid missed target sequences due tc
reaction were aliquoted into two sets of four 0.5 ml microsequence concentration effects, an ideal experiment would also
centrifuge tubes. Aliquots of 28 each of 18 reaction buffer have all of the possible sequences at equal concentrations. In the
andBglll (10 U/ul) were added to each tube of the first sek 10 search for sequences that display other specific properties, it may
buffer anodNsil (20 U/jul) were identically added to the second setbe that subsets of the combinatorial sequence be thoroughly
The restriction digests were incubated at@7#or 1 h. The represented. In sonevitro evolutions one may want to skew the
reactions were quenched by the addition ofifl6f gel loading  library away from maximal diversityLg). In any case, knowing
buffer (Amersham). Denaturation, gel loading, etgttoresis and the base composition of the library will allow one to begin a
restriction fragment quantitation were as described for the modifieglection experiment with a library pool that contains a desired

T7 polymeras@&glll experiment. level of sequence representation.
A library’s diversity can minimally be described by its length
Template directed radionuclectide primer extension and Q. Since Q is defined as/m, for libraries containing j

randomized positions the ratio of the least represenfetb(lhe
most abundant (Mlibrary member is @, the library’s breadth.

! ! From this it follows that the ratio of any two library members is
DN'?]‘ poly:n_e(ase lg'f‘mferggg(;n)é‘/’veﬁ ?guga?%'ggg]?:{;”beicgdi_ Figure 1A shows that as a function of combinatorial
each containing il o miv., VT g ' sequence length, a library’s breadth decreases rapidlyqas
[a-32PdCTP, p-3PJdGTP and ¢-3PJdTTP (Amersham) e?:reases. E\?en modestg lowisQe.g. @ = 0.68) rer)uIty?n Q
respectively. To maximize the ability of the polymerase to reaaanishingly small amounts<{%) of the minor sequences
through secondary structures, the reactions were i”C“batedcﬁanared with the major at short library lengthal( bases).

37°C for 5 min, temperature ramped to°€5at 2.5C/min 14, : : ; ;

g X . gh @ describes a library’s breadth, it alone cannot be used
followed by a 5 min incubation at 66 (B. Ward, unpublished). 1, getermine the amount of library necessary for a selection
The reactions were quenched and heat denatured as previoys/

; > . }t’)eriment. For this, the mole fraction of the least represented
gescrlbgd. AI'qIUOtS (Im) y(\j/ere I(lJadeéj ml three rs]ets ondto a %%% onomeric species suffices. Statistically, a single copy it
(:onnasttuar;\rt]gpgv?/ggcr')Foar\T/]ilsfalgee t?]r(]e Iees{sacit;?gn:eret?aen d:t <oy achieved byl molecules. For libraries that contain an equal
sheets of film (XAR-5) were serially exposed to the gel. The fir tribution of all nucleotides at each randomized position (€. Q

X , . = 1), the probability®) of a library sample containing a unique
six bands (i.e. P2+1 through P2+6) were excised from the gel agd,\ence isn — ek, where k, the representation factor, is the
scintillation counted. The triplicate scintillation data were

averaged and the base compositions were calculated for number of molecyles in.the pool (p) divided by the numper Of

79D 9 d described in th ; ondi I5'5’53|ble monometic species raised to the length of the combinatorial
ands as descri in the appendix. sequence (i.e. k = P)4(19,20). For libraries with @ <1, it

o ) ) ) follows that the probability of a library pool containing and

Quantitative dideoxynucleotide sequencing hence all possible sequences, is given whenxlk o caiculate

To three sets of sequencing reactions were aliquoteda?  the quantity of library necessary to attain a desired level of
[a-33P]ddNTP (450 mCi/l, 1500 ci/mmol) anduof reaction ~ 'épresentation, one sétqual to an acceptable probability and
mix [1:6.25 reaction buffer (Amersham), 8library, 0.1uM P3, solves for p. For example, a pool of .61 molecules will have

0.6 Upl modified Tag DNA polymerase (Amersham)]. To each & 99% probabilityR = 0.99) of having onejLIn such a pool, all

set were added respectivelyl4f 7.5, 3.75 and 1.81M dNTPs,  members are represented with a probability trz0.89. From this

The reactions were layered with [l5f mineral oil and ramped it i immediately apparent that the amount of library initially needed
to 95°C. The ramp protocol was [temperatl®€)(time (min)]:  t0 achieve minimal sequence representation is critically dependent
50/3, 55/3, 60/4, 65/6, 70/9, 75/9, 80/9, 85/6, 90/3, 95/3, 4/soaPon!- For example, it requires 18@ (4.6x 0.252> molecules,

The reactions were quenched, heat denatured and electrophordded 0-99) of a @= 1 (ie. | = 0.25), 65base library
(12% PAGE) as described above. The relative amount of eat#® combinatorial positions and two 20mer primer sites) to have
termination product was measured by microdensitometry of thréé least one copy of each possible sequen¢evdfe 0.23, that
separate autoradiograms using a Molecular Dynamics Persof@presentation is achieved with 148g of library. FigurelB
Densitometer SI. Band volumes were measured using identicdlows for several valuesidfl = 0.2-0.25) the amount of library
rectangles that encompassed the entire band. Background Wg§essary to attain singular representation as a function of
compensated for by subtracting the average volumes of fifg@mbinatorial sequence length. As described in the Figure
identically sized background rectangles from the band volume§gend, the library amounts were normalized to& @ library.

Base compositions were calculated as described in the appendifom this it is seen that modest reductions fiesult in large
increases in the amount of library necessary to begin an all

RESULTS AND DISCUSSION inclusive selection experiment. For libraries with combinatorial

sequences that are beyond the practical limits of all inclusivity,
In the search for oligomers that have a desired property, tlke= p x Il is the representation factor for calculating the lowest
quantity of library initially present to achieve a desired level oprobability of finding a unique sequence. From this it is evident that
representation is of critical significance. Intuitively, libraries thaQq andl are adequate for describing any oligomeric library’s breadth

An aliguot of 9ul of extension mix [0.4 library, 43 nM P2, 1.12
reaction buffer (Amersham), 5 mM DTT, 0.2(Umodified T7
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Figure 1. (A) The ratio of the least abundant library member)(@the most Figure 2. HPLC apex absorbance spectra of dNC dinucleotides.

(dM;) as a function of combinatorial sequence length (j) for several values of
Qq- dLj/dM; is QY. (B) The amount of library necessary to include one copy of

dLj normalized to a @= 1 library as a function of j. Minimal representation is dAC. dCC. dGC and dTC. Because the four dimers do not share

given by [/0.25Y. | is the mole fraction of the least represented base. . . . .

an absorbance maximum, signal to noise can be maximized by

monitoring the separations at 265 nm. Fig@econtains
and for calculating pool requirements. For oligonucleotide librarieshromatograms of purified (std) and co-synthesized (lib) dNC.
it is sufficient to report the mole fraction of each monomeric unitThe standard was prepared by mixing individually synthesized
However, such convention does not directly address a libraryénd purified dimers. The crude dNC library (lib F&). was
diversity. @ intuitively expresses library diversity. This may prepared from a premixed solution of the phosphoramidites
particularly benefit libraries built from a larger number of(2,8,10). From the standard it is clearly evident that the four
monomers. components of dNC are baseline resolvable by reversed phase

To measureQq and | for combinatorial oligonucleotide HPLC. The order of elution is the same as reverse phase separation

libraries, it was our hypothesis that the base composition of @i the individual nucleosided 4). In addition to the four dNCs, lib
co-synthesized one base library would predict the composition obntains minor peaks attributable to hydrolysis/deprotection
a full length template. We consider co-synthesis as that occurripgoducts and any unreacted starting material (i.e. dC from
immediately before, after or concurrent with the full lengthdC-CPG). The expected hydrolysis/deprotection products that
library using identical reagents and conditions. For most exactirgignificantly absorb at 265 nm are dAdAMP, dC, 5dCMP,
work, and where the stability of the monomers may be i8dCMP, dG, IIGMP, dT, 3dTMP and benzamide (Bza). These
guestion, it may be of benefit to co-synthesize before and aftpeaks were identified by spectral and co-elutional analysis. The
library template synthesis. If the one base library compositiorseemingly excessive amount of d@EGMVP and RICMP (dC in
agree, it should be safe to assume that no biasing occurred dutiig. 3) results from summing all dimer degradations with any
library template synthesis. Since standard phosphoramidites anereacted starting material. Because dTC'’s extinction coefficient
expected to not degrade significantly during a synthesis, thigas found to be dependent upon eluant composition , the mole
precaution is likely not routinely necessary. The one base librafgactions of dAC, dCC, dGC and dTC contained in dNC lib were
would be of the type dNX where N is a randomly incorporatedalculated from the composition of the dimer standard (see
nucleotide and X is a solid support defined moiety. Tpe&tion  Appendix). The dimer library was found to be 0.31 dAC,
of the library could have been occupied by any solid suppo@.26 dCC, 0.20 dGC and 0.23 dTC (mole fractions).
defined moiety, however, a deoxynucleotide was chosen becaus@&o test our contention that each combinatorial nucleotide position
these supports are universally found in DNA synthesisf a co-synthesized library would have a base composition that was
laboratories. The one base library chosen for this experiment wsimilar or equal to that of a model one base library, the library
dNC because preliminary HPLC experiments revealed that dN&hown in Figuret (dNp2 lib) was synthesized immediately after
components were more easily separated than were dNA, dNGdMC. A short library was chosen in an effort to circumvent or
dNT. These preliminary experiments indicated that relative baseinimize any sequence biasing during the quantitative TDIAs
incorporation was independent of the solid support bound bagbat were used to measure the base composition of the library’s
Figure2 contains the chromatographic apex absorption spectra cdmbinatorial sequence (d)). The TDIAs have in common that
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’é\ Q 8 ’L_) 5' CGGGGATCCTCTAGACTGAAGATCT 3'

©
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S B | © v dN,—] Nsily
© 5 CGGGGATCCTCTAGACTGAAGATCTNNNNNNNNNNNNATGCATCCTCCAGGTCGACCTGCAGGCAT 3'
N 3 GCCCCTAGGAGATCTGACTTCTACK\NNNNNNNNNNNN‘RACGTAGGAGGTCCAGCTGGACGTCCGTA 5
§ Bglll 3 TACGTAGGAGGTCCAGCTGGACGTCCGTA 5
g <__°) P2
S L 3 AGGAGGTCCAGCTGGACGTCCGTA &
o std P3
< lib

N~ B
Time Figure 4.dNy; library. dNp2 is the random (N) section of the library. P1, P2 and

P3 are primers used for TDIA experiments. The proximal restriction fragments

Figure 3. Chromatograms of pure dNC (std) and crude co-synthesized dNC (lib). &€ those that contain the randomized sequence and P1 or P2. The distal

dN are nucleosides and Bucleotide monophosphates, dC is dC'dCMP + fragmgnts are those that are & _th_e proximal fragments. The proximal
3dCMP, Bza is Benzamide. Time is from O to 20 min. compliment fragments are the remaining labeled fragments and are complimentary

to the proximal fragments.

a DNA polymerase was used to catalyze the template directeiel 0.002, ¢ = 0.285 0.002, g = 0.209= 0.002 and t = 0.23%

incorporation of a radionucleotide into a complimentary copy 00.003. The standard deti@zns are derived from triplicate

the synthesized library. To determine base composition, thintillation measurements of a single experiment. Except for the

specific activities of the copies were measured as a function pf-32PJdCTP containing reaction, the denaturing gels showed

radionucleotide identity. In the first experiments described belowhat the extension and restriction reactions had proceeded

the mole fractions of the nucleotides contained inxdMere  smoothly. Even after prolonged film exposures, there were no

measured fron¥2P-labeled di; lib restriction fragments. In a visible polymerase stalling bands in tie¥P]dATP, -dGTP or

second TDIA, the geometric reduction of homogenous basdTTP containing reactions. Reactions containmg4P]dCTP

sequences was measured by primer extension in the presencdidfcontain some faint stalling bands throughoutdfNhe most

a single radionucleotide. Finally, the per position and averagetense of these bands corresponded to the addition of the first two

base mole fraction of the nucleotides contained in the library wetiCs to P2. The stalled bands were presumably due to the inability

measured by quantitating dideoxynucleotide termination productaf modified T7 DNA polymerase to read through some dG-rich
Cleavage of radionucleotide incorporated copies gptiblwith  template sequences. From this it appears that the dG content of

Balll or Nsi (Fig. 4) results in radiolabeled restriction fragmentsdN;, was slightly underestimated in this experiment.

with specific activities that are proportional to their nucleotide

composition  (Table 1). Template directed radionucleotide Tapie 1. Number of primer extended nucleotides contained in single stranded

incorporation was catalyzed by modified T7 afal) DNA  dN;»(lib) Bglll andNsil restriction fragments

polymerases using primers P2 and P1+P2 respectively. For either

restriction endonuclease, the cleavage products produce singleragment dA dc dG dT
stranded fragments that contain the combinatorial sequence amgill 24mer (d) 5 7 6 6

a defined sequence fragment. The defined sequence fragment wagi 42mer (p) 12t + 1 129 12¢ 12a
engineered to be used as an internal control for the calculation of thgyii 46mer (pc)  12a + 6 12c + 10 129 +7 12t + 6
combinatorial sequence’s base composition. The average occupatiQy 2amer (d) 4 9 6 5

of a base in diy is given by the specific activity ratio of the N \qj 3gmer (pc) 12t + 6 129 +7 12+ 6 122+ 6
containing fragment(s) to the defined sequence fragment co_rrectq\g" a2mer(p)  12a+2 12c + 1 129 +1 12641
to the number of incorporated nucleotides (see Appendix). A
possible source of error in this experimental design is restrictiin, dc, dG and dT are the number of the respective nucleotide contained in each
cleavage within dib. Errors resulting from this occurrence arefragment. a, ¢, g and t are the mole fractions of dA, dC, dG and dT at each N in
negligible. For an idealized 12 basg€1 library, only 0.15% the 12 base combinatorial sequence of the chemically synthesized library strand
(i.e. 6x 0.259) of dNy» would be cleavable by a six base requiring(upper strand, Fig. 4). d, p and pc are distal, proximal and proximal compliment
restriction enzyme. respectively.

For the modified T7 polymerase experiment, an aliquot of the
library template was '52P-end-labeled and gel purified. The incorporation of radiolabeled nucleotides during ampli-
Purification was performed so that synthetic failure sequencdisation offers the opportunity to measure base composition of
would be unable to over represent the proximal fragmertoth strands. Except for the primer bases, all positions are subject
(i.e.Bglll 42mer). The primer P2 (Figh) was extended in four to radiolabeling. Radiolabeled éplib was prepared by direct
separate reactions each containingaf?PJdNTP (N =A, C, G or amplification of crude dib lib usingTag DNA polymerase and
T) and unlabeled dNTPs. After the extension reaction, thgrimers P1+P2 (Figt) in four separateof-32PJdNTP containing
polymerase was heat inactivated and the double-stranded produetsctions. The expected 8verhang was removed after the
were cleaved witlBglll and separated by 12% PAGE. The amplification by a low temperature end polishing step.(To
expected bands were excised from the gel and quantitated usaggure that the specific activity of the distal restriction fragments
scintillation methods. For this experiment, only Bglll 42 and  could not be altered, the polishing step was performed by adding
24mers contain incorporated radionucleotides. After normalizF4 DNA polymerase directly to the amplification reactions. The
ation (i.e.a+c+g+t=1where a, ¢, g and t are the mole fractiodgplexes were then purified using routine methodologies (see
of dA, dC, dG and dT), the composition of g\vas: a = 0.273 Materials and Methods), separately cleaved Bihl and Nsil
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and separated by 12% PAGE. Unlike the modified T7 DNAcatalyzed terminal base additions that were compliment
polymerase experiment, no bands were observed which wouftlependent.
have resulted from template dependent polymerase stalling. AsThe TDIA experiments described so far all assume that no
summarized in Tabl&, cleavage of the amplimer wiBglll or  sequence bias occurred during the solid phase synthesis of the
Nsil yields three labeled restriction fragments (i.e. proximaltemplate. That is, the rate of adding dA, dC, dG or dT to the
proximal compliment and distal). The base composition @bdN growing oligomer was independent of all previous additions. To
was calculated from tHgglll andNsil defined and combinatorial substantiate this assumption, the gel purified library was
sequence containing bands as described in the appendix. Baguenced three times using P3, modifiegDNA polymerase
composition averages are: a = 0:820.08, ¢ = 0.27+ 0.04, and three differentf-33P]ddNTP:dNTP ratios. The sequencing
g=0.22+ 0.02 and t = 0.26= 0.06. Deviations between gel reactions were repeated with different nucleotide ratios to ensure
loadings were4%. The majority of the above error is the resultterminator:deoxynucleotide independence. The termination prod-
of significant variability between the upper and lower strand basects were quantitated using densitometric methods. The
incorporations. Though the composition averages are consistgusitional s were calculated by dividing the combinatorial
with all of the other measurements (Tab)lgt would appear that sequence band volumes by the average of the defined sequence
some selection may have occurred during amplification. Thisand volumes. The ;31 were then normalized for each
result suggests that it would be of value in the design dérminator:dNTP reaction set (see Appendix). Bar graphs of these
combinatorial libraries to flank the random sequence with restrictidmase mole fractions as a function of base position for the three sets
sites so that equal base complimentarity can be a part of ahsequencing reactions were indistinguishable (standard deviations
amplification optimization schem&(). No attempt was made here <6%). This result demonstrated that the reactions and quantitations
to develop a sequence independent amplification protocol. were performed under conditions that were independent of the
The base composition of dpwas also measured by templatenucleotide ratios. The relative base occupations from the three
directed primer extension reactions (P2 + gel purified libraryexperiments were then averaged and plotted as the bar graphs show
modified T7 DNA polymerase) that contained individualin Figure5. From this, it is evident that the proportion of each base
[a-32P]dNTPs. The resulting (P2 + i)mers, where i refers to this relatively independent of base position, substantiating that base
number of radiolabeled nucleotides added to the primer, weggldition is sequence unbiased duriofidsphase synthesis. The
separated by 20% PAGE and quantitated as above. As expeciedrage base mole fractions were: a = 0:800.002, ¢ = 0.287
(see Appendix), due to the geometric reduction of homologous 0.002, g = 0.172= 0.001 and t = 0.24% 0.002.
base sequence compliments it was possible to only measure th&he TDIA experiments all yielded similar base compositions
specific activities of the first six base addition products. Théor dN;2(Table2). These base composition results are in excellent
positional base mole fractions;rof dN at positions P2+2 agreement with the base composition of co-synthesized dNC. The
through P2+6 for three sets of gel loadings were calculatéiDIA averages and dimer (parenthesis) base mole fractions are: a
relative to the first labeled band (i.e. P2 + 1) and the bared0.29+ 0.02 (0.31), c=0.2& 0.01 (0.26), g =0.2% 0.02 (0.20)
immediately preceding the band of interest (i.e. P2 + i — 1) accordiagd t = 0.23+ 0.02 (0.23). This agreement leads to the conclusion
to equation® and6 in the Appendix. Thejs were normalized so that dNC can accurately predict the diversity of a co-synthesized
that at each i the sum qgf g, g and t=1. These 8 were averaged library. Thels obtained from the dimer and TDIA average data
to yield: a = 0.266= 0.009, ¢ = 0.266= 0.009, g =0.222 0.012 predict respectively that 41 and 23 pg of gl would have a 99%
and t = 0.247+ 0.006. From the modified T7 DNAofymerase/ probability of containing at least one copy of each possible sequence.
Bglll experiment, it is expected that here too ¢ may be slightbin identically composed 25 randomized position library (65 bases
underestimated. Unfortunately this could not be reconciled by doitgtal) would require 51 versus 14 mg (dimer versus TDIA). These
the parallel experiment usiigqDNA polymerase. In the presence small differences are considered inconsequential in view of the
of only one radionucleotiddag DNA polymerase promiscuously variance between the individual TDIA p's (TaB)e

Table 2. Nucleotide mole fractions, |,§and p P = 0.99) of dN»

Method a c g t | Q4 p(pg)
Dimer HPLC 0.31 0.26 0.20 0.23 0.20 0.66 41

mod T7Bglll 0.273 0.285 0.209 0.233 0.209 0.77 24
TagBglll, Nsil 0.32 0.27 0.22 0.20 0.20 0.62 41
mod T7/p-32P]dNTP 0.266 0.266 0.222 0.247 0.222 0.83 12
mod Tag[a-33P]ddNTP 0.300 0.287 0.172 0.241 0.172 0.57 250
TDIA 0.29 0.28 0.21 0.23 0.21 0.72 23

a, ¢, g and t are the mole fractions of dA, dC, dG and dT in dNd the least of a, c, g, t.q@ I/m wherem is the

largest of a, ¢, g, t. p is the minimum quantity of library necessary to have a 99% probability of containibDinakr

HPLC are the results from measuring the mole fractions of dAC, dCC, dGC and dTC contained in the co-synthesized
dNC library. Mod T7Bglll andTagBglll, Nsil are from measuring the relative specific activities of the fragments after
restriction digestion of the copied (modified T7 DNA polymerase) and amplifepdNA polymerase) dhb (lib)
respectively. Mod T7-32P]dNTP is from §-32P]dN TP primer extension of P2 using modified T7 DNA polymerase.

Mod Taq[a-33P]ddNTP is the quantitative dideoxynucleotide sequencing results using maadfi@NA polymerase.

TDIA (Template Dependent Incorporation Assay) columns a, c, g, t are the averages of the preceding four radionucleotide
incorporation assays. TDIA columns | @d p(pg) are from the TDIA columns g, ¢, g, t.
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Figure 5. Histograms of nucleotide mole fractions as a function of sequence

determined from quantitative dideoxynucleotide sequencing. a, ¢, gand tare th

normalized (i.e. a + ¢ + g + t = 1) mole fractions using the terminators:
[a-33P]ddATP, pi-33P]ddCTP, fi-33P]ddG TP andd-33P]ddTTP respectively.
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12 base combinatorial library template (gdNib). The base
composition of dNC was determined by HPLC; giNas measured

by several template dependent incorporation assays (TDIA). The
TDIA experiments yielded d¥ base compositions that were in
excellent agreement with the base composition of dNC. From a
guantitative dideoxy sequencing experiment we have shown that
base addition during solid phase oligonucleotide synthesis is
essentially independent of the growing oligomer. From these data we
conclude that dNC should adequately model the diversity of any
synthetic  oligonucleotide library. Assuming that sequence
independent amplification and transcription protocols are used, the
model dimer too will predict the diversity of selection libraries.
Assuming that building block addition is independent of all previous
additions, similar methods could be developed for other types of
oligomeric libraries.

A convention for reporting combinatorial oligomeric library
diversity was proposed. The diversity coefficieng)(@nd the
mole fraction of the least represented monorfjem{nimally
represent the diversity of such librarieg.i€l/m wherem is the
mole fraction of the most represented monomer. Libraries are
most random at the {gmaximum of 1. @s that are <1 contain
fewer members per mole. The probability that a library pool (p)
will contain at least one copy of each possible library member is 1
— eK where k is px li. Qq and| have been presented here in the
gontext of random sequence oligonucleotides. Itis not necessary that
these quantities be limited to the diversity of randomized nucleic
acids. Due to their respective definitions, they can be universally

Average standard deviations of a, ¢, g and t from three experiments are 2.4, 1.8pplied to any oligomeric combinatorial liorary.

1.5 and 6.1% respectively.

Combinatorial libraries have been shown to contain sequen

of this, one might suspect that enzyme linked methods of b
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APPENDIX and its elongated homologs. Similarlywas calculated relative to
its preceding addition product according to Equaiion
dNC HPLC

i
The mole fraction ratios calculated for the dimer library were based Z B/

upon the standard’s ratios according to Equdtion n j

B, = (L () < (), 2%

. _ The summation of the i's through j = 6 is the result of only being
n, M, Adnc and Ayc are respectively the mole fractions andgpe 1o quantitate bands corresponding to P2 + 1 through P2 + 6.
peak areas for bases N and The subscripts lib and std refer t0 1 s ynderstandable because the specific activity of P2}t i (B
the library and standard. The mole fraction (n) of base N inisNC js hroportional to the number of labeled nucleotides added to P2
was calculated using Equatian times the mole fraction of dN in the template raised to the number
of incorporated nucleotides less the P2 + i homologous addition

n= 1 2 . R
(%’). n (%) T (”T) 1 products (i.e. Equation).
lib lib lib i
n, n, n" and fi" are the mole fractions of dNC, Iy dN'C and i |
dN"' C. B; x in; Z n; 7
i=i+1
For an idealized @= 1 library, the relative specific activities of

Restriction fragment quantitation P2 + 1 through P2 + 6 are: 1.00, 0.625, 0.250, 0.0859, 0.0273 and

0.00830.
Incorporation of §i-32P]JdNTPs (N = A, C, G or T) into copies of
the library followed by restriction digestion produces restriction
fragments with specific activities that are proportional to the_. . N o
number of Ns contained in the fragment. The relationshif'deoxynucleotide termination product quantitation
between the defined sequence fragments and the combinatorial
sequence containing fragments is: To minimize errors due to lane to lane variations, the positional
dN mole fractions () were calculated relative to the average of

Naer _ in + Neomo 3 the defined sequence band volumes according to Equgtion

Buer Beomb followed by normalization (i.ej& G + g + t; = 1).
Ngef and Nygmp are the number of known dNs contained in the N
defined and combinatorial sequence containing restriction n = Vi 8
fragments, j is the length of the combinatorial sequence and n is the Z Vy
mole fraction of dN in the combinatorial sequencgs&nd B.omb T

are the specific activities of the defined and combinatorial

sequence containing bands. After rearrangement, the mole fract?ﬁila,a”d W are the combinatorial and defined sequence auto-
of base dN in the combinatorial sequence is given by Equationfadiogram band volumes respectively. N is the r_1um_ber of defined
sequence band volumes used for the normalization. The mole

fraction of dN in dN» (n) was calculated according to Equaon

Beor .
n= (Ndef BC: fb - Ncomb)/J

n=- = 9
Z(ai +c+g -+t
i=6

Homologous base addition quantitation

The positional mole fraction jrof dN for the " primer addition

product (P2 + i) relative to the first labeled primer extensiomhe summations begin at i = 6 because the first nucleotide added

product (P2 + 1) is: to P3 that is complementary to a combinatorial position
corresponds to P3 + 6.



