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We investigated Affymetrix GeneChip intensity data in terms of chip-averaged sensitivities over all perfect
match (PM) and mismatch (MM) probes possessing a common triple of neighboring bases in the middle of
their sequence. This approach provides a model-independent estimation of base-specific contributions to the
probe sensitivities. We found that fluorescent labels attached to nucleotide bases forming-Waiskon

(WC) pairs in most cases decrease their binding affinity and, thus, decrease the sensitivity of the probe.
Single-base-related mean sensitivity values rank in ascending order according t& & T > A. The

central base of PM and MM probes mainly forms WC pairings in duplexes with nonspecific transcripts,
which obviously dominate the chip-averaged sensitivity values. Linear combinations of the triple-averaged
probe sensitivities provide nearest-neighbor (NN) sensitivity terms, which rank in a similar order as the
respective NN free-energy terms obtained from previous thermodynamic studies on the stability of RNA/
DNA duplexes in solution. Systematic deviations between both data sets can be mostly attributed to the
labeling of the target RNA in the chip experiments. Our results provide a set of molecular NN and single-
base-related interaction parameters which consider specific properties of duplex formation in microarray
hybridization experiments.

Introduction parameters. In this work, we make use of two types of

Target binding to high-density oligonucleotide microarrays redundancies in the design of Affymetrix GeneChip microarrays,

used for gene expression experiments is governed by theWhich were created to improve the reliability of the metR&d.

molecular interactions in the hybrid duplexes formed by RNA First, so-called probe sets consisting of_—JZD d|fferent__ .
fragments and DNA probes. The knowledge of the details of reporter probes for eaqh gene a_IIov_vs us to estimate the sensitivity
the DNA/RNA hybridization behavior on a molecular level and of a probe as the dew_auon of its intensity .‘To.m the respective
its estimation by means of effective parameters represents onet average in a logarithmic sc&l&he sensitivity of a micro-

prerequisite for selecting optimal probe sequences from targetarray_oligonucleotide probe ch_arac_terizes its ability to detect_a
genes for newly designed chips. Especially short oligonucle- certain amount of RNA transcripts independently of the condi-

otides might be ineffective as RNA binders as a result of tions of sample preparation, hybridization, and measurement

relatively weak interactions between probe and target. Existing of .th'e fluorescgnce intensity. It is mgunly determined by j[he
methods for chip design mostly involve thermodynamic criteria affinity of a particular DNA probe to b'F‘d RNA fragments via
based on interaction parameters referring to hybrid duplexes incomplementary Watsefpnck (WC)_palrs_.

solution for the optimization of probe sequences (see refs 1, 2 S€cond, each probe is present in pairs of so-called perfect
and references therein). Recent analyses show that severallaich (PM) and mismatch (MM) modifications. The sequence
factors, such as the presence of fluorescent labels, modifies the?f the PM is taken from the gene of interest, and thus, it is
stability of RNA/DNA duplexes on microarrays compared with COMPlementary to a 25-mer in the RNA target sequence. The
duplexes in solutiod# The understanding of the hybridization ~S€duence of the MM is identical with that of the PM probe
properties of microarray probes presumably requires a modified ©XCEPt the position in the middle of the oligomer where the
view of the molecular interactions in DNA/RNA duplexes, m|d_dle base is rep_laced by its complementary base. The pairwise
which takes into account labeling and also, possibly, effects 4€Sign Of probes intends to measure the amount of nonspecific
due to the fixation of the probes at the quartz surface. hybridization and, by this way, to correct the PM intensities.

Available microarray intensity data are directly related to the /AN important question for GeneChip data analysis is how to

binding affinity of the individual probe&They therefore provide ~ nclude the MM intensities adequately. One prerequisite for
valuable information about molecular interactions in RNA/IDNA  SOlVing this issue is the detailed study of the effect of the MM

duplexes, which can be used to extract relevant interaction °2S€ in probetarget duplexes on the signal intensity.
In the accompanying papénye found that the middle base

* Corresponding author. E-mail: binder@izbi.uni-leipzig.de. Faxt-49- Systematica”y shifts the PM and MM pl‘obe sensitivities relative
34}-1495-_11.9._ o ) to another. Also, other studies reported that the strength of base-
Interdisciplinary Centre for Bioinformatics. . pair interaction in the middle of the oligonucleotide affects the
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s Department of Computer Science. affinity of the probes for target binding to an extraordinary
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Methods and Microarray Data

Triple Averages of the Probe Sensitivity.We defined the
sensitivity of perfect match (PM) and mismatch (MM) probes
of Affymetrix GeneChips as their normalized intensity in a log10
scale

Y’ =logIf — [bg I"J,; P= PM, MM (1)

where the angular brackef8-[4.; denote arithmetic averaging
over the probe set of 1420 probes referring to one target gene.
The probe intensities are corrected for the optical background
using the algorithm provided bMAS 5.0° So-called chip
averages of middle triple$Y(XYZ) [nip, are calculated over

all probe sequences with a common middle triple given by the
bases XYZ (X, Y, Z= A, T, G, C) at positiork = 12—14 of
Figure 1: Sc_hematic representation of RNA/DNA probe duplexes on the probe sequence.

GeneChip microarrays. A probe pair consists of a PM and MM probe. Most of the presented triple averages are mean values of the

In the MM sequence, the middle base is replaced by the respective , . i - .
complementary base. Upper case letters indicate the middle triple of CNiP @verages over théen, = 42 GeneChips provided by the

the DNA probe, which is paired with the respective complementary Affymetrix human genome HG U133 Latin square (HG U133-
bases of the RNA target except the middle base of the MM (lower LS) data set available at http://www.affymetrix.com/ support/
case letters; the asterisk indicates fluorescence labeling). We assumeechnical/sample_data/datasets.affx

that the central base of the MM probes forms complementary WC pairs

PM MM PM MM
probe pair 1 probe pair 2

in duplexes with nonspecific transcripts and SC pairs in duplexes with 1 Nenp
specific transcripts (see text). The middle letters of PM and MM probes DYP(XYZ) =— DYP(XYZ) Whioi
of the same pair are different. PMs and MMs with common middle N, & hipi

bases refer to different probe pairs. chip

In addition, we analyzed chip data taken from two different
neighbors within the sequence of the probe and the target areypes of Affymetrix GeneChips referring to the human (HG
known to influence the stabilit_y of the du_plex%é.0 It seems,  Jg5Av2) and mouse (MG U74Av2) genome. The results only
therefore, reasonable to consider the middle base and also itgjifer insignificantly from results obtained from the HG U133
nearest neighbors and. to study the probe sensitivities as achips presented here (not shown). All chip analyses are
function of the middle triple XYZ (X, Y, Z= A, T, G, C;see  performed using the gene expression data warehouse platform
Figure 1 for illustration) (i.e., of the nucleotide bases at position of |zB| (see www.izbi.de).

k = 12—-14 of the probe sequence). Each HG U133 Affymetrix chip contains, on the average,
One key issue of probe design and chip data analysis nearly 4000 different probes with a common middle triple. It is
addresses the relationship between the base composition of aherefore reasonable to assume that averaging reduces the
probe and its affinity for target binding. Matveeva et al. showed specific effect of the sequence outside of the middle triple (i.e.,
that thermodynamic evaluations of the oligomé&arget duplex for base positionk = 1—11 and 15-25). On the other hand,
and oligomer self-structure stabilities based on sequence in-the distribution of the nucleotide bases in the ensemble of probes
formation can facilitate probe desigrn our previous publica-  with a common middle triple can significantly deviate from the
tion, we analyzed probe sensitivities as a function of simple random distribution. In the Appendix, we show that this effect
sequence characteristitShe results reveal, for example, a gives rise to a systematic bias of the triple averages, which can
direct correlation between the number of C or A bases in the be considered by a correction factgpie 2 1.2 for the triple
probe sequence and the sensitivity. averages anBiyy ~ Fsg ~ 1.1 for the derived nearest-neighbor
Our present work is aimed at characterizing the interactions and single-base terms.
between DNA and labeled RNA in terms of sequence-related  Binding Affinity of PM and MM Probes for Specific and
parameters referring either to PM or MM probes. We make use Nonspecific Transcripts. The normalized intensityy®, defines
of the fact that a typical Affymetrix GeneChip contains, on the the sensitivity of a given probklt is directly related to the
average, more than 3500, but at minimum, more than 1000 binding constant between target RNA and DNA oligonucleotide
different probes with a common middle triple. Averaging of probesKPS= KP.&PET) (the superscripts, B PM, MM, and
the sensitivity values over these ensembles of probes with T, differentiate between PM and MM probes and the target;
common triples XYZ to a large extent reduces the specific effect see also eq 2), to nonspecific hybridization and terms which
of the sequence outside of the middle triple (i.e., for base consider fluorescence emission, saturation of the probes with
positionsk = 1—11 and 15-25). The chip-averaged sensitivities  bound targets, and the folding propensity of probe and target
for each middle triple of the PM and MM probes, by this way,
allow the detailed characterization of the binding affinity as a Y~ Yo+ Yeg+ YE— Yo, —
function of the triple sequence. We derived here nearest-
neighbor (NN) interaction parameters from the triple averages with
and compared them with the NN free-energy terms of duplex

Yg)ld - YfTold 2

formation in solutionto:11 Y= A log[K™SE7E")]
Our model-independent approach complements previous
studies which analyze the intensity of microarray probes in the Yoo~ AlogD® + (1 — x5)-r(ED)]

framework of base- and position-dependent moé@éls.>3An
alternative model which considers the positional dependenceand the definitionA log(A) = log(A) — bg(A)de: (see the
of NN sensitivity terms was recently presentéd. accompanying papérfor a detailed description). The ratio
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Figure 2. Mean sensitivities of all PM and MM probes with a given
middle triple of letters (see left axis and figure for assignment). The
data reflect the base-specific interactions in the middle of the target
probe duplexes which systematically affect the probe sensitivities. The
combination of middle triples XYZ/XYZ refers to PM/MM probe pairs

(Y¢ denotes the complementary nucleotide base of Y; underlined letters
denote the mismatched middle base of the MMs). The probes are
grouped for each middle letter of the PM sequence and ranked with
increasinglYPMOwithin each group. The error bars are the standard
errors referring to the averaging over 42 chips provided by the HG
U133-LS experiment. The mean number of probes per triple on an
HG U133 chip is 3900 with a standard deviationd0£380. The signs

— and+ indicate triples with only 11061400 and with 60067400
probes, respectively.

rP(EP) = IKPNYEPE) e c7/KPSEPET) specifies the relationship
between the affinity of specific and nonspecific binding (see
text to follow).

We expect that the difference between the sensitivities of the
PM and MM probes of one pair
EYPM—YMM %YEM MM +YEJ'\S/I MM

M- MM
pair

®)
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Figure 3. Probability density distribution of the sensitivity of probes
with certain middle triples. PM probes with the middle triples AAA
and CCC (panel below); PM probes with the triple CGC and MM
probes with CGC and CCC (panel above).

variability due to these effects is considerably reduced in the
sensitivity differencer®™ —MM A similar tendency is expected
for the triple averaged PMMM differences of PM and MM
probes with identical middle triples (see eq 5) and for the-PM
PM and MM—MM differences of probes with complementary
middle bases (see eqs 6 and 7).

The sample solution used for hybridization contains a total
RNA concentration off. Only a fractionxS = xS(&T) refers
to target RNA, whereasNS(& = £T) = 1 — xS defines the
fraction of nonspecific transcripts involving sequences other
than the intended target. The binding constant of the PMs,
KPMYEPMET), quantifies the affinity of specific binding between
the target and the probe with sequengeand&PM, respectively.
Both sequences are complementary in terms of WC base pairs.
The binding constant of the MM&MMS(EMMET) " characterizes
the binding affinity of target RNA, which specifically binds to
the respective MM probe despite the fact that the middle base
disables WC pairing with the target. Instead, thd base is
assumed to form the respective SC pait; & T—u*, G—g, or
C—c* (see Figure 1: uppercase letters refer to the DNA probe
and lower case letters to the RNA oligonucleotide; potentially
labeled bases are indicated by asterisks).

The ratiorP(&P) = KPNYEPE) Ol..s /KPS EPET) specifies the
mean binding affinity of nonspecific transcripts relative to the
affinity of specific binding* The binding constant of nonspecific
hybridization, IKPNYEPE) (e-¢T, represents the concentration-
weighted average over the binding constants of an ensemble of
RNA sequencesE = £T, which only partly match the probe
sequenceEP by complementary bases. The stability of these

essentially cancels out the contributions due to fluorescence andduplexes is mainly determined by the number of remaining WC
folding, because both probe sequences refer to one targetbase pairings between the probe and bound RNA according to

This expectation is confirmed by the observation that the
mean standard deviation of the differendéy. "™ (XYZ)[)
SD(YPM~MM)ie &~ 0.28, is markedly smaller compared with
the standard deviations of the individual PM and MM sensitivi-
ties, SDY™M)yipie = 0.41 and SD(MM)yipe ~ 0.47 (see also text

to follow). Hence, systematic factors such as specific binding
outside the middle triple, nonspecific binding, fluorescence, and
folding indeed affecty™ and YMM in a similar fashion. The

the conventional theory of hybridization on microarrdy3he
nonspecific transcripts are taken from a cocktail of RNA
fragments with a broad distribution of base composition, which
enables WC pairings with the middle bases of the PM and the
MM probes despite the fact that the respective bases are
complementary (see Figure 1). In other words, we assume that
the hybridization solution contains a sufficiently large number
of different sequences that partially match the probe sequences
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TABLE 1: Mean Probe Sensitivities as a Function of the Middle Base and Triple
probe (triple) central base pair AFA T, TC GG c,C
PM(XYZ)?2 WC A—u* T-a G—c* C—g
YPM(XYZ)O —0.084+ 0.05 —0.01+ 0.05 +0.01+ 0.1 +0.05+ 0.1
MM(XYZ) 2 WC/SC A-ur/A-a T—a/T-u* G—c*G—g C—g/C—c*
DYMM(X\LZ) O —-0.144+0.1 +0.12+ 0.1 —0.11+0.1 +0.21+ 0.2
PM(XYZ)-MM(XYZ) b WC—-WC/SC A-u* — A—y T-a—T-y G—c* — G-y C—g—-C-y
YPM=MM[] u*/a— u* a/lu*—a c*/g —c* glc*—g
+0.02+ 0.02 —0.07+0.02 +0.08+ 0.04 —0.104+ 0.04
PM(XYZ)-MM(XY €Z)P WC—-WC/SC A-ur —T—y T-a—A-y G—c* — C-y C—g- G-y
Vo 0 T—A AT C—G G—-C
—0.124+0.04 +0.08+ 0.03 —0.13+ 0.1 +0.11+ 0.1
PM(XYZ)-PM(XY cZ)P WC-WC A-u* —T—a T—a— A—u* G—c* — C—g C—g— G—c*
LYPM = PM] +0.17+ 0.1 +0.08+ 0.2
MM(XYZ)-MM(XY_°Z) WC/SC-WC/SC A-y—T-y T-y—-A-y G-y—-C-vy Cy—-G-y
YMM = MM +0.26+ 0.05 +0.32+ 0.2

a Combination of middle bases in probe/target duplexes of PM and MM probes. The middle triple is given by the bases XYZ with=X, Y, Z
A, T, G, C. The superscript ¢ indicates the complementary nucleotide baseAYT, G, C for Y =T, A, C, G. Watsor-Crick base pairs in the
DNA/RNA duplexes are denoted by-¥y° where uppercase letters refer to the DNA probe and lower case letters refer to the RNA target. The DNA
letters of the MM probes are underlined. They are assumed to form self-complementary (SC) base pairs of theytypth $pecific RNA
transcripts (S) or, alternatively, WC pairs with nonspecific transcripts (NS) of the tyge Thg labeled nucleotides of the target are indicated by
the asterisk, i.e., y= c*,u*. ® Combination of middle pairs which refer to the considered sensitivity differences of PM and MM probes shown in
Figures 5 and 6. The representation of the foffy y>~ y°and Yc — Y indicates the effective change in the middle triples referring to the respective
sensitivity differencest The values are triple-averaged sensitivities over all probes with the respective middle base (see first row) and the respective
standard deviation.

via WC pairings including their central bases. The binding are grouped for each middle base=YA, T, G, C and ranked
constant of nonspecific hybridization is therefore related to WC with respect to the PM values. The respective PM averages
pairings for PM and MM probes as well. This interpretation is reveal an increasing sensitivity level according te=YA < T
compatible with our observation that the relationship between ~ G < C. Note that the mean PM sensitivities with the middle
the base composition and the sensitivity of a probe is virtually letter A are always negative, whereas those with middle letter
identical for PMs and MMS. C are preferentially positive. Maximum and minimum mean
Let us neglect saturation and folding for the sake of simplicity. sensitivities of lY’"M(CCC)J= +0.254 0.04 andlYP"M(AAA) O
Then, the triple-averaged sensitivity of the MM probes is given = —0.21 4+ 0.05 are found for CCC and AAA homotriples,
by the concentration-weighted mean affinity over central SC respectively. The uncertainty of the data was estimated in terms
and WC pairs owing to specific and nonspecific hybridization, of the standard error of the 42 spiked-in probes.
respectively, whereas only WC pairs contribute to the respective  Note also that within each group the minimum PM sensitivi-
triple averages of the PM probes ties are found for AYA (Y= A, T, G, C) triples whereas the
largest sensitivities refer to CYC triples except fo=YG. For

D(PM(XYZ) [~ D@M + YE!QYZ = the middle base G, the maximum values are found for TGT
A log(K™™S + A logh® + (1 — )™My, O (YrPM(TGT)O= +0.12 £ 0.05); whereas CGC gives rise to a
WC distinctly decreased mean sensitivity{(CGC) 1= +0.03+
AGTH(XYZ) 0.04). The latter result confirms the unfavorable effect of

Y"M(XYZ) O~ D(g”v' + YMQ" Glyz = neighboring G and C on the sensitivity stated previodsly.

A Iog(KMM'S) +A Iog[xs +@1- XS)'VMM)QYZ 0 In Figure 2, each PM sensitivity with the middle triple XYZ
sc s W is directly compared with the sensitivity of two different MM

[X5r AGSAXYZ) + (1 — x5)-AG" (X YZ)] (4) probes, namely the MM probe with the same middle triple XYZ

(OYMM(XYZ) ) and the MM probe with the middle triple X°¥
where AGYY(XYZ) = AGWH(XYZ) and AGSqXYZ) are the  (yMM(XY<Z)[] Y© denotes the complementary base for Y). The
relative binding affinities of the respective triples in terms |gtter MM probe belongs to the same probe pair as the
of the Gibbs free energy referring to central WCAY) and  ¢onsidered PM probe (see also Figure 1 for illustration). Note
SC (Y—y) pairs, respectively (see Figure 1, underlined letters nat the sequence of these MM probes agrees with that of the
indicate the central base of the MM). The free-energy terms respective PM probe except for the middle base. In contrast,
are weighted by the effective fraction of specific transcripts, the sequence of the former MM probe typically differs from
Xer The considered averages consequently provide a measurghat of the respective PM probe except for the middle triple.

of the relative affinity of the respective trimeric fragments for
duplex formation in terms of WC and SC pairs within longer
oligonucleotide sequences.

Results and Discussion

Triple-Averaged Probe Sensitivities.Figure 2 shows the

Table 1 gives an overview of the respective base pairings in
the middle of the probetarget duplex.

The probability density distribution of the probe sensitivities
referring to one middle triple is well described by a Gaussian
shape of similar width for the PM and MM averages of all
considered middle triples. Some examples are shown in Figure

mean sensitivities of PM and MM probes which have been 3. The distribution width is characterized by a standard deviation
averaged over all sequences with a common middle triple XYZ of SD(YP)uipe < 0.5, which seems to be large even when
(see also footnotes in Table 1 for further conventions of compared with the maximum difference observed between the
sequence assignments and pretzgget base pairings). The data mean sensitivity values of CCC and AAAAYCCC—AM[]=
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YPM(CCCYO— LYPM(AAA) O < 0.6. Application of the two- MM triple:
sample t-test to the difference between the triple averages for o (XYZ)
the 42 chips of the LS experiment provides a significance level e (XY“Z)

of 0.02 for the mean difference\YCCC~AA [] Analyses of
the differences between the other triples provide similar results.
Hence, differences between the triple averages greater than 0.02
might be judged as significant. Note that the standard error of
the individual triple values, SKEf ~ 0.05, is more than twice
as large as the standard error of the difference AYEE 0.02,
owing to correlations between the intensity values on each chip,
which contribute to SE() but not to SEAY). Consequently,
SE(Y) represents a maximum error estimate of the triple averages
(see error bars in Figure 2).

Sensitivity Differences of PM and MM Triple Averages.
Both types of mean MM sensitivities deviate from the respective
PM sensitivity into opposite directions, and in most cases, they
differ even in sign (compare open and solid symbols with the
bars in Figure 2). The differences between the mean PM and
MM sensitivities

middle triple PM: XYZ

oy = MM(xyz) o= ¥M(xyz) O- Y*"V(XYZ) O

and

o (XYZ) 0= YM(XYZ) O- YY(XYZ)D (5)

reveal this behavior more clearly (Figure 4). The sign of
[YPM—=MMJstrongly correlates with the middle base of the PM
probe. As a rule of thumb, the middle letters A and G give rise
to positive mean sensitivity differences between PMs and MMs =

I I I
-0.2 0.2

with common middle triples, XYZ/XYZ, whereas T and C cause 0.4 0.0 04
negative values diy"™ ~MM(XYZ) [({see open symbols in Figure PM-MM PM-MM
4 and Table 1). The relationship reverses for the sensitivity <Ypair >, <Y >

differences Yoy~ "™ (XYZ)[] between the PMs and MMs of
one probe pair with middle triples XYZ/X% (note that the
figure reverses sign fdiyPM —MM(XYZ) (for direct comparison
with YN~ Y™(XYZ) D). This result is compatible with the
preference of middle letters A and G for sensitive M8V
< YMM "and vice versa, the preference of T and C for sensitive
PMs, YPM > yMM 4

In addition, we calculated the sensitivity difference between
the PMs with complementary middle bases

Figure 4. Mean sensitivity difference of PM and MM probes,
YPM =MV Dand LYPN ™ "' O(see eq 5). The sign of the data strongly
correlates with the middle base. The PM/MM couples refer either to
one probe pair with the combination of middle letters XYZ/&Y(bars)
or to different probe pairs with PMs and MMs possessing iden-
tical middle triples (XYZ/XYZ, squares). The middle triples are
grouped for each PM middle letter (see figure) and ranked with re-
spect tolYPX~ "' Note that the figure shows negative values of
[YPM = MM for direct comparison withiYoy~ [ The error bars refer
to the standard error of 42 chips. See text and Table 1 for further
explanation.

YV~ PMixyz) 0= Y"M(XYZ) O- ¥™M(XYZ2)O (6)

Molecular Interactions in Probe—Target Duplexes.The
and the respective sensitivity difference between the MMs (see sensitivity difference between the PMs with complementary
Figure 5 and Table 1) middle bases[Y"M~PM(XYZ)O(eq 6), directly compares the
strengths of complementary WC base pairs in DNA/RNA hy-
brid duplexes (see Figure 5 and Table 1). For example,
[YPM=PM(XCZ)Ocompares the strength of<@ with that of

Only two middle letters, T and C, have been considered G—c* in the respective triples. The middle-base-related sign of

Y™ = "(xyz)o= ¥"(XYZ) O- Y™ (XY°Z)0 (7)

in Figure 5 owing to the symmetrylY*-P(XYZ)O =
—YP-P(XY<Z)l

The sign of the PMPM and MM—MM sensitivity differ-
ences correlate with the middle letter in a similar fashion as
the PM—MM heterodifferences (Figure 4). Moreover, compari-

the [YPM~-PM(XYZ) [ data therefore reflects the following
relationships between the interaction strengths:a® A—u*

and, partially, G-g > G—c*. The asymmetry can be, at least
partially, explained by the biotinilation and labeling of the
pyrimidines c* and u* in the RNA sequence. The labels

son of Figures 5 and 6 reveals a similar effect of the adjacent obviously hamper the formation of WC pairs.

bases on the calculated sensitivity differences. For example, the This suggestion is further confirmed by the observation that
triples CCC and GCG provide the largest and smallest valuesthe sensitivity difference reverses and becomes negative for
for all considered sensitivity differences with middle letter C. nonlabeled middle pairs (i.e.,-@ < G—c*) if both nearest
The sensitivity values are obviously related to the base in the neighbors became labeled in the triples GCG/c*gc*, TCT/u*gu®,
middle of the probetarget duplex (see Table 1 for an overview TCG/u*gc*, and GCT/c*gu*. In other words, in these triples,
and assignments). Most of the positi fo MM(XYZz) Dand the G—c* pair adjacent to the central-&y obviously decreases
[YP ~ P(XYZ) Cdata correspond to pyrimidines (C and T), whereas the sensitivity if two labeled bases flank the nonlabeled central
negative differences are found for purines (G and A). base in the target sequence. On the other hand, the opposite
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o MM : XYZ !
B PM : XYZ

middle triple XYZ, XYZ

P-P _
<Y >, P—PM, MM Figure 6. Correlation plots between the triple-averaged MM and PM

Figure 5. Mean sensitivity difference of PM and of MM probes with ~ sensitivities shown in Figure 2 (panels a and b) and between differ-
middle triples XYZ and X¥Z (see eqgs 6 and 7). The differences €nces of MM and PM sensitivities with changed middle letter shown
[YPM - PM(XYZ) Ocompare the strength of WC base pairs of comple- in Figure 5 (panel c). The degree of correlation reflects the effect of
mentary letters, e.g.Fa with A—u* (panel above) and €g with G—c* the nearest neighbors adjacent to the central base pair on the mean
(panel below). Only middle letters T and C are considered because of sensitivities. Panel a refers to the same middle base in the PM and

symmetry reasons. The PM data are ranked by ascending sensitivityMM sequences, whereas part b refers to the complementary middle
difference for each middle letter. bases. Panel c correlates differences between the complementary bases

in PM and MM probes. The assignments of the symbols are given

. . . within the figure. Underlined letters specify the central base in the MM
tendency is observed for labeled-@* pairs adjacent to the sequence (see also Table 1). The lines refer to linear fits to the data

nonlabeled middle pair in GTG/c*ac*. Neighboring TG behaves (see text).
obviously differently compared with adjacent CG and CT.

The sensitivity differences between the MMs with comple-  sensitivities of one probe pair mainly reflects the-¥ versus
mentary middle basesyV™ ~MVI(XYZ)[] depend in a very  yc—y asymmetry of the WC pairings (e.g.;@ versus G-c*).
similar fashion on the middle base as the respective PM  cqrrelation Between the Middle Triple Averages of PM
difference (see Figure 5). This agreement can be rationalized if gng MM Sensitivities: The Effect of Mismatches.The plot
the central base in the MMtranscript duplex mainly forms WC  of ranked sensitivities shown in Figure 2 provides a first
pairings with the bound RNA as in the case of the PMs. Note jmpression of the degree of correlation between the PM and
that the formation of central WC pairings by the MMs is pm averages for each middle letter. For exam@é&M(XYZ) O
expected if nonspecific hybridization dominates duplex forma- gpq [YMM(XYZ) Crun almost parallel for middle bases T, A, C,
tion (x < 1, see eq 4). From the chip-averaged intensity and partially G. The correlation betwed¥?M(XYZ) [ and
difference between PM and MM probes, we concluded that most [yMM (XY ¢z)Ois, however, much weaker for the latter two
of the probes of the considered chips are nonspecifically middle letters G and C. Note that middle letters C and G
hybridized (see ref 4) in agreement with our interpretation of generally give rise to the considerably wider scattering of all
the sensitivity difference of the MM probes. Alternatively, a triple averages as a function of the nearest neighbors compared
similar behavior of MM and PM sensitivity differences turns with the middle letters T and A (see Figures 1, 3, and 4).
out if the binding strength of the central SC pair in specific  Correlation plots more clearly reveal the characteristic

duplexes is relatively weaAGS(XYZ)| < |[AGYY(XYZ)|, relationships between the PM and MM averages (see Figure 6,
see eq 4). In this case, the SC pair virtually does not contribute parts a and b). The data can be divided into two groups
to the respective triple-averaged sensitivity value. dependent on the middle letter of the MM probes. For

The heterodifferencesYoy " (XYZ) O highly correlate  pyrimidines, T and C, the mean MM sensitivities always exceed
with the respective homodifferencB ~ P(XYZ) [(see Figures those of the PMs in correspondence with the results of the
4—6). This correspondence can be simply explained if the previous section (i.e[YMM(XY ¢Z)0> IYPM(XYZ) C{with Y¢ =

central base pairings in the PM and MM probes are dominated T, C). For purines, A and G, one obtains in nearly all cases the
by WC pairings, in agreement with our interpretation given reverse relationship owing to the reversal of the respective

already. Hence, the difference between the PM and MM substitution of the middle base (vide supra and Table 1).
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Separate linear fits of the forg = kx + J (with x = 0.05 5
[YPM(XYZ) Candy = [YMM(XYZ) IIYMM (XY Z)[) to each of the o
two groups of data provide slopes and interceptk sf 1.1 +
0.1 ando ~ +0.15H0.20 0.03) for T and C, respectively,
andk~ 0.6+ 0.1 andd ~ —0.10/0.15 &0.03) for A and G,
respectively. In other words, the sensitivities of MMs of the
first group with the central pyrimidines T (and C), on the \
average, change in a similar fashion to the respective PM -0.05 4 e
sensitivities (see panels a and b of Figure 6). Consequently, a
both the PM and MM sensitivities of this group are affected to " " " " " 1
a similar extent by factors which modulate the probe sensitivity, 0.00 :
such as the nearest neighbors of the central base pair. The same A\A
conclusion can be derived from the sensitivities of the second \
group with central purines A and G in the MM sequences. The
smaller slope,k = 0.6, however, indicates that the MM
sensitivities with central A (and G) depend to a considerably
smaller extent on these factors, compared with the respective
PM sensitivities. A

In part ¢ of Figure 6, we correlate the MM sensitivity b
difference between pyrimidine and purine middle bases, -0.04 +— . — . . .
YMM(XYZ)O — YMM(XYZ)O (with Y = T, C), with the AG TG TC TA AC CG
respective triple-averaged PM sensitivity differences, couple, XY
YPM(XYZ) O- LYPM(XY ©2)[(Y =T, C). The slopes of the linear
fits to the data show that the considered differences betweenFigure 7. Excess sensitivities (part a) and lefight asymmetry (part
the MMs with central Y= C (and ¥ = G) are affected by b) of adja_c'eny base_s, XY. The values were d(_arlved from triple-averaged
their nearest neighbors in a similar fashion as the respectivePM sensitivities using eqs 8 and 9, respectively.
difference between the PMs with central C (anckG; 0.8). In sequence CG reverses into GC (see Figure 7). For the other
contrast, the difference between MMs with central T (and A) NN couples, one obtains the following relationship between the
to a considerably lesser degree correlates with the respectivesensitivities CA> AC, CT > TC, AT > TA, TG ~ GT, and
difference between PM pairs with central T (andkd= 0.2). GA ~ AG.

Nearest-Neighbor Interactions: Excess Sensitivity and'3 Nearest-Neighbor Sensitivity TermsThe 64 triple-averaged
— 5 Asymmetry. Stacking interactions between nearest Sensitivity values[Y?(XYZ)[] can be used to specify 16 NN
neighbors within the RNA and DNA sequence make an im- sensitivity terms,[Y?(XY)[] in analogy with the NN energy
portant contribution to the stability of prob¢arget du- contributions in models describing the stability of RNA/DNA
plexes®~10 The interaction strength between adjacent nucleotide oligonucleotide duplexes in solution (vide infra). For this
bases can be estimated on a relative scale by means of the sdPurpose, we decompose the triple averages into two NN and
called excess values making use of the averaged sensitivitiedwo boundary terms, which consider the mean effect of the bases
of symmetrical triples XYX/YXY adjacent to the triple

e Y'(XYZ) O= Y (XY) Oy 15+ Y(YZ) 514+
(LY (X) O+ Y (2)J (10)

0.00

<Y™(xv)>

exc

-0.02

PM
<™ (XY)>

(XY) 0= VMY X) 0= (M ){ YPMIXYX) TH

YMYXY) O [OYPMXXX) CH YPMYYY) O (8)
According to eq 10, the triple data provide a system of 64 linear

equations with 4 SB boundary terms and 32 NN terms referring
to positions 12-13 and 13-14 of the sequence. The system of

The excess sensitivity provides a measure of the deviation of
the cross interaction in the XY heterocouple of nearest neighbors

from the additivity rule for the interactions in the respective equations was solved by multiple linear regression using singular

holr\]lqgg;:tlijvpele;;cﬁésa\/n;:uzzIare obtained for the symmetrical PMValue decompositioff: The NN terms of the PM probes were
i M — M +
triples ACA and GCG (see panel a of Figure 7). This result E?Png(eXg\?)tads ;Eto averag€¥™(XY) = 0.5[Y"(XY) 213

shows that the heterocouples AC/CA and GC/CG decrease the The upper panel of Figure 8 shows the NN sensitivity terms
sensitivity compared with the arithmetic mean of the sensitivities obtained from the PM and MM sensitivities. The maximum and
of the respective homocouples. In contrast, the triple TGT gives minimum [YPM(XY) O values refer to XY.= CC and AA
rise to a positive excess sensitivity, and thus, TG/GT hetero- homocouples, respectively. Note that the respective MM
couples enhance the probe sensitivity on a relative scale. sensitivities D}MM(X\_() D= D(.MM(X\_() 2 13 and [YMM(XY) D=
The sensitivities' of asymr_netrical triples can be analyzed in CYMM(XY) H3’ 14 are in a systematic fashion either bigger or
terms of the 3— 5’ or left—right asymmetry smaller than the respective PM data. For pyrimidines in the
middle of the sequence (¥ C, T), we obtainedYMM(XY) >
D(ZQ;',,T(XY) b= (l/ N [WPM(XXY) 0= WPM(YXX) 0+ [YPM(XY) [Jwhereas the PM values mostly exceed the_r)espective
[YMXYY) 0= YMeYYX) O3 (9) MM sensitivities for purine middle letters, ¥ G, A. This result
corresponds to the classification of triple averages according
which provides a measure of the sensitivity change owing to to their middle base discussed already.
the reversal of order of neighboring letters, ¥X XY. Note Purine—Pyrimidine Asymmetry. We found a strong middle-
that the left letter points toward the 8nd of the DNA probe base-related purinepyrimidine asymmetry of the triple aver-
attached to the chip surface. The negative asymmetry value ofages. This trend can be partly related to the labels attached to
the couple CG indicates a sensitivity gain of the probe if the the cytosines and uracils of the complementary RNA fragments
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CCGTTG TC CTGGCGACGC TT CAGAAG TA AT AA GG TG AG CG TA AA CA GA
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Figure 9. Sensitivity increment of purinepyrimidine replacement for

the couples of nearest neighbors, %¥ XY. The sensitivity of base
pairs with guanine strongly depends on their nearest neighbor, whereas
pairs with adenine are relatively insensitive to adjacent bases. The values
were derived from triple-averaged PM and MM sensitivities using
eq 11.

that the replacement of a purine by a pyrimidine predominantly
decreases the sensitivity of the probes. For example, the G in
XY = CG diminishes the sensitivity by abot0.1 compared
with CC, which refers to the decrease of intensity by about 20%.

solution data
| Sugimoto et al. 95

ez e However, the sensitivity change after the substitution-G3
CCGT TG TC CTGGCGACGC TT CAGAAG TA AT AA considerably depends on the neighboring base and even becomes
NN base couple, XY positive for XY = GG. On the other hand, the replacement T

Figure 8. Nearest-neighbor pair sensitivities derived from triple- — A IS much less sensitive to adjacent nucleotides.
averaged PM and MM sensitivities of the HG U133-LS experiment ~ Comparison with Solution Data. The sensitivity of oligo-
(panel above, see eq 10) and the respective solution data which arenucleotide probes is scaled in terms of free energy according
calculated from NN free-energy terms (see eq 13) taken from refs 10, o AG = G — [GEet= —RTIn 10.y'; (see eq 13 in ref 4). After

11. Both sets of NN sensitivity terms roughly rank in the same order ¢i5 ayeraging for each triple, this equation rewrites into
as a function of adjacent base couples. See the figure for assignment.

(see previous text). This purin@yrimidine asymmetry canbe  AGXYZ) hip = [B(XYZ) [ip — Bl dnp =
further specified by the difference of sensitivities corresponding —RTIn 10 D(P(xyz) thp (12)
to nearest neighbors, which differ exactly by one pyrimidine
according to In other words, the chip average of the sensitivity for each triple

" provides a measure of the increment of free energy with respect
[Yev(XY) 0= to the chip-averaged free energy of duplex formation. Note that
(1/ N D(PM(XY) H DYPM(YX) - [D(PM(XY'“)D-F the chip average roughly agrees with t_he average over a reservoir

Mrorc of probes with equally and randomly distributed nucleotide bases
Y’ (Y™X) O} (i.e., M4+ defenip ~ [+ Lhndom S€€ Appendix).
The stability of DNA/RNA oligonucleotide duplexes in

Yav1(XY) 0= Y™ (XY) 0= Y (X Y )0 solution is well described by means of NN models which
decompose the free energy of duplex formation into a sum of
and NN terms,Gso(XY), and an initiation energy (e.g., refs 10 and
17). These NN energies are functions of neighboring base pairs,
WWWC(YK)D: WMM(YK) 0= WMM(YCK)D (11) XY (X, Y =A, T, G, C). For comparison of the chip data,
) LYP(XY) [ with the NN free-energy contributions obtained from
with X =A,T,G, C;X=AT, G CY=AG Y =T,C studies on oligonucleotide duplex stability in solution, we
Y=AGand¥=T,C. transform the latter data according to the following (compare

Note that eq 11 expresses the change of sensitivity upon theyith eq 12)
replacement of a nonlabeled by a labeled base pair in the
respective couples. The PM sensitivity difference refers to two Y_(XY) = -1
adjacent WC pairs, whereas the MM data split into two options. s XY) = RTIn 10
The first one [Yav',4(XY) [] assesses the effect of a pyrimidine
in the central sequence position, which forms an SC or a WC With
pair in specific and nonspecific duplexes, respectively. The
second option[Yur,«(YX)[J estimates the sensitivity change Gy (XY) Ghe = i G (XY) (13)
due to the pyrimidine in the WC pairs adjacent to the central sol A 16y v hroe
base.

The values of the three calculated differences are plotted in  Figure 9 compares chip and solution NN sensitivities, which
Figure 9 for G (left part) and A (right part) in the probe are ranked in the same order. This representation reveals that
sequence. The negative values for most of the couples indicateboth types of data are well correlated. On the other hand, the

[GSO|(XY) - |:(B'sol(XY) q:\taﬂ
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TABLE 2: Single Base Sensitivity Termg

probe, P Y?(C)O re P rh r—rd rh=r r2—rf re—rh
PM 0.036 0.15 0.15 —1.70 0.85 1.85 0.90 1.85
MM (WC) 0.063 0.55 0.25 —1.25 0.45 1.50 0.75 1.80
MM 0.10 —0.55 0.60 —0.70 1.55 1.25 0.40 0.15
solntob 0.39 0.53 —0.47 —1.07 0.47 0.6 1.47 1.60
solntb 0.32 0.42 —0.47 —0.95 0.58 0.48 1.47 1.37

aThe ratios are defined a§ = [YP(X)LY?(C)Cl note thatrz = 1 and SE of the data is40.1.” Solution data are taken from refs 10, 11.
Free-energy terms are converted into single-base sensitivity terms using eq 13.

solution and chip data for some of the labeled couples deviate " non-labelled r=0.98

. : e double-labslled r=0.99 CcC .
markedly from each other on a relative scale. The largest relative 1 & single-labelled =0.48 — —
difference is found for the couple CG. 0.10

The correlation plot between solution and chip NN sensitivity P
terms reveals three groups of data depending on the number of ] GTA CT TC ,A’TG
labels per couple (Figure 10). The chip sensitivity terms of '—.—.
double-labeled and nonlabeled couples correlate well with the A
respective solution terms with correlation coefficientsr o ?j_ - -
0.99 and 0.98, respectively. The sensitivities of double-labeled E)_ ] ' [ RAGC
couples are systematically shifted toward smaller values. This v -0.05- e .CA
trend reflects the effect of the label in WC pairs, which AT A ‘f TA IGA
obviously hampers duplex formation between probe and target 1 aa =7
(see previous text). On the other hand, the correlation coefficient -0.10 *
drops to 0.48 for the sensitivities of single-labeled couples. A 1 - : : .
single label gives rise to a more heterogeneous situation, because -1.0 -0.5 0.0 0.5 1.0
its effect on the respective NN sensitivity term strongly depends Y, (XY)
on the adjacent nonlla_b.eled base pair. . - Figure 10. Correlation plot betwe:n the NN pair sensitivities derived
Single-Base S.en.SIFIVIty TermsFor a rough eStlmapo.n O.f . from solution and microarray experiments shown in Figure 8. Note

the effect of the individual bases on the probe sensitivity, it iS yhat subgroups of data referring to nonlabeled and double-labeled
appropriate to define the mean SB specific propensity for RNA/ couples are well correlated but systematically shifted to each other,

-

e @FGe  ACC

0.00 z AC

3

DNA duplex formation and whereas single-labeled couples show a relatively heterogeneous dis-
tribution depending on the nearest neighbor. NN couples, referring to
M 1 M M i i i i
Y’ X)T= (g) [IZYP (XY) T+ Y’ (YX) WC pairs wntho_ut labels and with one and two Iabels_ are dl_fferently
v=£rcc assigned (see figure). The respective correlation coeffigigistgiven

within the figure. The solution sensitivities are arithmetic means of
two data sets taken from ref 10 and 11 (see also Figure 8). The
M 1 M
oy" X) 0= () g oy (XX)D horizontal error bars refer to the differences between the respective
Y=AT.G.C values of both data sets. Error bars are omitted for single-labeled
couples. The diagonal lines are drawn as a guide for the eye.

Y™ (y)O= () g yY"™M(xv)0 (14)
- X=AT,G.C - for nonlabeled and 0.85 for labeled pairs in PM probes.
] S Consequently, about 40% of the relative sensitivity asymmetry
In an analogy with eq 11, we distinguish between the mean petween G-c* and C-g pairs can be attributed to the presence
effect of a base in the PM sequence referring to WC pairs and of the |abel. The relative effect of labeling further increases if
the effect in the MM sequence for the mismatched central basegne compares the relative sensitivity difference efarand
and its nearest neighbor. The latter also forms WC pairings, 5 _+ pairs (compare?— rf\ for solution and chip data).
whereas the mismatched base refers to WC and SC pairings as The normalized sensitivity differences listed in the last two
well (see eq 4. . e . . columns of Table 2 estimate the increment of the binding affinity
Table 2 lists the chip sensitivities together with the respective between pairs which are stabilized by three-(€ G—c*) and
solution data. The mean sensitivities are normalized with respecttwo (T—a, A—u*) hydrogen bonds. This parameter can be
to LY¥(C)Cfor comparison (see second column and footrete interpreted as a rough measure of the effective strength of one

in Table 2). The sensitivities of WC pairs in PM probes, H-bond in relative sensitivity units. The solution and chip data

WDM i i i oG A
(X)D_gr_oup W'.th ascending yalue accord!ng t - T roughly agree for the purines, G and A, but considerably differ
> A. A similar series turns out if the respective base in a WC for the pyrimidines, C and T

pair adjoins the central base in the MM probes. The sensitivity
values of G and A are, however, increased on a relative scale.
For the mismatched central bases T and G, the SB sensitivities
reverse order (i.e., the series of pair strengths changes into C The relative contribution of matched and mismatched base
> T > G~ A. This difference possibly reflects the effect of pairings to the stability of DNA/RNA probetarget duplexes
SC pairing in the SB term of the mismatched bases, which was estimated using mean sensitivity values averaged over all
represents the weighted average of WC and SC pairings (seeGeneChip microarray probes with a common middle triple. The
eq 4). sensitivities of PM and MM probes in a similar fashion depend
Also, the solution data reveal an asymmetry of the strength on the middle triple. This agreement can be understood if the
of WC pairs. Table 1 shows that the mean sensitivity of central base of both PM and MM probes mainly forms Watson
nonlabeled G-c pairs is significantly smaller than that of@ Crick pairs with bound RNA transcripts. Such behavior is
pairs (see also Figure 8). The relative changegs(rg) ~ 0.5 expected if nonspecific hybridization dominates the respective

Summary and Conclusions
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Figure 11. Probability profile,fﬁhip(B), of the occurrence of baseB T, A (panel a) and G, C (panel b) in any probe of the HG U133 chip along
the sequence (see lines). The points refer to the probability of occurrfé?%@B), of base B= A (part a) and C (part b) in the subsets of probes
with middle triple XYZ. Note that the data scatter about the respective chip avé‘f&’@B) with B = A and C, respectively. Panels ¢ and d show
the deviationsf; "“(B) — f""(B), for the middle triples AAA and CCC. They represent the worst cases, i.e., the distributions with the maximum

deviation from the mean.

chip averages of the sensitivity. Sensitivity differences between average. The respective difference profiles for X¥ZAAA

the PMs and MMs of one pair indicate a purifgyrimidine

asymmetry of interaction strengths in WC pairings according
to which a C (or T) more strongly contributes to the binding
affinity than a G (or A). This asymmetry can be partly attributed
to the labeling in the complementary RNA sequence. Biotinyl

and CCC illustrate the worst cases (i.e., the triples providing
the largest bias with respect to the mean; see Figure 11, panels
c and d). The chip averages of the sensitivit;(XYZ) O=
LYP(XYZ) [hip, are weighted means referring to the probability
profile, f{"“(B), along the sequence. Consequently, the posi-

residues with attached fluorescent labels obviously tend to tive and negative deviations deZ(C) effectively reduce the
reduce the sensitivity. The adjacent bases in each sequence comabsolute values of the triple average€¥™(AAA) O and

siderably modify the sensitivity values, probably because of

[YPM(CCC)Yl compared with averages over a random base

stacking interactions and steric effects. The triple-averaged probegistribution, because cytosines most strongly contribute to the

sensitivities provide NN sensitivity terms, which rank in a sim-
ilar order to the respective NN free-energy terms obtained from
thermodynamic studies on the stability of RNA/DNA duplexes

probe sensitivity compared with the other bases (see previous
text and refs 3 and 7).
One can estimate the effect of nonrandomness of the base

in solution. Systematic deviations between both data sets candistribution on the sensitivity by

be attributed mostly to the labeling of the target RNA in the

chip experiments. The triple averages provide detailed informa-
tion about sequence-specific effects in the middle of the probe

sequence. In a forthcoming publication, we will address the

effect of the complete base sequence on the probe sensitivities.
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eq 14) and(B) is given byfc""(B) or frandomif one chooses the
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Appendix

Correction of the Chip-Averaged Triple Means for Non-
random Base Distributions. The probability profiles of the
occurrence of base B A, T, G, C at positiork in probes with
the middle triple XYZ, f\"*(B), significantly deviate from
f"P(B), the probability of occurrence of base B at positioin
any probe of the chip (see Figure 11; compare the points in
parts a and b with the lines for B- A and C, respectively).
Note thatfS""(B) only slightly deviates from the random value
for equally distributed basefandom = .25 for most of the
positionsk (see lines in panels a and b of Figure 11).

The differencef, "*(B) — f""(B), provides a measure of the
nonrandomness of probe composition relative to the chip

the reference state, respectively. The weighting function consid-
ers the positional dependence of single-base sensitivity terms.
We used a parabola-like functiony = 1 — [(k — 13)/12F,
which was derived from single-base model analyses and
accounts for the decrease of single-base-related sensitivity terms
toward the ends of the probe sequefiééls

Equation Al provides a first-order correction of the triple
sensitivities for deviations from the mean distribution of bases
along the probe sequenc€¥7(XYZ) [hndom=~ YP(XYZ) [dhip —
AYE,(XYZ). It turns out that the absolute sensitivity value of
the triples CCC and AAA increases after correction by about
20%. Similar corrections are obtained for the other triples.

Linear regression of the corrected daf&"(XYZ) [hndom
versus the uncorrected dat&/P(XYZ)[dnip, reveals that the
correction with respect to randomne$@j = fradom can be
simply considered by a multiplicative factdfyipe = 1.19 +



Interactions in Oligonucleotide Duplexes J. Phys. Chem. B, Vol. 108, No. 46, 20048025

0.02 ¢ > 0.99), which scales the raw data according to (3) Naef, F.; Magnasco, M. (Phys. Re. E 2003 68, 11906.
EYP()(YZ) [hndom & Fmp|e-DYP()(YZ) @hip. The corrected triple (4) Binder, H.; Kirsten, T.; Loeffler, M.; Stadler, B. Phys. Chem. B
averages were used to calculate corrected NN and SB terms by2004 108 18003.

means of egs 10 and 14, respectively. An analogous correlationNat.(scgel;]Etslh;gtg’ zRi JZ'aFOdor’ S. P A; Gingeras, T. R; Lockhart, D. J.

analysis provides correction factorsffy = 1.10+ 0.01 and (6) Affymetrix Microarray Suitgversion 5.0; Affymetrix, Inc.: Santa
Fse = 1.13 £ 0.04 ¢ > 0.99) between the corrected and Clara, CA, 2001.
uncorrected NN and SB terms, respectively. Note that the NN (7) Mei, R.; Hubbell, E.; Bekiranov, S.; Mittmann, M.; Christians, F.
and SB terms are calculated as linear combinations of the tripleg-f at‘eg't'\"-"\T/'-;kg’ G Ea?lg’i-? 'a'”éw-'aﬂgg’ggr' Ié; Ki‘f'gg%P-; Kulp,
averages, which gives rise to the partial compensation of the (833 Gsr:fa j._'Crr%fHerz b.?\f‘u.'M;{' Bi'0|.'1973373 %97. '
correction terms and thus to the smaller correction factors for q) gorer p. N.: Dengler, B.: Tinoco, 1., Jr.; Uhlenbeck, 0.JCMol.
the derived data. The correction with respect to the base Biol. 1974 86, 843.
distribution of the chip {(B) = fﬁh'p(B)) provides a slight (10) Sugimoto, N.; Nakano, S.; Katoh, M.; Matsumura, A.; Nakamuta,
change of the correction factors by less than 5% of its value. H- Ohmichi, T.; Yoneyama, M.; Sasaki, Biochemistryl995 34, 11 211.
In summary, the systematic bias of the triple averages due tozsglf) Wu, P.; Nakano, S.; Sugimoto, ur. J. Biochem2002 269,
the nonrandom base distributions among the probes of one (12) Held, G. A; Grinstein, G.; Tu, YProc. Natl. Acad. Sci. U.S.A.

middle triple is nonneglible but relatively small. It can be 2003 100 7575.

considered by a correction fact®fipe ~ 1.2 for the triple (13) Zhang, L.; Miles, M. F.; Aldape, K. INat. Biotechnol2003 21,
averages anByy &~ Fsg &~ 1.1 for the derived nearest-neighbor  818.
and single-base terms. (14) Binder, H.; Kirsten, T.; Loeffler, M.; Stadler, P. Sequence specific

sensitivity of oligonucleotide probes. IRroceedings of the German
Bioinformatics ConferenceMunich, Germany, Oct. 12-14, 2003.
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