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Selection of Modified Oligonucleotides with Increased Target Affinity
via MALDI-Monitored Nuclease Survival Assays

Robert K. Altmant Ina Schwopé;® David A. Sarracino, Charles N. Tetzlaff,
Colleen F. Bleczinski, and Clemens Richert*

Department of Chemistry, Tufts Weirsity, Medford, Massachusetts 02155

Receied June 7, 1999

Reported here is how modified oligonucleotides with increased affinity for DNA or RNA target strands can
be selected from small combinatorial libraries via spectrometrically monitored selection experiments
(SMOSE). The extent to which target strands retard the degradatioframfyb, 5-aminoacyl-, and 5
dipeptidyl-oligodeoxyribonucleotides by phosphodiesterase | (EC 3.1.4.1) was measured via quantitative
MALDI-TOF mass spectrometry. Oligonucleotide hybrids were prepared on solid support, and nuclease
selections were performed with up to 10 modified oligonucleotides in one solution. The mass spectrometrically
monitored experiments required between 120 and 300 pmol of each modified oligonucleotide, depending
on whether HPLC-purified or crude compounds were employed. Data acquisition and analysis were optimized
to proceed in semiautomated fashion, and functions correcting for incomplete degradation during the
monitoring time were developed. Integration of the degradation kinetics provided “protection factors” that
correlate well with melting points obtained with traditional UV melting curves employing single, pure
compounds. Among the components of the five libraries tested, three were found to cosialistiuents

that strongly stabilize WatsetCrick duplexes. Selecting and optimizing modified oligonucleotides via
monitored nuclease assays may offer a more efficient way to search for new antisense agents, hybridization
probes, and biochemical tools.

Introduction to difficult-to-predict competing structurésVhere the design
becomes difficult, lead optimization may benefit from
methodologies allowing for a rapid search of structure space
for derivatives with improved properties. This is particularly
true for binders to structured RNA or DNA targets, where
readily designable WatserCrick and Hoogsteen base pair-
ing interactions are of limited usefulne¥sCombinatorial

Modified oligonucleotides are used as antisense and
antigene inhibitors of gene expressidmybridization probes,
PCR primers, and biochemical todl&or the development
of modified oligonucleotides, unmodified, natural oligomers
of DNA or RNA usually provide the lead compounds.
Improving the properties of these lead compounds toward a . _ ) .
degired ag;’)plica‘?[ior?is commonly achieved vig rational design synthe§|s and h|g_h-throughput screening are methodologies
of modifications and iterative optimization. For some proper- for rapidly searching structure space. .
ties, such as luminescence or reactivity toward a given EVven though RNA was one of the first classes of
functional group of the target, the design of a modification €ompounds for which combinatorial syntheses and in vitro
is straightforward and usually requires no more than an Selections were establish&dcombinatorial syntheses of
appendage without target-specific binding properties. For modifiedoligonucleotides are _n(_)t common._Thls may be _due
other properties, such as increased affinity for a nucleic acid 0 the fact that phosphoramidites of modified nucleosides
target, the choice of a chemical modification is less obvious, @€ not easy-to-prepare building blocks. For non-phosphodi-
particularly when both target selectivity and nuclease re- ester-linked ane_xlogues, al_ack of routine solid-phase asgembly
sistance are desired. High-affinity analogues, such as PNAs, protocols fqr oligonucleotides of any sequence .compllcat(.as
are structurally quite different from DNA and thus difficult the exploration of structure space via cqmbmatonal synthesis.
to design from the lead. Others, such as locked nucleic aCidS,Further, there are no well-established high-throughput screen-
were designed to bind with reduced entropic cost, but are ing techniques for modified short oligonucleotides other than
not always found to do sbSome dimethylenesulfone-linked ~PNAs#*3
analogues of RNA, on the other hand, do not bind to  Outof an interest in oligonucleotides with increased target
complementary RNA strands at algven though they are  affinity and selectivity, we and others have recently reported
known to form Watso#Crick duplexes, most probably due  synthetic methodologies for the synthesis of oligonucleotide-
peptide hybrids? particularly linker-free hybrid$>-1” These

* To whom correspondence should be addressed. Tel: (617) 627-3475.allow an easier entry into combinatorial techniques than
E-mail: crichert@tufts.edu. . entirely phosphodiester-based compounds, as they access the
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§ New address: Epigenomics GmbH, Kastanienallee 24, D-10435 Berlin, large structure space of commercially available amino acid-,

Germany. acyl-, and PNA-building blocks, and can be assembled
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Figure 1. lllustration of nuclease survival selection experiment. Selection of oligonucleotides whose non-nucleic acid terminus increases
the affinity for the target strand is based on a higher propensity to be in a duplex state and, thus, unavailable for nuclease attack. Kinetics
of nuclease degradation are measured via quantitative MALDI-TOF mass spectrometry.

entirely on solid supports. Both'5and 3,5-modified efficiency of the testing, but was still very time-consuming
oligonucleotides can be prepared as small chemical librariesand limited to solutions with high salt conditioffsWe
or chemset$31¢18and increased target affintyand selectiv-  therefore designed the assay schematically shown in Figure
ity?%21 have been demonstrated for hybrids, as well as 1. This assay also relies on quantitative MALDI-TOF mass
increased exonuclease stabifify. spectrometr§/ as the monitoring technique, but the binding
We now present a new technique that allows the selectionbetween oligonucleotides and their target occurs in solution,
of high-affinity binders from libraries of modified oligo- where the hybridization kinetics are faster and no surface
nucleotides. This technique relies on spectrometrically effects can distort the binding equilibrium. The selection of

monitored selection experiments (SMOSER* The spec- high-affinity binders with this assay relies on their prolonged
trometric technique employed is MALDI-TOF mass spec- survival when incubated with a single-strand specific nu-
trometry® of oligoribonucleotided® under conditions opti-  clease. A mixture of oligonucleotides with the same DNA

mized for quantitative detecticii?® Selection among the  portion, but differently modified termini, is allowed to
modified oligonucleotides is achieved by subjecting them compete for a target strand. In the resulting binding equi-
to a single strand-specific nuclease under conditions wherelibrium, the oligonucleotides with increased affinity for the
the higher affinity compounds can form duplexes to a greater target will be found in the double-stranded state to a greater
extent than low-affinity competitors. We have used this extent than their competitors, and thus they will be less
technique to select compounds whoségbminus stabilizes  accessible to nuclease attack. When an exonuclease attacking
duplexes with strands complementary to the DNA portion at the 3-terminus is used, the attack occurs at the unmodified
by interacting with the exposed nucleobases of the terminalterminus, where all competitors offer the same structure,
base pair. avoiding any bias not based on target affinity. The degrada-
tion kinetics of the competing oligonucleotides are measured
Results simultaneously by MALDI-TOF mass spectrometry, and a
Our search for 5terminally modified oligonucleotides  structure-activity map for a small library is obtained in one
with increased target affinity started with the synthesis and experiment. Since the differently modified oligonucleotides
evaluation of single compounds. We use automated solid-can be detected selectively, the nuclease selection can be
phase DNA synthesis for assembly of the DNA portion of performed with crude products of the solid-phase synthesis,
our molecular hybrids and Fmoc-peptide synthesis protocols without removal of possible failure sequences. Our synthetic
for the non-nucleic acid portiol. The entire synthesis is method usually produces crude products sufficiently pure to
performed on solid support. Mixed sequence oligonucleotides show the product as the most prominent peak in the MALDI
containing all four nucleobases, both self-complementary andmass spectrurif:16
non-self-complementary, werémodified with a wide range To test the indirect affinity selection, we first performed
of modifications to test our methodology. Lipophilic aromatic a series of assays where a singleadylated derivative of
and aliphatic moieties were included in the pool of building the B-amino-3-deoxy-DNA sequence 'STGGTTGAC-3
blocks, together with all proteinogenic amino acids except competed with its unacylated precursor for the target DNA
cysteine and histidine. The first compounds to be tested werestrand (data not shown). These experiments were performed
HPLC purified individually and the duplexes with their target with snake venom phosphodiesterase (SVP, phosphodi-
strands subjected to UV melting experimett® This esterase |, EC 3.1.4.1) and provided us with a set of four
allowed the testing of up to one compound per day. oligonucleotides I—4, Scheme 1) whose degradation was
Simultaneously monitoring the hybridization of three either slightly faster Z) or slower 8 and 4) than that of
oligonucleotides to a solid-phase bound target strand by control oligonucleotidel. These compounds were then
quantitative MALDI-TOF mass spectrometry increased the purified and individually tested in UV melting curves with
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dilutions were prepared in 75 mM ammonium acetate buffer,
and MALDI spectra of 1uL aliquots were acquired with
matrix preparations containing 19.3 pmol of DNA decamer

Figure 2. UV meiting curves of modified oligonucleotidela-4 5-CGCATTAGCA-3 as internal standard. The decamer was
with target strand, acquired at 1. LM strand concentration under

the same buffer conditions as those used for the nuclease selectioffN0S€n since its molecular weight is sufficiently high to allow

0 20 40 60 80
Temperature (°C)

(75 mM NH,OAc buffer, pH 6). detection of itsn—1 degradation fragment in the spectro-
metric window between the full length oligomer and the
target strand (Figure 2). The order of melting pointd & highest molecular weight hybrid. Thus any (undesired)

3 > 1 > 2) agreed with the relative nuclease resistance in nuclease degradation occurring after removal of the aliquot
the presence of the target strand, encouraging us to poolfrom the nuclease assay can be detected. Calibration plots
compoundsl—4 into chemset land to extend our assay to are shown in Figure 3. Data points are the averages of the
multicomponent selections. relative signal intensities (analyte/internal standard) of four

First, it was tested whether the entoleemset land target ~ spectra with their standard deviations, and lines are linear
strand5 could be simultaneously detected via quantitative fits. While not completely without outliers, the calibration
MALDI-TOF mass spectrometry with our internal standard- plots obtained are satisfactory for quantitative monitoring
based method?® Solutions of crude2—4 were quantified during nuclease degradation. It is important to note that such
via UV spectroscopy, using extinction coefficients calculated results were only obtained with the previously reported
for the pure compounds. These were pooled to give 11.75conditions for acquisition of spectfa?’?8i.e., with a laser
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Figure 3. Calibration plots for detection of oligonucleotidés5
via MALDI-TOF mass spectrometry, measured with 3000l of
the crude oligonucleotides as the initial concentration as determined
by UV spectrophotometry using the extinction coefficient for the
pure full length compound. Data points are averages of peak integral
ratios of four spectra+ standard deviation. Lines are least square
fits to data points. Oligonucleotides without (a) and with (b) 5
substituents are plotted separately for clarity.

Figure 4. Nuclease selection frowhemset lusing snake venom
phosphodiesterase and target stran@) Representative MALDI-
TOF mass spectra from the monitored nuclease selection assay.
The unlabeled peaks in spectra at time points 22 and 82 min are
heptamer oligonucleotide degradation products framd. (b)
Kinetics of the degradation reactions. Data points are averages of
relative signal intensities (analyte/internal standard, 1.S.) from four
spectra normalized to the signal obtained & 0 min as 100%.
Error bars aret one standard deviation; ask arbitrary intensity.

power well above the desorption limit, exhaustive or deep withstood attack longer than control oligomkand naph-
ablation, and discarding of spectra without a minimum  thoic acid residue-bearing competi@rThe kinetics appear
number of ion counts for the internal standard. to be biphasic, with a rapid first phase and a slower second
Representative MALDI spectra from the nuclease survival phase, probably rate-limited by the off-rate for any given
selection withchemset 1using phosphodiesterase |, are modified oligonucleotide engaged in duplex formation with
shown in Figure 4a. This experiment was performed with 5. In the absence of altering on-rates, changes in the off-
11.75ulL of the same solution containing 300 pmol of the rates, of course, alter the equilibrium constant.
crude of each oligonucleotide hybrid that was used for the In principle, the ratio of duplexes formed in the initial
calibration experiment described above, except thatx3.2  binding equilibrium may be obtained from the rate constants
10 “ units of nuclease were added. As desired, no degradationfor the first, fast phase of the degradation. Rate constants
of the internal standard was observed, indicating that the obtained from biexponential fits to the seven data points
mixing of the aliquots from the assay solution with the chilled obtained in a typical assay are, however, associated with large
matrix fully quenched the nuclease reaction, avoiding experimental errors. Fitting to the late data points can be
unspecific degradation in the ethanol-containing (and thus complicated by the appearance of the shorter fragments of
denaturing) matrix mixture.'8Viodified acyl-oligonucleotide  the modified oligonucleotides. These not only have different
hybrid 4, with the least prominent peak at the beginning of Ky andk.svalues but may become inhibitors as the nuclease
the assay, withstood the nuclease attack to the greatest extengpproaches the modified-germinus. To quantify the re-
as more clearly discernible after plotting the degradation tardation of the degradation for each oligonucleotide, we
kinetics (Figure 4b). As expected from the exploratory single- therefore decided to integrate the area under the point-to-
component assays and the melting curves, the highest affinitypoint fit of the data points in the normalized kinetics. The
hybrid 4 was degraded more slowly th&) which in turn ratio of the area under the degradation curve of a given test
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Table 1. Protection Factors Obtained from Monitored Table 2. Protection Factors Obtained from Monitored
Nuclease Selection frol@hemset l1at 23°C Nuclease Selection frol@hemset 1at 23°C with Different
equivalents Amounts of Target Stran@é
compd target  complement PF PFeottrund equivalents
1 5 1 1 1 compd target  complement P PFeottrund
2 5 1 0.74 0.61 No Target
3 5 1 1.13 1.23 1 1(4)
4 5 1 1.48 1.89 2 0.56 0.52 (4)
5 1-4 4 1.38 1.74 3 0.71 0.66 (4)
aProtection factor® Protection factor after correction with a 4 114 117(4)
cutoff of 12% residual full length oligomer and truncation correc- Substoichiometric Target
tion. See text and Supporting Information for definition of protection 1 5 0.5 1 nd
factor and correction functions. 2 5 0.5 0.64 nd
3 5 0.5 1.04 nd
compound versus that of the control oligonucleotideas g 2_4 3'5 21'25’ 23
defined as a “protection factor” (PF). Protection factors for Overstoichiometric T ' ;
the nuclease selection froomemset lare given in Table 1. 1 5 Vers 0'03 lometric arlge 1(28)
Since the protection factors are not known prior to the 2 5 3 0.85 0.70 (28)
assay, it is impossible to choose the ideal reaction time at 2 g g i-ég i-%g ggg
which the most resistant of the hybrids is just fully degraded 5 1—a 0.75 053 0.23 (28)

at the end of the assay. Too long a reaction time produces . _ _
only a few useful and many useless data points. Too short a 2 Protection factor? Protection facto_r after cutoff and truncation
reaction time biases the protection factors, as some degradagsgﬁcﬂlogé;?ﬁhgigf :;pneortc 322;?;;223' full length oligomer is
tion reactions will be complete, but others will be incomplete, ' '
leading to too low an integral in the protection factor
calculation for the latter. Rather than optimizing the reaction
time iteratively, i.e., running more than one assay for every
selection, we developed a correction for incomplete degrada-
tion referred to as “cutoff and truncation” correction. This
form of correction is explained graphically in Figure S1 of
the Supporting Information. A “cutoff and truncation”
correction produces protection factors from area integration
down to an artificially elevated baseline where all compo-
nents in the assay have seemingly reached full degradation
allowing for a fair comparison of their degradation kinetics.
While often giving a better numerical correlation with UV

for 2 and 3 fell below unity demonstrates that their
3'-terminal nucleotides are slightly better substrates for the
nuclease than that df helping to explain the low protection
factors in the assay with. Next, two experiments were
performed with other thafh equiv of 5. The first, with 0.5
equiv, led to an increase in all protection factors (Table 2),
as expected for a fiercer competition for the target strand,
and a marked increase in the protection factor Bpras
expected for a selection based on duplex formation and not
single-strand protection. The second experiment, with 3 equiv
of 5, again demonstrated that duplex formation was causing
) . A . . . protection from nuclease degradation, as the protection
melting points (vide |nfra).,_|n ho case did the correction factors of2—4 were all brought close to 1 under these less
change th.e nucleas.e stability ranking of compounds. competitive conditions and that f&r now less well endowed

The entire analysis process was automated. Spectra wergy it binders, dropped below unity.
analyzed with an AURA script producing report files with - Anajysis of the kinetics of formation and degradation of
peak integrals. These report files were then analyzed with ane first fragments of oligonucleotides in the original assay
PERL script, converting them into normalized kinetics data yith 1 equiv of 5 (Figure 5) sheds light on why the target
and calculating PFs with and without cutoff and truncation ¢trand was not being protected to the extent of the sum of
correction. The source code of these scripts may be down-5| pinders: the heptamer formed from reached its
loaded from the Internet site of the authors. maximum concentration later than that of any of its competi-

The degradation kinetics of target strabh the selection tors. This suggests that the heptamer cleavage prodiict of
from chemset 1(Figure 4) initially gave some reason for  sjgnificantly contributes to the protection bf-4 by forming
concern. If formation of nuclease-inaccessible double- exonuclease-resistant complexes with them. The relatively
stranded species was the basis of prolonged survivhlaf  more rapid degradation & than of the heptamer formed
and3, then5 should survive to the same extent as the sum from it may either be due to the change from a purine to a
of the individual components that it may form a duplex with.  pyrimidine as the 3terminal residue or due to the formation
This was not found to be the case. WHilsurvived longer  of a particularly stable complex with the shorter oligonucleo-
than1-3, (protection factor of 1.38), it was degraded more tide target. Since we have previously observed similar
rapidly than4. Several control experiments were performed degradation rates for oligonucleotide hybrids of different
to find the cause of this phenomenon. The results of these|ength' but with the same'-Bucleobasé? the former may
experiments are summarized in Table 2. be more likely.

First, a nuclease degradation without complementary We next explored nuclease selections of acyl-oligonucleo-
strand5 was performed. As expected for protection due to tide hybrids with increased affinity for DNA target strands
duplex formation, the protection factors were significantly from a chemset of'emodified self-complementary hexamers
decreased fa2—4. The observation that the protection factors (chemset 2 Scheme 1). These have the advantage of
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Figure 5. Kinetics of formation and degradation of the first
degradation products of the componentslodémset 1subjected to
nuclease degradation, as shown in Figure 4. Relative peak intensities
(analyte/internal standard) are plotted as normalized to the peak
intensity (N.P.A.) of the respective full length oligomer at titge

of the assay. Error bars omitted for clarity. Compodnzbuld not

be quantified due to peak overlap.

allowing selections without a complementary strand, thus 1800
improving the signal-to-noise ratio for the remaining com-

ponents in the spectra and decreasing the effort for the assays. (b),\ 100 T 6
Further, since symmetrical duplexes with twice the duplex- X \ 7
stabilizing effect of the Sappendage can form in the IEE | ‘_._8‘
equilibrium, a greater selectivity in the assay may be - 9

expected, if the doubly stabilizing effect in the symmetrical 50 &

duplexes is not offset by the “diluting” effect of mixed
complexes with strands bearing poorly duplex-stabiliziiig 5
moieties. Additionally, any stabilizing or destabilizing effect

of the B-modifications can be expected to have a greater
effect on the hexamer duplexes than on the octamer duplexes,
where the portion of unmodified DNA is greater. Time (min)

The results of the selection froehemset 2with snake Figure 6. Nuclease selection fromhemset 2with snake venom
venom phosphodiesterase are shown in Figure 6 and Tablehosphodiesterase. (a) Representative MALDI-TOF mass spectra;
3. The selectivity in the assay was indeed greater with the Uniabeled peaks in spectra from aliquots taken at 10 and 82 min

. . ... reaction time are pentamer degradation products. (b) Kinetics of
self-complemente_lry ohgonucleotld_es_than that observed with the nuclease reactions. Data points are averages of relative signal
chemset Icontaining the same-Bnoieties. Even on the level  jntensities (analyte/internal standard) from four spectra normalized
of individual spectra, hybri® could be identified as the sole  to the signal obtained & as 100%. Error bars ate one standard
survivor in the assay (Figure 6a). The order in the nucleasedeviation; a.i.= arbitrary intensity.
resistance of the hybrids was analogous to that found with of hybrids bearing large and strongly hydrophobierieties
non-self-complementarghemset 1 (Figure 6b), but the (chemsets 3-5, Scheme 1).Chemset 3 contains ten
difference between the protection factors was much greater,components: those four already containedlemset 2 a
making the results easier to read and more significant overchemset of the five aminoacyl-oligonucleotidd€—14
the experimental errors (Table 3). Control selection experi- produced in a single mixed coupling reaction, and self-
ments withchemset 2at 10, 30, and 40C indicated that ~ complementary octaméi5. The latter was added to test for
the initially chosen 23C, a value close to the melting point  the formation of mixed duplexes, as thet&rminus of the
for 6, gave the best selectivity in the assay (Table 3). This longer oligonucleotide would present a danglifgésidue
was not unexpected. Well below the melting point of the to the nuclease in a mixed duplex but would not do so in a
control, all hybrids in this self-complementary library are in - symmetrical duplex with itself, where all nucleotides would
the duplex form and nuclease protected. At much higher be engaged in WatserCrick base pairing. The nuclease
temperature, all duplexes are dissociated, again preventingselection experiment (Figure 7) showed that the formation
selection for duplex stability. Only at an intermediate of mixed complexes does indeed occur, as expected based
temperature, slightly below the melting point of the control on entropic considerations, sind® was degraded more
duplex, are the high-affinity compounds mostly in duplex rapidly than any of the 'Bacylated hexamers, even though
form (and thus nuclease protected) and the low-affinity the melting point of its symmetrical duplex is 12@® higher
compounds in single-stranded form (and thus nucleasethan that of6. Further, the successful selection of the
accessible), allowing successful selection. quinolone-bearing hybri from this complex mixture with

The next phase of the current work involved testing the protection factors only slightly lower than those found with
nuclease selection assay thus developed with (i) a greaterchemset 2under identical conditions (Table 4) demonstrated
chemset size, (ii) a mixed DNA/RNA system, and (iii) a class the efficiency of the selection assay. This is particularly so,

Full length Oligomer (%
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Table 3. Protection Factors Obtained from Monitored (a) L.S.
Nuclease Selections fro@hemset 2at Different
Temperatures
compd T assay’C) PR PFReottrund

6 23 1 1(13) 61411137128109

7 23 0.52 0.48 (13)

8 23 1.50 1.99 (13) .

9 23 2.86 5.66 (13) a..

6 10 1 1 (53)

7 10 0.80 0.65 (53)

8 10 1.04 1.12 (53)

9 10 1.15 3.26 (53) s.

6 30 1 1

7 30 0.91 0.91

8 30 1.57 1.5¢ J VW

9 30 2.59 2.59 d

min

6 40 1 1 1900 2100 2300m/z

7 40 0.85 0.88

8 40 1.23 1.28 (b) .

9 40 2.00 2.00 100 g [ —e—6

a Protection factor? Protection factor after cutoff and truncation
correction. The cutoff in percent residual full length oligomer is
given in parenthesesSmall extent of degradatio Full degrada-
tion, no cutoff and/or truncation required.

as all components, excepb, were used as crude products
from the solid-phase syntheses and the combined load of
fragments from incomplete reactions decreases the signal-
to-noise ratio in the spectra.

A selection with an RNA target strand was performed with
undecamef9 andchemset 4 a mixture of three compounds Time (min)
whose affinities forl9 had previously been determined via Figyre 7. Nuclease selection fronthemset 3 (a) Selected
UV melting analysis? The undecamer was chosen to mimic  MALDI-TOF mass spectra; unlabeled peaks in spectra from aliquots
a longer biological target strand, for which both the best taken at 22 and 82 min reaction time are pentamer degradation
posiion for ining and he exact sructure of the binder PURLES, T8 P38 1E0% 50 308 PO (o0 M0 e
may ha\{e to be fountf. Whgn equilibrated with RNAlQ ai//erages of relative signal intensities (analyte/internal stangard) from
and subjected to degradation by SVP, the known highestfoyr spectra normalized to the signal obtainethas 100%. Error
affinity binder18was found to be the survivor in the MALDI  bars were omitted for clarity.
spectra (Figure 8a). Nuclease survival of tryptophanyl
derivative 17, a known duplex-capping residd®,was
prolonged over the control octamd6 (Figure 8b), as

Full length Oligomer (%)

Table 4. Protection Factors Obtained from Monitored
Nuclease Selection fro@hemset 3at 23°C

expected based on the melting curve residi#8 The rapid compd PE PReottrume’
degradation of the 'overhang of19 again confirmed a 6 1 1
selection based on sequestering of duplexes from nuclease 7 0.96 0.84
. - . L 8 1.37 1.33
attack, but it could also have been used to identify the binding 9 192 220
site in a target whose preferred binding site was not known. 10 1.12 1.01
Protection factors calculated from the kinetic data confirmed 11 1.56 1.77
the clear order in nuclease survival noted in the spectra (Table 12 1.44 1.64
5) 13 0.98 0.89
) . . . 14 1.39 1.56
Selection fromchemset 5(Scheme 1) containing oligo- 15 0.56 0.49

nucleotld_e$20—22 with large hydrOphOb ic modifications and a Protection factor? Protection factor after cutoff and truncation
thus an increased propensity to form secondary structureScorrection with a cutoff of 19% residual full length oligomer.

in the more lipophilic, single-stranded state was performed

next. Even under the seemingly less selective assay condi- Based on the few data points currently available, Figure
tions of non-self-complementary strands, selectioBlpthe 10 shows the correlations between protection factors (either
compound known to have the highest affinity &yt raw data or corrected for incomplete degradation with “cutoff
proceeded smoothly, with the winner in the assay again beingand truncation”) and UV melting points fahemsets 12,
discernible from the spectra alone (Figure 9). The protection 4, and5. For chemset 3 this type of analysis will have to
factor obtained foR1 was higher than that &f, the “winner” await resynthesis and purification of all components. It can
in the selection fromchemset 1 in agreement with the  be discerned that the nuclease assays not only produced the
greater effect oR1's steroid moiety on duplex stability, as same qualitative order of target affinity but that, after
seen in melting curve experiments (Table 6). correction for incomplete degradation, a reasonable correla-
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Figure 8. Nuclease selection for high-affinity binders to RNA E
target19 in chemset 4using snake venom phosphodiesterase. (a) 0 . ) :

Representative MALDI-TOF mass spectra; unlabeled peaks in
spectra from later time points are degradation products ft6ior 0 10 20 30
heptamer products froml6—18. (b) Kinetics of the nuclease Time (min)

reactions. Data points are averages of relative signal intensities
(analyte/internal standard) from four spectra normalized to the signal
obtained aty as 100%. Error bars ar& one standard deviation;
a.i. = arbitrary intensity.

Figure 9. Nuclease selection of compoundscimemset Sthat bind

with increased affinity to DNA target strarid (a) Representative
MALDI-TOF mass spectra; unlabeled peaks in spectra from later
time points are degradation products. OBlyand5 are labeled in

the rearmost spectrum for clarity. (b) Kinetics of the nuclease
reactions. Data points are averages of relative signal intensities
(analyte/internal standard) from four spectra normalized to the signal

Table 5. Protection Factors Obtained from Monitored
Nuclease Selection fro@hemset 4at 22°C

equivalents obtained atiyg as 100%. Error bars are one standard deviation;
compd target  complement PEF  PRottund a.i. = arbitrary intensity.
16 19 1 1 1 _ _ _
17 19 1 1.34 1.42 the oligonucleotide hybrids by themselves cluster better than
18 19 1 231 3.15 when plotted with the controls. This effect, which is not just
19 16-18 3/0¢ 0.70 0.81

due to fewer data points being correlated, is probably based
2 Protection factor? Protection factor after cutoff and truncation  on the greater structural similarity between the lipophilically

correction with a cutoff of 22% residual full length oligomer.  qqified hybrids. Since the nuclease assays measure kinetics

¢ Target19 has three dangling'3esidues that are vulnerable to whereas UV melting curves are acquired under equilibrium ’

nuclease attack. diti . in li hili f |
. : . . : conditions, an increase in lipophilic surface area may slow
tion between the values obtained with the traditional single, he off-rates more so than it affects the dissociation constant.

pure compound assay and our assay with crude combinatoria ven though more data will be needed to generalize any

libraries can be obtained, conclusions, the different slopes of the fit functions (Figure

Wi?k? ::(';lsg)'g; i?()e:g?r?éségyaa;gﬁ?mift glzlheenclgrrTeT:tli?)r? 10) indicate that the increase in nuclease protection depends
P on the duplex used for a selection, its length, RNA or DNA

is better for protection factors obtained after the correction nature, and GC content. Therefore, protection factors can

corlation of he potestion facors wih cutof ani uncaton °1Y be ranslated into predicted melting points after a
P calibration has been established for a given sequence.

correction withT,, data is consistent with the initial phase
of the kinetics better representing the equilibrium between Discussion

bound and unbound modified oligonucleotides. The correla- The assay reported here is one of several techniques for
tion is further improved when the DNA control compounds rapid screening based on mass spectrometry that have been
are excluded from the analysis (column 3 in Table 7), i.e., described over the last few years. For example, electrospray
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Table 6. Protection Factors Obtained from Monitored “microspot” approach? Since the synthesis of our hybrids
Nuclease fronChemset 5at 25°C in the Presence and the is solid-phase based, one may proceed to an integrated
Absence of Target Strarfl synthesis and testing, and ultimately to a “laboratory on a
equivalents chip”.®® Third, the assay allows the use of combinatorial
compd target complement  PF  PRotyund’ libraries created through a single synthesis step with mixtures
With Target Strand of building blocks, such as the chemset of compouhtis
16 S 1 1 1 14. The compounds in the library compete directly against
32 g i g:gz g:gg each other in one solution, reducing the experimental
22 5 1 1.03 1.06 uncertainty associated with testing compounds individually,
5 16,20—-22 4 3.04 7.69 where every experiment has its own pipetting and quantifica-
Control Experiment Without Target Strand tion errors. Fina”y, since MALDI-TOF MS prOduceS eaSin
16 5 0 1 predictable spectroscopic signals, the spectra acquired during
gg g 8 8-;5 the spectrometrically monitored assay provide simultaneous
22 5 0 0.7F quality control for synthese3.

a Protection factor? Protection factor after cutoff and truncation DlsaQVantages of our .te.c.hmq.ue include the need for
correction with a cutoff of 24% residual full length oligomehlear- approximatey 1 h of acquisition time on a MALDI-TOF
exhaustive degradation of full length oligomer, no cutoff and/or mass spectrometer per assay, which is more costly than a
truncation correction; see Supporting Information for plot of UV spectrophotometer with melting point capabilities, but
kinetics. less costly than high-field NMR spectrometers used for other
jspectroscopy-based screening as$ayaurther, conditions
for quantitative detection have to be established. Our results,
including those reported in references 27, 28, and 22, indicate
)}hat as long as unmodified DNA is structurally dominating,
a general protocol can be followed for quite broad a set of
modified oligonucleotides, and that as long as linearity is
found in a dilution series covering the concentration range

protein-DNA, 6 and peptide-RNA interactions’ For nu- of interest, there is no need to purify oligonucleotides for

cleic acids, mass spectrometric analysis of mixtures or Clibration experiments.
libraries has been emp|oyed for obtaining sequence infor- The nuclease assays further require a stretch of unmodified
matior?46 or finding sites accessible to ligand binditfef DNA or RNA in the binders to be screened to allow the
To the best of our knowledge, this and our previously nhuclease attack to occur without a bias duéteand/orKy
reported solid-phase-based a8aye the only ones that use  changes for the single strand of the oligonucleotide. Since it
MALDI mass spectrometry of oligonucleotide mixtures for is common to test modifications of oligonucleotides with
optimizing the type of chemical modification of oligo- Strands containing only a single non-natural resitfuajs
nucleotides toward increased affinity for a target strand.  limitation may be tolerable. We have previously shown that

All nuclease assays performed show the highest affinity degradation of oligonucleotides with nuclease S1 (EC
binder as the “survivor”, whose relative MALDI signal is 3.1.30.1), an enzyme that attacks interior phosphodiesters,
more prominent at the end of the assay than those of itscan also be monitored by quantitative MALDI-TOF MS,
Competitors_ Therefore, a Sing|e late data point, together with allowing for selection from chemsets of oligonucleotides with
the spectrum of the initial library, could have sufficed to both 3- and 3-modifications. Finally, the change in protec-
identify the winner of the competition for the target. A tion factor when proceeding frochemset 2to chemset 3
reliable qualitative analysis was available from visual inspec- may foster concerns that an increase in the size of a chemset
tion of kinetics with a few data points. Only the need for is accompanied by loss of selectivity, as seen for screens
ranking compounds in multilibrary studies and a correlation €mploying randomized DNA sequences and folded RNA
with melting points necessitates a protection factor analysis. targets:® Since repeated assays withemset 2have given

The correlation between protection factors and UV melting Us a variation of cat0.3 in protection factors, it is premature
points (Figure 10) invites a comparison between the two to interpret the PF changes observed. Even though the higher
techniques. The nuclease selections presented here havaffinity hybrids may confer some protection on the lower
several advantages over synthesizing and purifying single affinity strands that they bind to in mixed duplexes and may
Compounds and testing them in UV me|ting experiments_ thus potentially reduce the selectivity, the Selectivity should
First, the assay can be performed with crude oligonucleotides,not disappear, the way it may with random sequertes.
as long as the compound of interest gives a prominent peak Currently, the nuclease selection assay with self-comple-
in the MALDI mass spectrum. Second, the method is very mentary DNA sequences is about as sensitive in detecting
sensitive. We have used between 120 pmol per compoundchanges in affinity as the traditional UV melting point
for pure oligonucleotides and 300 pmol per compound for analysis. Unlike the latter, it can be used for selecting binders
crude oligonucleotides, i.e., a small fraction of the amount to large, folded RNA sequences, where the hyperchromicity
generated in the smallest scale synthesis on commerciallyassociated with the melting of the internal structure of the
available DNA synthesizers. Of the 12600 pmol used, a  target dominates melting curves and thus obscures the
small fraction is ionized, allowing optimization toward a hyperchromicity of short oligonucleotide ligands. Compared

mass spectrometry has been used to screen benzene sulfo
amide libraries for inhibitors of carbonic anhydréisand to
screen carbohydrates for glycosidase inhibitfadeutral loss
mass spectrometry of heptapeptide libraries was used to stud
the substrate specificity of a lantibiotic-synthesizing en-
zyme3 and MALDI-TOF mass spectrometry of peptide
ladders was employed in the mapping of protginotein3+3°
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Figure 10. Correlation of UV melting points with protection factors measured in nuclease selection assays. Lines are least square fits.
Dotted lines and open squares: correlation with uncorrected protection factors; dashed lines and filled diamonds: correlation with protection
factors with “cutoff and truncation” correction for incomplete degradation; solid line: same as dashed line, except that data from the
unmodified control sequence were excluded. Melting points were acquired at the following strand concentratiohs(a), B.7uM (b),

1.3uM (c), 1.2uM (d), and at the following salt concentrations (MPAc): 75 mM (a), 150 mM (b and c), 100 mM (d). See Table 7 for
correlation coefficients. Melting points for (a) and (b) are from ref 59, for (c) from ref 19, and for (d) from 21.

Table 7. Correlation Coefficientsrg) for Linear Fits to UV are being reported separatéh?*-3°5%rom the available two-
Melting Point and Protection Factor Data Shown in Figure dimensional NMR data, it has been concluded that the

10 appendages ift'7 and21 stack on the terminal base pair of
chemset P PFeottund PFeottrunciwo—co” the Watsor-Crick paired duplex without engaging in
1 0.938 0.958 1.000 hydrogen bonding. The stacked appendages bridge both
2 0.961 0.941 0.945 strands of the duplex, thus increasing duplex stability. The
4 0.987 0.998 d

strength and specificity of such stacking interactions is
y _ y _ difficult to predict, particularly for aliphatic scaffolds, such
aCorrelation with uncorrected protection factéiCorrelation

with protection factor corrected for incomplete degradatid®ame as steroids. Bu.t even a.m ong .the aromatlc acyl groups
asb, except that the data points of unmodified control compounds employed, the difference in melting points between, €g.,
were omitted d Trivial, two-point fit. and3 is quite unexpected. The methoxybenzofurane-bearing
3 melts 5°C higher than the naphthalene-bearing analogue
2, even though the naphthalene moiety is more lipophilic.
This suggests that in the interactions of the appendages with
the terminal base pair, enthalpic stacking forces are stronger
ligands may outweigh this disadvantage, particularly if t"an the hydrophobic effect, supplementing the conclusions
genetic algorithms are used for a guided “walk through dra_wn from studies on duplexes with lipophilic dangling
structure space® If advances in the mass spectrometry of "€Sidue®’and extended nucleobase analogiiéthe lower
nucleic acids continu& 5" current signal-to-noise and mo- Melting point of the duplex betweehand 5 compared to
lecular weight limitations may be overcome, allowing for that of 1 andS can be explained by the absence of the
mass spectrometrical monitoring of other types of oligo- electro_statlc stat_)lhzatlon of the _duplex by the ammonium
nucleotide-based assays, such as analogue interference ma@foup in 1 that is not present ir2. When compared to
ping 58 noncationic control oligonucleotidd6, the naphthalene
Specific properties of the compounds selected in our assaygn0iety in 2 does not have any stabilizing or destabilizing
are in themselves interesting. Theappendages of com-  effect.
pounds4/9, 17/18 and?21 strongly increase the affinity of Given the subtlety of the stacking and hydrophobic effects,
the oligonucleotides they are attached to for complementary combinatorial synthesis and in vitro selection is a particularly
strands. Detailed analyses of the binding modes of these hitsvaluable tool for finding minima in the structure space of

5 0.846 0.877 0.995

to SELEX experiments> SMOSE nuclease assays survey a
very small number of compounds. The ability to get a full

structure-activity map out of the experiments, together with
the greater tolerance toward structural modifications in the



Selection of Oligonucleotides via MALDI-Monitored Assays

terminally modified oligonucleotides. Minima possibly to be
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in the HPLC trace of the crude. The integration was not

found among second-generation oligonucleotide hybrids corrected for the absorbance caused by the solvent front. For
currently under investigation in these laboratories may createlipophilic sequences, recovery from RP18 columns was
even better “molecular caps” for exposed base pairs. While incomplete, leading to lower yields than achievable with C4
such exposed base pairs may not be structurally significantcolumns or other purification techniques. MALDI-TOF mass

in chromosomal DNA, they do exist when DNA is invaded,
e.g., by oligonucleotide prob&sor architectural protein®,

spectra were acquired on a Bruker BIFLEX spectrometer
with a drift tube extension resulting in 1.85 m path length,

turned over by gyrases, or synthesized by polymerases. Thea dual microchannel plate detegtar 1 GHz digitizer, and
latter processes are attractive for therapeutic interventions,delayed extraction capabilities. Fluences of thddser (337

and shof®* molecular hybrids based on oligonucleotide leads
may become useful drugs in the future.

Conclusion

nm) are reported according to the manufacturer’s specifica-
tions and were not measured independently. Spectra were
acquired at pressuresl x 10°% mbar in the drift tube.
Calculated masses are average mass&sound are those

The results from the exploratory experiments reported herefor the pseudomolecular ions ([M H]"), detected as the

indicate that high-affinity binders to nucleic acid targets can
be selected from small chemical libraries of modified
oligonucleotides. For these assays300 pmol of crude

maximum of the unresolved isotope pattern. The accuracy
of mass determination with the external calibration used is
ca.+0.1%, i.e.,-=2 Da atm/z 2000.

oligonucleotide hybrids are needed, and up to 10 compounds General Synthesis Procedure for Oligonucleotide Hy-
can be evaluated in one experiment. Therefore, the searctbrids. 5'-Aminoacyl-oligonucleotides and-peptidyl-oligo-

for new oligonucleotide derivatives as ligands for nucleic

nucleotidesl0—14, 17, 18, and22 were prepared following

acid targets may be performed with greater efficiency than a general synthesis protocol previously repotfetiven

with the traditional assays with pure, single compounds.
Unlike hybridization assays with oligonucleotide arr&ys,

MALDI-monitored assays have the advantages of allowing
selective detection of oligonucleotides without labeling and

avoiding the slow kinetics and surface-related effects as-

sociated with assays based on DNA cHipJhe results

below is a representative procedure for the synthesis-of 5
acylamide-5deoxyoligonucleotide2—4, 7—9, 20, and21.
Fully protected oligonucleotides were assembled on an ABI
model 381 DNA synthesizer following the manufacturer’'s
recommendation, system software version 1.5, oruendl
scale. The last coupling step was performed with a solution

presented here also show that the terminal base pair of shorbf 5'-N-monomethoxytrityl-5-amino-3-deoxythymidine-3
oligonucleotide duplexes offers an attractive target for ligands [(2-cyanoethyl)N,N-diisopropylphosphoramidité}.After dry-

employed to modulate duplex stability.

Experimental Section

General. The following chemicals were the best com-
mercially available grade and were used without further
purification: DMF, ethanol, and Fhig's base (Fluka),
ammonium hydroxide (VWR, EM brand), HOBT, and
HBTU (Advanced ChemTech), 2,4,6-trihydroxyacetophe-
none monohydrate (THAP), diammonium citrate, 1-naph-
thoic acid, and 7-methoxy-2-benzofurancarboxylic acid
(Aldrich), and oxolinic acid (Sigma). Phosphoramidites for

ing by exposing the reaction column to 0.1 Torr, a sample
of the support (0.1Zmol of oligonucleotide) was transferred
into a polypropylene reaction column for ABI DNA syn-
thesizers (empty ABI snap style, Amol size, Prime
Synthesis, Aston, PA). The oligonucleotide was detritylated
using a deblock step on the DNA synthesizenfiol scale),
followed by washing with acetonitrile (10 mL). The support
was dried in the column at 0.1 Torr. A mixture of the
carboxylic acid to be coupled (1@0nol), HOBT (15.3 mg,
100umol), and HBTU (34.1 mg, 9@mol) was dried at 0.1
Torr for 30 min and dissolved in DMF (6Q.). The solution

dABz dCPz, and T were obtained from Perseptive Biosystems/ Was treated with diisopropylethylamine (4Q, 234 umol),

Perkin Elmer, d@" was from ABI/Perkin Elmer. The
protected 5amino-3-deoxythymidine phosphoramidite was
prepared as described previou¥lyControlled pore glass
(cpg) preloaded with the'3erminal nucleoside was from
Perseptive Biosystems/Perkin Elmer. Amino acid building
blocks Fmoc-Ala-OH, Fmoc-Pro-OH, Fmoc-Asp(OBn)-OH,
Fmoc-Met-OH, and Fmoc-Trp-OH were from Advanced
ChemTech, and Fmoc-Lys(Fmoc)-OH was from Novabio-
chem. All DNA synthesis chemicals were from Perseptive
Biosystems/Perkin Elmer, with the exception of the RNA

leading to slight darkening. The reaction mixture was
introduced into the reaction column containing the oligo-
nucleotide-bearing support with a syringe (1 mL capacity).
Excess coupling mixture was taken up in a second syringe
attached to the second port of the column. Care was taken
to displace all air bubbles from the column. The reaction
was allowed to proceed for 60 min with flow-mixing every

5 min. The coupling solution was then pushed out and the
glass support washed with GEIN (2 x 3 mL), followed

by drying at 0.1 Torr. The support was transferred to a

synthesis chemicals obtained from Cruachem USA. Reversed-polypropylene reaction vessel and treated with concentrated
phase HPLC chromatography was performed with a gradientammonium hydroxide (1 mL) for 16 h at room temperature.

of acetonitrile in 0.1 M triethylammonium acetate, pH 7, on
a 250 x 4.6 mm Alltech Macrosphere 300, #m column
(C18), or a 250x 4 mm Vydac Protein column (C4). The
gradients proceeded hyperbolically within the time period
given to the maximum acetonitrile content. Yields of hybrids

The supernatant was transferred into a new vessel, and excess
ammonia was removed with a gentle air stream directed onto
the surface of the solution for 30 min. For compounds used
without purification, the solution was then lyophilized to

dryness, relyophilized once from deionized water, and taken

were determined from the integration of the product peaks up in 25uL of deionized water. An aliquot (ZL) was diluted



504 Journal of Combinatorial Chemistry, 1999, Vol. 1, No. 6

to 500uL of water and quantified by UV spectrophotometry
at 260 nm. For compounds to be purified, the pH of the
solution of the crude product was adjusted to 7.0 with glacial
acetic acid, followed by filtration (0.2m Whatman PVDF
syringe-tip filter) and treatment with ammonium acetate
solution (20QuL, 1.0 M, pH 6.0). The resulting solution was
used for HPLC purification. Pure fractions were identified
by MALDI-TOF mass spectrometry, pooled, dried, and
relyophilized once from deionized water. Solutions of
oligonucleotide hybrids were quantified by UV spectropho-
tometry using extinction coefficients calculated as the sum
of those of the oligonucleotide and the carboxylic acid.

Chemset 1. (a) Compound 1.HPLC (C4): CHCN
gradient 0% for 5 min, to 8% in 45 mirR 43.7 min.
MALDI-TOF MS for C7gH100N30047P [M - H]_: calcd
2438.6, found 2437.

(b) Compound 2.HPLC (C4): CHCN gradient 0% for
5 min, to 23% in 45 minR; 40.7 min. MALDI-TOF MS for
CooH10N30048P7 [M - H]_: calcd 2592.8, found 2593.

(c) Compound 3.HPLC (C4): CHCN gradient 0% for
5 min, to 20% in 45 minR; 44.5 min. MALDI-TOF MS for
CsoH10MN30050P7 [M — H]: calcd 2612.8, found 2612.

(d) Compound 4.HPLC (C4): CHCN gradient 0% for
5 min, to 25% in 45 minR; 38.2 min. MALDI-TOF MS for
CooH10dN3105:P7 [M — H]: calcd 2681.8, found 2681.

Chemset 2. (a) Compound 6Yield 39%, HPLC (C18):
CH;CN gradient 0% for 5 min, to 17% in 45 mi; 43.2
min. MALDI-TOF MS for CsgH74N24033P5 [M — H]7: calcd
1790.2, found 1791.

(b) Compound 7. Yield 49%, HPLC (C18): CHCN
gradient 0% for 5 min, to 28% in 45 mirR 42.3 min.
MALDI-TOF MS for CeoHgoN24034P5 [M - H]_: calcd
1944.4, found 1946.

(c) Compound 8. Yield 36%, HPLC (C18): CHCN
gradient 0% for 5 min, to 50% in 40 mirkk 40.7 min.
MALDI-TOF MS for CesHgoN24036Ps [M - H]_: calcd
1964.4, found 1963.

(d) Compound 9. Yield 42%, HPLC (C18): CHCN
gradient 0% for 5 min, to 50% in 40 mirk 30.7 min.
MALDI-TOF MS for C7iHggN2s0s7Ps [M — H]~: caled
2033.4, found 2033.

Chemset 3. (a)Compounds 69 are described above
(chemse®).

(b) Compounds 10-14. A chemset consisting of com-
poundslO—14was prepared by coupling a mixture of Fmoc-
Ala-OH (3.5 mg, 11.2umol), Fmoc-Pro-OH (7.1 mg, 21
umol), Fmoc-Asp(OBn)-OH (5.1 mg, 11.4mol), Fmoc-
Met-OH (4.8 mg, 12.9mol), and Fmoc-Trp-OH (4.5 mg,
10.3 umol) with cpg (3.5 mg, 0.1kmol loading) bearing
the B-amino-3-deoxy-terminal and protected DNA sequence

Altman et al.

and purified. Yield 53%, HPLC (C18): GI&N gradient 0%
for 5 min, to 16% in 50 minR; 51.4 min.

(e) Compound 12 MALDI-TOF MS for C63H33N25034P5
[M — H]™: calcd 1921.4, found 1923.

(f) Compound 13.MALDI-TOF MS for CgoH7gN25036Ps
[M — H]~: calcd 1905.3, found 1907.

(g) Compound 14 MALDI-TOF MS for Cg1H79N25034P5
[M — H]™: calcd 1861.3, found 1863.

(h) Compound 15.0Oligodeoxyribonucleotide' S5 TGCG-
CAC-3 was prepared by standard DNA synthesis. Yield
71%, HPLC (C18): CHCN gradient 0% for 5 min, to 27%
in 50 min,R 51.9 min. MALDI-TOF MS for GHo7N31046P7
[M — H]~: calcd 2409.6, found 2408.

Chemset 4. (a) Compound 16.Yield 50%, HPLC
(C18): CHCN gradient 0% for 5 min, to 17% in 45 min,
R 31.4 min. MALDI-TOF MS for GoHogN2904gP; [M -
H]~: calcd 2439.6, found 2439.

(b) Compounds 1719 have been reported previoushy,
albeit without characterization data.

(c) Compound 17.HPLC (C18): CHCN gradient 0%
for 5 min, to 17% in 30 minR; 31.3 min. MALDI-TOF MS
for CogH110N32048P [M — H]i calcd 2624.8, found 2624.

(d) Compound 18.HPLC (C18): CHCN gradient 0%
for 5 min, to 18% in 30 minR; 28.9 min. MALDI-TOF MS
for CogH121N34049P [M — H]i calcd 2753.0, found 2753.

Chemset 5.Compoundd 6 and20—22 were synthesized
individually and purified by HPLC te>95% purity, follow-
ing the general synthesis protocol given above. Details
the synthesis, characterization, and binding propertied-of
22 are being published separatély.

Target Strands. (a) Compound 5DNA oligomer5 was
synthesized on an ABI model 381 DNA synthesizer follow-
ing the manufacturer's recommendation (system software
version 1.5), it was purified ta95% purity by HPLC, and
its structure was confirmed by MALDI-TOF mass spectrom-
etry?!

(b) Compound 19. RNA undecamerl9 was prepared
using 3-O-dimethoxytrityl-2-O-Fpmp phosphoramidite build-
ing blocksrABz, rGBY, rCB2, and U (Cruachem USA). Chain
assembly, deprotection, and purification were performed
according to the supplier's recommendations (Cruachem
Technical Bulletin No. 037R01). HPLC of the Fpmp-
protected intermediate was performed on a Vydac 250
10 mm C18 protein column in 0.1 M triethylammonium
acetate with a CECN gradient from 20% to 55% in 30 min,

R: 19.9 min. MALDI-TOF MS for19, for Cy0sH131N44073P10
[M — H]: calcd 3487.2, found 3488.

Nuclease Selection Assay, General Procedur&he
following protocol for the nuclease selection frathemset
4 is representative. Aliquots (2/4L, 1.2 x 107%° mol) of

of

TGCGCA using the general synthesis procedure given above solutions (4.8x 101 moljuL) of each oligonucleotidé,

Deprotection with ammonium hydroxide and lyophilization

17, 18 were pipetted into a polyethylene reaction vessel (500

produced a crude chemset that was used without furtheryL capacity). To this was added 2.4 (1.2 x 10 mol)

purification.
(c) Compound 10.MALDI-TOF MS for CggHgsN26034Ps5
[M — H]: calcd 1976.4, found 1978.
(d) Compound 11.MALDI-TOF MS for CssHgiN25034Ps
[M — H]: calcd 1887.3, found 1889. Following nuclease
selection, compountll was resynthesized on Quinol scale

of a solution ofr((GUCAACCACGG) (9), followed by
addition of 1.75uL of 500 mM ammonium acetate buffer

in DEPC-treated water. The resulting solution was heated
to 90 °C for 1 min, followed by centrifugation at room
temperature to recover condensation water. The reaction
solution was then cooled to® and kept at this temperature
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for 5 min. The sample was then brought to Z3 and thet

= 0 aliquot was withdrawn (lL). Then, a solution of
phosphodiesterase | (EC 3.1.4.1, Sigma) (L ®f a solution

of 1 x 10% u/uL) was added, and aliquots of /AL were
taken at the desired time points. The aliquots withdrawn from
the reaction mixture were immediately mixed thoroughly
with 5 uL of the matrix mixture. The matrix mixture had
been made up from 1Q of 2,4,6-trihydroxyacetophenone
solution (0.3 M in ethanol), 4@L of diammonium citrate
solution (0.1 M in water), 6@L of acetonitrile, and 3.%L

of a solution of the internal standard-AGCTCAGT-
TAGCT-3 (4.08 x 1071 mol), resulting in 1.02x 101!
mol of internal standard in each pL matrix aliquot.
Immediately after the mixing, 1.l of the solution of
analytes and matrix was applied to a stainless steel MALDI
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region 1006-4000. For these assays, DNA oligomér 5
TGGTTGAC-3 (16) was used as internal standard.

Selection from Chemset 5The selection of high-affinity
compounds fromchemset 5was performed as described
above forchemsets 3 with a solution (15u«L total, 83
mM in ammonium acetate) containing HPLC-purified oligo-
nucleotides, 16, and20—22 (125 pmol each), heated to 76
°C for 2 min, cooled to OC, brought to 25C, and treated
with 1.0 uL of nuclease solution (1@ u/uL). Aliquots of
1.5uL of the assay solution were mixed with/8 of the
matrix solution prepared as for selections frachemset 1
except that the DNA oligomer &£CGTGGTTGAC-3was
used as internal standard.

Data Analysis. MALDI spectra were analyzed in auto-
mated fashion using two computer scripts, DAS 1.0 and

target plate. The plate had earlier been prepared by coatinga yTOMATON 1.1. The code for both programs will be

with silicone oil, followed by removal of excess oil by wiping

made available for downloading via the Internet from the

with wipes soaked in ethanol and ammonium hydroxide. The Rijchert Research Group Homepage (currently hitp://

matrix/analyte mixture was left drying at room temperature,

microvirus.chem.tufts.edu). Macro DAS 1.0 was written in

and residual water was evaporated with a hair dryer and thenayra and runs under Bruker XTOF, version 3.1, on a SUN
the prechamber vacuum of the mass spectrometer. Spectr&parc 5 with Sun OS release 5.5 generic. DAS reads

were acquired in negative, linear mode at 20 kV with a

MALDI spectra, expands to a choseniz region, rescales

delayed extraction voltage of 18.2 kV and 180 ns delays for they-axis, applies two-point smoothing and a five-point filter

laser shots at 6670 uJ/shot. A total of 100 shots at 2 Hz

to the raw data, integrates predefinedz regions corre-

laser frequency was accumulated for every spectrum. Atleastspongding to the peaks of interest, and saves and prints peak

four spectra were acquired per time point. Analyte and

and integral lists. AUTOMATON, written in PERL and

internal standard peaks were integrated, and the relativeyynning under the system specifications given above, extracts
intensities of the analyte peaks were calculated and expressegeport files created by DAS, compiles them into lists

as fractions of the = 0 min value. Spectra with less than

corresponding to a given time point in the assay, and selects

500 ion counts for the internal standard peak were not usedoyr spectra with the greatest signal intensity in every list,

for data analysis.

Selection from Chemset 1.Nuclease selections from
chemset lwere performed as described above dbhemset
4 with the following modifications: a solution of oligo-
nucleotidesl—4 (300 pmol of each crude oligonucleotide,
based on quantitation with extinction coefficient of pure
compounds) and the chosen amount of target stsa{dé0,
300, or 900 pmol, 0.5, 1, or 3 equiv) in 11.45 of DEPC-
treated water 75 mM in ammonium acetate, pH 6, was
prepared. The solution was heated to %5 for 10 min,
allowed to cool to room temperature, and brought to the
desired temperature (10, 23, 30, or“4X) with a water bath.
An aliquot of 3.2uL of the nuclease solution (16 u/ulL)
was used. Aliquots from the assay mixture«(1) were mixed
with 3 uL of a matrix solution made up from a solution of
THAP matrix (100uL, 0.3 M in EtOH), a solution of
diammonium citrate (4@L, 0.1 M in water), acetonitrile
(60 uL), and a solution of the DNA oligomer 82GCATT-
AGCA-3 (15uL, 92 uM in water) as internal standard. A

using the ion counts for the internal standard as a criterion.
AUTOMATON then calculates the average of the normalized
peak intensity, ratios of analytes and internal standard in the
selected spectra, together with the standard deviation. Nega-
tive integrals, encountered at full degradation of an analyte
and a negative slope in the baseline, are set to zero.
AUTOMATON then connects data points for every analyte
and calculates the area under this point-to-point fit. After
normalizing the area for the control oligonucleotide, protec-
tion factors are calculated as ratios of analyte versus control
areas. To allow for correction for incomplete degradation
of one or several analytes at the end of the assay, cutoff and
truncation corrections to the areas and the resulting protection
factors can be calculated with AUTOMATON, as graphically
explained in Figure S1 of the Supporting Information. In
this work, the cutoff was chosen as the percent full length
oligonucleotide of the least degraded chemset component at
the end of the assay. AUTOMATON has a capability for
calculating the statistical significance of protection factors,

total of 200 laser shots per spectrum were acquired in thisusing the standard deviations of the data points of analyte

case.
Selection from Chemset 2 and Chemset 3 he nuclease

selections fronthemsets 2and 3 were performed at 23C

as described fochemset 1 above, with solutions of crude

oligonucleotides. The concentrations of the stock solutions

and control oligonucleotide and error propagation for area
and protection factor calculations. The final output can be
directly imported into a spreadsheet (as tab delimited text)
and printed with any common graphing software.

UV Melting Points. UV melting curves were measured

used for preparing the assay solutions were also determinedn a Perkin-Elmer Lambda 10 spectrophotometer equipped

spectrophotometrically assuming solutions of pure com-
pounds. MALDI spectra of all crude compounds showed
>75% of the desired product by peak integration ofiie

with a Peltier-thermostated six-cell holder driven by a PTP-6
temperature unit and a temperature sensor in cuvette 1.
Melting curves were measured at 260 nm between 5 and 75
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°C at a heating or cooling rate of°C/min. Melting points
were determined using Perkin Elmer UV TempLab 1.2.
Curves were smoothed with a 95-point moving average,
followed by calculation of the 91-point first derivative, whose
extremum gave the melting point (Tm). At least four
individual curves were acquired per duplex, and reported
values are the average of the melting points.

Acknowledgment. |.S. was supported by a postdoctoral
fellowship from the Deutsche Forschungsgemeinschaft, FRG,
under the Post-Doc-Stipendien program. This work was
supported by the NIH, National Institute of General Medical
Science (Grant GM54783 to C.R).

Supporting Information Available. A graphical defini-
tion of protection factors, MALDI-TOF mass spectra of all
oligonucleotide hybrids, first derivatives of melting curves
shown in Figure 2, and the kinetics of a nuclease run with
chemset 5without target strand. This material is available
free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Selected reviews: (a) Uhlmann, E.; Peyman, A. Antisense oligo-
nucleotides: a new therapeutic principhem. Re. 199Q 90,544—

584. (b) Milligan, J. F.; Matteucci, M. D.; Martin, J. C. Current
concepts in antisense drug designMed. Chem1993 36, 1923~
1937. (c) DeMesmaeker, A.; Haener, R.; Martin, P.; Moser, H. E.
Antisense Oligonucleotidegicc. Chem. Resl995 28, 366—-374.

(d) Crooke, S. T. Antisense therapeuti@otechnol. Genet. Eng.
Rev. 1998 15,121-157. (e) Helene, C.; Giovannangeli, C.; Guieysse-
Peugeot, A. L.; Praseuth, D. Sequence-specific control of gene
expression by antigene and clamp oligonucleoti@#8A Symp. Ser.
1997, 209, 94—102.

(2) (a) Verma, S.; Eckstein, F. Modified Oligonucleotides: Synthesis
and strategy for user&inn. Re.. Biochem.1998 67, 99—-134. (b)
Allerson, C. R.; Chen, S. L.; Verdine, G. L. A chemical method for
site-directed modification of RNA: The convertible nucleoside
approachJ. Am. Chem. S0d.997 119, 7423-7433.

(3) Egholm, M.; Burchardt, O.; Nielsen, P. E.; Berg, R. H. Peptide nucleic
acids (PNA). Oligonucleotide analogues with an achiral peptide
backboneJ. Am. Chem. S0d992 114,1895-1897.

(4) Meier, C.; Engels, J. W. Peptide nucleic acids (PNAs) - unusual
properties of nonionic oligonucleotide analogsgew. Chem., Int.
Ed. Engl.1992 31, 1008-1010.

(5) Uhlmann, E.; Will, D. W.; Breipohl, G.; Langner, D.; Ryte, A.
Synthesis and properties of PNA/DNA chimerasgew. Chem., Int.
Ed. Engl.1996 35, 2632-2635.

(6) Koshkin, A. A.; Nielsen, P.; Meldgaard, M.; Rajwanshi, V. K.; Singh,
S. K.; Wengel, J. LNA (locked nucleic acid): An RNA mimic
forming exceedingly stable LNA:LNA duplexe3. Am. Chem. Soc.
1998 120,13252-13253. See also: (a) Steffens, R.; Leumann, C.
J. Tricyclo-DNA: A phosphodiester-backbone based DNA analog
exhibiting strong complementary base-pairing propertiesAm.
Chem. Soc1997 119, 11548-11549. (b) Steffens, R.; Leumann,
C. J. Synthesis and thermodynamic and biophysical properties of
tricyclo-DNA J. Am. Chem. S0d.999 121,3249-3255.

(7) Richert, C.; Roughton, A. L.; Benner, S. A. Non-ionic analogs of
RNA with dimethylenesulfone bridge3. Am. Chem. S04996 118,
4518-4531.

(8) Roughton, A. L.; Portmann, S.; Benner, S. A.; Egli, M. Crystal
structure of a dimethylene sulfone-linked ribodinucleotide analog.
J. Am. Chem. S0d.995 117, 7249-7250.

(9) Steinbeck, C.; Richert, C. The role of ionic backbones in RNA
structure: an unusually stable non-Watson-Crick duplex of a non-
ionic analog in an apolar mediund. Am. Chem. Sod. 998 120,
11576-11580.

(10) Selected references: (a) Xu, W.; Ellington, A. D. Anti-peptide
aptamers recognize amino acid sequence and bind a protein epitope.
Proc. Natl. Acad. Sci. U.S.A996 93, 7475-7480. (b) Tan, R. Y.;
Chen, L.; Buettner, J. A.; Hudson, D.; Frankel, A. D. RNA
recognition by an isolated alpha-heliell 1993 73, 1031-1040.

(c) Hamy, F.; Brondani, V.; Flosheimer, A.; Stark, W.; Blommers,

Altman et al.

M. J. J.; Klimkait, T. A new class of HIV-1 Tat antagonist acting
through Tat-TAR inhibitionBiochemistry1998 37, 3086—-3095. (d)
Delihas, N.; Rokita, S. E.; Zheng, P. Natural antisense RNA target
RNA interactions: Possible models for antisense oligonucleotide drug
design.Nature Biotechnol1997, 15, 751—753.

(11) (a) Ellington, A. D.; Szostak, J. W. In vitro selection of RNA
molecules that bind specific ligandsature 1990 346, 818-822.

(b) Gold, L.; Polisky, B.; Uhlenbeck, O.; Yarus, M. Diversity of
oligonucleotide functionsAnn. Re. Biochem.1995 64, 763-797.

(12) Weiler, J.; Gausepohl, H.; Hauser, N.; Jensen, O. N.; Hoheisel, J. D.

Hybridisation based DNA screening on peptide nucleic acid (PNA)

oligomer arraysNucleic Acids Resl997, 25, 2792-2799.

For longer oligonucleotides SELEX-based techniques may be used,

see e.g. (a) Eaton, B. E. The joys of in vitro selection: chemically

dressing oligonucleotides to satiate protein targetsr. Opin. Chem.

Biol. 1997, 1, 10-16. (b) Burmeister, J.; von Kiedrowski, G.;

Ellington, A. D. Cofactor-assisted self-cleavage in DNA libraries with

a 3-5'-phosphoramidate bondngew. Chem., Int. Ed. Endl997,

36, 1321-1324. (c) Eaton, B. E.; Gold, L.; Hicke, B. J.; Janjic, N.;

Jucker, F. M.; Sebesta, D. P.; Tarasow, T. M.; Willis, M. C.; Zichi,

D. A. Post-SELEX combinatorial optimization of aptameBgorg.

Med. Chem1997, 5, 1087-1096. (d) Pagratis, N. C.; Bell, C.; Chang,

Y. F.; Jennings, S.; Fitzwater, T.; Jellinek, D.; Dang, C. Potent 2

amino-, and 2fluoro-2-deoxyribonucleotide RNA inhibitors of

keratinocyte growth factoMature Biotechn1997 15, 68—73. (e)

Sakthivel, K.; Barbas, C. F. Expanding the potential of DNA for

binding and catalysis: Highly functionalized dUTP derivatives that

are substrates for thermostable DNA polymeragegjew. Chem.,

Int. Ed. Engl.1998 37,2872-2875.

Selected references: (a) Haralambidis, J.; Duncan, L.; Tregear, G.

W. The solid-phase synthesis of oligonucleotides containing a 3

peptide moietyTetrahedron Lett1987, 28,5199-5202. (b) Dreef-

Tromp, C. M.; van Dam, E. M. A.; van ven Elst, H.; van der Marel

G. A,; Van Boom, J. H. Solid-phase synthesis of H-Phe-Tyr-

(PATAT)-NH> - A nucleopeptide fragment from the nucleoprotein

of bacteriophage dX174ucleic Acids Resl99Q 18, 6491-6495.

(c) Robles, J.; Pedroso, E.; Grandas, A. Solid-phase synthesis of a

model nucleopeptide with a phosphodiester bond betweeri &5

of a trinucleotide and a serine residdetrahedron Lett1991 32,

4389-4392. (d) Truffert, J. C.; Asseline, U.; Thuong, N. T.; Brack,

A. Synthesis, characterization and binding properties of peptide

oligonucleotide conjugates containing the SPKK peptide mpiift.

Pept. Lett.1995 2, 419-424. (e) Arar, K.; Aubertin, A.-M.; Roche,

A.-C.; Mognsigny, M.; Mayer, R. Synthesis and antiviral activity of

peptide-oligonucleotide conjugates prepared by using(ibtomo-

acetyl)peptidesBioconjugate Chen1995 6, 573-577. (f) Peyrottes,

S.; Mestre, B.; Burlina, F.; Gait, M. J. The synthesis of peptide-

oligonucleotide conjugates by a fragment coupling approdet

rahedron1998 54, 12513-12522.

Tetzlaff, C. N.; Schwope, |.; Bleczinski, C. F.; Steinberg, J. A;;

Richert, C. A convenient synthesis of&mino-3-deoxythymidine

and preparation of peptide-DNA hybrid§etrahedron Lett1998

39, 4215-4218.

(16) Schwope, I.; Bleczinski, C. F.; Richert, C. Synthesis' & 8lipeptidyl
oligonucleotides,). Org. Chem1999 64, 4749-4761.

(17) Selected references: (a) Bergmann, F.; Bannwarth, W. Solid phase

synthesis of directly linked peptide-oligodeoxynucleotide hybrids

using standard synthesis protocdlstrahedron Lett1995 36, 1839—

1842. (b) Guibourdenche, C.; Seebach, D.; Natt, F. Use of the Wolff

rearrangement of diazo ketones from amino acids as a synthetic

method for the formation of oligonucleo-peptides: a novel approach

to chimeric biomoleculesHelv. Chim. Actal997 80, 1-13. (c)

Bruick, R. K.; Dawson, P. E.; Kent, S. B. H.; Usman, N.; Joyce, G.

F. Template-directed ligation of peptides to oligonucleoti@sem.

Biol. 1996 3, 49-56.

Harrison, J. G.; Balasubramanian, S. Synthesis and hybridization

analysis of a small library of peptide-oligonucleotide conjugates.

Nucleic Acids Resl998 26, 3136-3145.

(19) sarracino, D. A.; Steinberg, J. A.; Vergo, M. T.; Woodworth, G. F.;
Tetzlaff, C. N.; Richert, C. BPeptidyl substituents allow a tuning
of the affinity of oligodeoxyribonucleotides for RNARioorg. Med.
Chem. Lett1998 8, 2511-2516.

(20) Tung, C.-H.; Wang, J.; Leibowitz, M. J.; Stein, S. Dual specificity
interaction of HIV-1 TAR RNA with Tat peptide-oligonucleotide
conjugatesBioconjugate Cheml995 6, 292—295.

(21) Bleczinski, C. F.; Richert, C. Steroid-DNA interactions increasing
stability, sequence-selectivity, DNA/RNA discrimination, and hy-
pochromicity of oligonucleotide duplexes.Am. Chem. Sqadn press.

(13)

(14)

(15

(18)



Selection of Oligonucleotides via MALDI-Monitored Assays

(22) Berlin, K. ; Jain, R. K.; Tetzlaff, C.; Steinbeck, C.; Richert, C.
Spectrometrically monitored selection experiments: quantitative laser
desorption mass spectrometry of small chemical libra@éem. Biol.
1997 4, 63-77.

(23) Simon, M. D.; Richert, C. Synthesis and Selection of Aminoacyl-
and Dipeptidyl-Tetraphenylporphyrins: Toward Target-Specific Nu-
cleic-Acid Ligands.Nucleus(Havard, MA) May1999 23—28.

(24) Berlin, K.; Jain, R. K.; Richert, C. Are porphyrin mixtures favorable
photodynamic anticancer drugs? A model study with combinatorial
libraries of tetraphenylporphyrinBioeng. Biotechnol.: Comb. Chem.
1998 61, 107—118.

(25) Karas, M.; Hillenkamp, F. Laser desorption ionization of proteins
with molecular mass exceeding 10000 Daltofsal. Chem1988§

60, 2299-2301.

(26) (a) Nordhoff, E.; Kirpekar, F.; Roepstorff, P. Mass spectrometry of
nucleic acidsMass Spectrom. Re1996 15,67—138. (b) Fitzgerald,

M. C.; Siuzdak, G. Biochemical mass spectrometry: Worth the
weight?Chem. Biol1996 3, 707—-715. (c) Burlingame, A. L.; Boyd,

R. K.; Gaskell, S. J. Mass spectrometiynal Chem1998 70,647R—
716R.

(27) Sarracino, D.; Richert, C. Quantitative MALDI-TOF spectrometry
of oligonucleotides and a nuclease asfigporg. Med. Chem. Lett.
1996 6, 2543-2548.

(28) Bleczinski, C. F.; Richert, C. Monitoring the hybridization of the
components of oligonucleotide mixtures to immobilized DNA via
matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry. Rapid Commun. Mass Spectrofr®98 12, 1737-1743.

(29) (a) Lima, W. F.; Brown-Driver, V.; Fox, M.; Hanecak, R.; Bruice,
T. W. Combinatorial screening and rational optimization for hybrid-
ization to folded hepatitis C virus RNA of oligonucleotides with
biological antisense activityd. Biol. Chem.1997, 272, 626—638.

(b) Bruice, T. W.; Lima, W. F. Control of complexity constraints on
combinatorial screening for preferred oligonucleotide hybridization
sites on structured RNABiochemistry1997 36, 5004-5019.

(30) Ho, W. C.; Steinbeck, C.; Richert, C. Solution structure of the
aminoacyl-capped oligeoxyribonucleotide duplex (W-TGCGCAC)2.
Biochemistryl999 38, 12597 12606.

(31) (@) Cheng, X. H.; Chen, R. D.; Bruce, J. E.; Schwartz, B. L;
Anderson, G. A.; Hofstradler, S. A.; Gale, D. C.; Smith, R. D.; Gao,
J. M.; Sigal, G. B.; Mammen, M.; Whitesides, G. M. Using
electrospray ionization FTICR mass spectrometry to study competi-
tive binding of inhibitors to carbonic anhydrase.Am. Chem. Soc.
1995 117,8859-8860. (b) Gao, J. M.; Cheng, X. H.; Chen, R. D,;
Sigal, G. B.; Bruce, J. E.; Schwartz, B. L.; Hofstadler, S. A.;
Anderson, G. A.; Smith, R. D.; Whitesides, G. M. Screening
derivatized peptide libraries for tight binding inhibitors to carbonic
anhydrase Il by electrospray ionization-mass spectrométiyled.
Chem.1996 39, 1949-1955.

(32) (a) Takayama, S.; Martin, R.; Wu, J.; Laslo, K.; Siuzdak, G.; Wong,
C.-H. Chemoenzymatic preparation of novel cyclic imine sugars and
rapid evaluation using electrospray mass spectrometry and kinetic
analysis.J. Am. Chem. S0d.997 119,8146-8151. (b) Wu, J. Y.;
Takayama, S.; Wong, C. H.; Siuzdak, G. Quantitative electrospray
mass spectrometry for the rapid assay of enzyme inhibi@nem
Biol. 1997 4, 653-657.

(33) Kupke, T.; Kempert, C.; Jung, G.; Goetz, F. Oxidative decarboxyl-
ation of peptides catalyzed by flavoprotein EpiDBiol. Chem1995
270,11282-11289.

(34) Zhao, Y. M.; Muir, T. W.; Kent, S. B. H.; Tischer, E.; Scardina, J.
M.; Chait, B. T. Mapping protein-protein interactions by affinity-
directed mass spectrometfroc. Natl. Acad. Sci. U.S.A996 93
4020-4024.

(35) Kriwacki, R. W.; Wu, J.; Siuzdak, G.; Wright, P. E. Probing protein/
protein interactions with mass spectrometry and isotopic labeling:
analysis of the p21/Cdk2 comple3. Am. Chem. Sod 996 118,
5320-5321.

(36) Cohen, S. L.; Ferre-D'Amare, A. R.; Burley, S. K.; Chait, B. T.
Probing the solution structure of the DNA-binding protein Max by
a combination of proteolysis and mass spectromeRrptein Sci.
1995 4, 1088-1099.

(37) Sannes-Lowery, K. A.; Hu, P. F.; Mack, D. P.; Mei, H. Y.; Loo, J.
A. HIV 1 Tat peptide binding to TAR RNA by electrospray ionization
mass spectrometryAnal. Chem1997, 69, 5130-5135.

(38) Pieles, U.; Ztcher, W.; Scha M.; Moser, H. E. Matrix-assisted laser
desorption ionization time-of-flight mass spectrometry: a powerful
tool for the mass and sequence analysis of natural and modified
oligonucleotidesNucleic Acids Resl993 21, 3191-3196.

Journal of Combinatorial Chemistry, 1999, Vol. 1, No. 607

(39) Little, D. P.; Braun, A.; O'Donnell, M. J.; Kster, H. Mass
spectrometry from miniaturized arrays for full comparative DNA
analysis.Nature Med.1997, 3, 1413-1416.

(40) Schneider, K.; Chait, B. T. Increased stability of nucleic acids
containing deaza-guanosine and 7-deaza-adenosine may enable rapid
DNA-sequencing by matrix-assisted laser desorption mass spectrom-
etry. Nucleic Acids Resl995 23, 1570-1575.

(41) Faulstich, K.; Wener, K.; Brill, H.; Engels, J. W. A sequencing
method for RNA oligonucleotides based on mass spectronfatigl.
Chem.1997, 69, 4349-4353.

(42) Hahner, S.; Ldemann, H. C.; Kirpekar, F.; Nordhoff, E.; Roepstorff,

P.; Galla, H. J.; Hillenkamp, F. Matrix-assisted laser desorption/

ionization mass spectrometry (MALDI) of endonuclease digests of

RNA. Nucleic Acids Resl997, 25, 1957-1964.

Kirpekar, F.; Nordhoff, E.; Larsen, L. K.; Kristiansen, K.; Roepstorff,

P.; Hillenkamp, F. DNA sequence analysis by MALDI mass

spectrometryNucleic Acids Resl998 26, 2554-2559.

Laken, S. J.; Jackson, P. E.; Kinzler, K. W.; Vogelstein, B.; Strickland,

P. T.; Groopman, J. D., Friesen, M. D. Genotyping by mass

spectrometric analysis of short DNA fragmeritsture Biotechnol.

1998 16, 1352-1356.

Ross, P.; Hall, L.; Smirnov, I.; Haff, L. High level multiplex

genotyping by MALDI-TOF mass spectrometiyature Biotechnol.

1998 16, 1347-1351.

Owens, D. R.; Bothner, B.; Phung, Q.; Harris, K.; Siuzdak, G. Aspects

of oligonucleotide and peptide sequencing with MALDI and elec-

trospray mass spectrometrgioorg. Med. Chem1998 6, 1547—

1554.

Griffey, R. H.; Greig, M. J.; An, H.; Sasmor, H.; Manalili, S. Targeted

site-specific gas-phase cleavage of oligoribonucleotides. Application

in mass spectrometry-based identification of ligand-binding sites.

Am. Chem. Sod 999 121,474—475.

Matveeva, O.; Felden, B.; Audlin, S.; Gesteland, R. F.; Atkins, J. F.

A rapid in vitro method for obtaining RNA accessibility patterns for

complementary DNA probes: correlation with an intracellular pattern

and known RNA structuresNucleic Acids Res1997, 25, 5010—

5016.

Little, D. P.; Cornish, T. J.; O’Donnell, M. J.; Braun, A.; Cotter, R.

J.; Koster, H. MALDI on a chip: analysis of arrays of low femtomole

to subfemtomole quantities of synthetic oligonucleotides and DNA

diagnostic products dispensed by a piezoelectric piuedl. Chem.

1997 69, 454-4546.

Burns, M. A.; Johnson, B. N.; Brahmasandra, S. N.; Handique, K.;

Webster, J. R.; Krishnan, M.; Sammarco, T. S.; Man, P. M.; Jones,

D.; Heldsinger, D.; Mastrangelo, C. H.; Burke, D. T. An integrated

nanoliter DNA analysis devicesciencel998 282, 484—487.

(51) (a) Loo, J. A. Mass spectrometry in the combinatorial chemistry
revolution.Eur. Mass Spectron1997, 3,93—104. (b) Demirev, P.A.;
Zubarev, R. A. Probing combinatorial library diversity by mass
spectrometryAnal. Chem1997, 69, 2893-2900.

(52) (a) Hajduk, P. J.; Olejniczak, E. T.; Fesik, S. W. One-dimensional
relaxation- and diffusion-edited NMR methods for screening com-
pounds that bind to macromoleculds.Am. Chem. S0d.997 119,
12257-12261. (b) Hajduk, P. J.; Dinges, J.; Miknis, G. F.; Merlock,
M.; Middleton, T.; Kempf, D. J.; Egan, D. A.; Walter, K. A.; Robins,
T. S.; Shuker, S. B.; Holzman, T. F.; Fesik, S. W. NMR-based
discovery of lead inhibitors that block DNA binding of the human
papillomavirus E2 protein]. Med. Chem1997, 40, 3144-3150.

(53) (a) Hunziker, J.; Leumann, C. Modern Synthetic Methods 1995;
Ernst, B., Leumann, C., Eds.; Verlag Helvetica Chimica Acta: Basel,
1995; pp 333-417. (b) Sanghvi, Y. S.; Dan Cook, P.@arbohydrate
Modifications in Antisense ResearcBaghvi, Y. S., Cook, P. D.,
Eds.; ACS Symposium Series: Washington, DC: 1994, pR3

(54) Weber, L.; Wallbaum, S.; Broger, C.; Gubernator, K. Optimization
of the biological activity of combinatorial compound libraries by a
genetic algorithmAngew. Chem., Int. Ed. Engl995 34, 2280-
2282.

(55) McLafferty, F. W.; Fridriksson, E. K.; Horn, D. M.; Lewis, M. A,;
Zubarev, R. A. Biomolecule mass spectrome8giencel999 284,
1289-1290 and references therein.

(56) Berkenkamp, S.; Kirpekar, F.; Hillenkamp, F. Infrared MALDI mass
spectrometry of large nucleic acidSciencel998 281, 260—262.

(57) Sannes-Lowery, K. A.; Mack, D. P.; Hu, P. F.; Mei, H. Y.; Loo, J.
A. Positive ion electrospray ionization mass spectrometry of oligo-
nucleotidesJ. Am. Soc. Mass SpectroB97, 8, 90—95.

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)



508 Journal of Combinatorial Chemistry, 1999, Vol. 1, No. 6

(58) (a) Strobel, S. A.; Shetty, K. Defining the chemical groups essential
for Tetrahymena group | intron function by nucleotide analog
interference mappindProc. Natl Acad. Sci. U.S.A997 94, 2903~
2908. (b) Ortoleva-Donnelly, L.; Szewczak, A. A.; Gutell, R. R,;
Strobel, S. A. The chemical basis of adenosine conservation
throughout the Tetrahymena ribozynteINA1998 4, 498-519.

(59) Stitelman, D. H.; Altman, R. K.; Schwope, |.; Richert, C. Unpublished
results.

(60) Guckian, K. M.; Schweitzer, B. A.; Ren, R. X.-F.; Sheils, C. J.; Paris,
P. L.; Tahmassebi, D. C.; Kool, E. T. Experimental measurement of
aromatic stacking affinities in the context of duplex DNA.Am.
Chem. Soc1996 118 8182-8283.

(61) Lin, K. Y.; Jones, R. J.; Matteucci, M. Tricyclic-Beoxycytidine
analogs - syntheses and incorporation into oligodeoxynucleotides
which have enhanced binding to complementary RBLAAmM. Chem.
Soc.1995 117,3873-3874.

(62) Cherny, D. Y.; Belotserkovskii, B. P.; Frank-Kamenetskii, M. D.;
Egholm, M.; Burchardt, O.; Berg, R. H.; Nielsen, P. E. DNA
unwinding upon strand-displacement binding of a thymine-substituted
polyamide to double-stranded DNARroc. Natl. Acad. Sci. U.S.A.
1993 90, 1667-1670.

Altman et al.

(63) Werner, M. H.; Gronenborn, A. M.; Clore, G. M. Intercalation, DNA
kinking, and the control of transcriptiosciencel996 271, 778—
784.

(64) Flanagan, W. M.; Wagner, R. W.; Grant, D.; Lin, K. Y.; Matteucci,
M. D. Cellular penetration and antisense activity by a phenoxazine-
substituted heptanucleotiddature Biotechnol1999 17,48—52.

(65) (a) Milner, N.; Mir, K. U.; Southern, E. M. Selecting effective
antisense reagents on combinatorial oligonucleotide ariégsire
Biotechnol 1997, 15,537-541. (b) Thiel, A. J.; Frutos, A. G.; Jordan,
C. E.; Corn, R. M.; Smith, L. M. In situ surface plasmon resonance
imaging detection of DNA hybridization to oligonucleotide arrays
on gold surfacesAnal. Chem.1997 69, 4948-4956. (c) Pirrung,

M. C.; Fallon, L.; McGall, G. Proofing of photolithographic DNA
synthesis with 35'-dimethoxybenzoinyloxycarbonyl-protected deoxy-
nucleoside phosphoramiditek. Org. Chem1998 63, 241—-246.

(66) Service, R. F. Microchip arrays put DNA on the sptiencel 998

282,396—399.

CC9900293



