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High-density oligonucleotide arrays are among the most rapidly expanding technologies in biology today. In
the GeneChip system, the reconstruction of the sample mRNA concentrations depends upon the differential
signal generated by hybridizing the RNA to two nearly identical templates: a perfect match (Bobe
containing the exact biological sequence; and a single misntisth differing from the PM by a single base
substitution. It has been observed that a large fraction of MMs repeatably bind targets better than the PMs,
against the obvious expectation of sequence specificity. We examine this problem via statistical analysis of a
large set of microarray experiments. We classify the probes according to their signal to Sdgerdtio,
defined as the eccentricity ofBM,MM) pair’s “trajectory” across many experiments. Of those probes having
large S/N (>3) only a fraction behave consistently with the commonly assumed hybridization model. Our
results imply that the physics of DNA hybridization in microarrays is more complex than expected, and suggest
estimators for the target RNA concentration.
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Interest in the detailed physics of DNA hybridization is two flavors. The perfect mataiPM) is perfectly complemen-
rooted in both purely theoretical and practical reasons. Studary to a portion of the target sequence whereas the single
ies of the denaturing transition started with models of permismatch(MM) carries a substitution to the complementary
fectly homogeneous DNAL], soon followed by studies of base at its middlg€13th) position. MM sequences are ex-
sequence-specific disordg—4]. The specificity with which ~ pected to probe for nonspecific hybridization as detailed be-
DNA binds to its exact complement as opposed to a mislow. ] ) ) )
matched copya “defect”) has been studied experimentally ~ In current incarnations of the chips, each gene is probed
[5,6] and theoretically[7—9]. In this context it has been by 14—-20(PM,MM) pairs(a probeset and the task is, there-
found that a fair fraction of the energetics of DNA hybrid- fore, to reconstruct a single numbéne RNA concentration
ization is related tostacking interactions between first- from these 28—40 measurements. There are many ways in
neighbor bases, in addition to the obvious strand-strand cortvhich this can be done, with various degrees of noise rejec-
tact[10—17. We present a study of mismatch hybridization tion. The standard algorithm provided in the software suite
stemming from a very practical problem, hybridization in [16] offers one method. However, as independent measure-
DNA microarrays. We shall show experimental evidence thafnents of mRNA concentrations showed that the analysis pro-
the system behaves inconsistently with current models ofess should be improved upon, many researchers attempted
hybridization specificities. to do s0[17,18}; it was then discovered that a fair number of

DNA microarrays provide an experimental technique forMM probes consistently report higher fluorescence signal
measuring thousands of individual MRNA concentrationghan their PM counterpaftl8]. This observation is most in-
present in a given target mixture. They are made by depodfiguing because it violates the_ standard hybr|d|z;a.t|on.mc_>del
|t|ng DNA O|igonuc|eotide Sequencésrobe$ at Specific lo- O'Ut“nEd below. ThUS, the notion that the .Sp6C|f|C blndlng
cations on solid substrates. The probes can be either premagignal alone can be obtained as a differential of the PM and
sequences as in cDNA spotted arrays, or they can be growdM signals appears to fail in a significant subset of the
in situ, letter by letter, as in high-density oligonucleotide Probes. o o
arrays[13]. The target mRNA is amplifietinto either cDNA We shall show below, by carefully examining the statistics
or cRNA depending on the protogaind the product labeled ©f PM-MM pairs, that it is not a matter of a few stray probes.
fluorecently before being hybridized onto the array. The spaOur statistics show thamost of the probes misbehave to
tial distribution of fluorescence is then measured, providing/arious degrees. Given the number of laboratories currently
estimates for the RNA concentrations. In GeneChip arrays$arying out such experiments, squeezing out even one extra
the synthesis of probe sequences by photolithography relit of signal to noise ratio from the data would be very valu-
quires a number of different masks per added base, so it @ble. It is clear that this shall not happen in the absence of a
impractical to grow more than a few dozen nucleotides. FoPetter understanding of DNA hybridization to slightly mis-
such lengths, hybridization specificity is not expected to bematched templates. We shall now attempt the first step to-
high enough. To solve this conundrum, GeneChip technolward this goal, which is to characterize the problem.
ogy is based on a twofold approach, involviregundancy The rationale b_ehind_ the use of MM probes follows from
and differential signal[13—15. First, several different se- the standard hybridization model7],
guence snippetseach 25 bases lohgre used to probe a
single transcript; and second, each of these probes comes in lpy=Ilst+Inst B, D
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PM PM b TABLE |. Statistics of probe pairs with MM PM taken across
10* @ 104 (b) a large GeneChip data collection. “%PS withl” means “percent
of probesets with more than one MMPM pair.” The yeast chip
10° 10%4 (last column is noticeablydifferent and better behaved than the
other cases.
10 1024 ;
Chip Dros HG-U95A MullK U74A YG_S98
10"+ ; ; ; 10! 2 ; : No. of pairs per PS 14 16 20 16 16
10" 102 10°  10* mm 10" 10°  10° 10* Mm Chips analyzed 36 86 24 12 4
% MM>PM 35 31 34 34 17
FIG. 1. Joint probability distributionP(In(lppy,Inlyy)) after o/o PS with>1 95 91 95 92 73
background subtraction fda) 86 HG-U95A human chips, human oo S withs 3 6 6 2
blood extracts;(h) 24 MullKsubA chips, mouse brain extracts. % P W!t > > 5 71 4 1
% PS with>10 4 7 26 10 2

Three features are present in both: the probability cloud forks into
two lobes at high intensity, and an intense “button” lies between the
two forks right in the middle of the range. The lower lol#ly lies
below the diagonal.

propose an alternate view: the model is simply inadequate
for describing the hybridization process, and we do not un-
derstand the basic physics of MM hybridization.

The human HG-U95A chip series, for instance, has 400 K
probes for 12 K different probesets. Across a wide variety of
conditions, we have observed approximately 30% of all
Here Ipy (Iyv) are the measured brightness of the PMProbe pairs have MM PM. This huge figure could be dis-
(MM) probe, | the contribution from specific complemen- Missed if most of them were in the low-intensity range,
tary binding, I ys the amount from nonspecific binding as- Where the noise is relatively higher, or if they were clustered
sumed to be insensitive to the substitution, @ back- N @ small set of problematic probesets. Neither is true: 91%
ground of physical origin, i.e., the photodetector dark curren@f all probesets have at least 1 MMPM probe pair, and
or light reflections from the scanning process. Theis the ~ 60% of probesets have five such probe pairs out of 16. In
reduction of specific binding due to the single mismatch.addition, the MM>PM pairs are fairly distributed with re-
These brightnesses are related to the quantity of intéfest ~SPect to brightnesecf. Fig. 1). Table | summarizes the sta-

IMM:(l_a)Is+INs+B, (2)

lpm—Iwm=als. 3

RNA concentration in the samplénhrough tistics for various chip series. _
What could give rise to those MMPM? A perplexing
Is=K[RNA]spec extra bit of information lies in a simple statistic, the joint
probability distribution P(Inlpy,,Inlym). According to the
I'ns=h[RNAT onspeo standard model,
where[ RNA]g,.. denotes the concentration of target RNA, lom Ist+InstB
[RNA],0nspecthe concentration of RNAs contributing to non- lum  (1—a)lgtlystB’

specific hybridizationk and h are probe dependent specific
and nonspecific susceptibilities and include effects such aSo if (1— a)l¢>1yst+B thenlpy /I yy— 1/(1— @), while if
the areal density of probe, various affinities, transcript length 5 vanishes(e.g., the transcript is not theréhenlpy /1 ym
dependent effect§onger transcripts are likely to carry more — 1. Thus we expect
fluorophors depending on the labeling technique
While obviously the physics of hybridization is much lpm 1
IS - : s —=<—-° (4)
more complex than this simplistic model, one could still lum 1—a
hope that it would provide an essentially correct picture of
GeneChip hybridizations. Let us summarize the basic asSo the standard model predicts thtinlpy,,Inlyy) should

sumptions made so fafi) nonspecific binding is identical in lie in a band, with an upper limit given byyu=(1

PM and MM, sol s does not see the letter chandi) « —a)lpy for fully specific binding, and with lower limit in
>0; (iii ) k andh identical for PM and MM;(iv) k, h, and« the diagonal PM- MM when cross hybridization dominates.
are reasonably uniform numbers across a probeset. Naively one would further assume that for low brightness

So from these assumptions it follows that BMIM for most of the signal comes from nonspecific binding, while
all probe pairs. But experimentally one observes a vast nunmost would come from specific binding for high brightness.
ber of probe pairs violating this assumption consistently for aigure 1 shows something quite otherwise: as brightness in-
broad range of conditions. In our experience, most people igreases, the joint probability distribution forks into two
the know think of this problem as an imperfect adherence tdranches. The crest of the lower one lies fully below the
the standard model. In other words, this problem is usualyMM =PM diagonal.
characterized as “there is a few probe pairs that do not work The characteristic shapes &(Inlpy,Inlyy) are likely
and we do not understand why.” We shall show that this issignatures of sequence-dependent effects. However, any hy-
not so: the MM>PM pairs are so abundant that we want to pothesis is impossible to verify as the probe sequences are
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not released to the public. Nevertheless, there are some otPM @ 11’6\4_ o

vious suspects. First, the nontrivial susceptibilitteand h i

mentioned above depend on the areal density of probe 158

which is sequence dependent by virtue of the varying effi-19°-
ciencies of the lithography process. Second, nucleic acids

need to unstack the single-stranded probes in order to forn10° 107
each new duplex as they hybridize. Further, stacking energie

are extremely sensitive to sequence details, which might re1o'+ T T T 10! T T T
sult in large energy barriers. This would translate into kinet- 10" 10* 10> 10*m 10" 102 10°  10%m
ics constants varying exponentiallfjollowing Arrhenius’
law in these energies, and lead to important consequences | ®) 11’(1)‘}_ @
the hybridization reactions are not carried to full thermody-
namic equilibrium in the standard Affymetrix hybridization
protocol, since the signal still increases if the hybridization is 107 10°
extended.

Given a single probe pair measurecdNrexperiments with ~ 10* 1074
possibly different mMRNA concentrations, further insight can

' i i i 10’ T T T 10' T T T

be gained by following the trajectory of that paf o 0 18 W 0 0 W 10%m

=(Inlpy,Inlyy), with i=1,... N (after subtractingB).
Ideally, these points would fall on a curve parametrizable by £, 2. Histogram of probe pair center of mésame data as in
the mRNA concentration. In reality, however, the observedsig. 1(a)]. (a) All probe pairs. (b) Only those probe pairs with
patterns range from nearly one dimensional to almost circUeccentricitiese™ 3. (c) The probe pairs ofb), further restricted to
lar clouds. To classify probe pairs, we computed the center ghrge excursion§\ ;>0.133, the top third ofb)]. (d) Same agc)
mass(c.m) and inertia tensaf of the set of points{lsi}. The  for small excursionsX;<0.108, the bottom thind Notice that(c)
positive eigenvalues of, |,=1, define the eccentricityy ~ consists of all probe pairs with larg#N and large signal, whiled)

= I, /1, and largest excursion,; = /I;. Highest eccentrici- Cconsists of pairs having larg&N but small signal.

ties characterize probe pairs with larg&8¥, wherease~ 1

would be typ|Ca| for very noisy pairs, or pairs that did not variability in the hybridization properties of the probes is
move in the considered dataset because the mRNA concelirger than naively anticipated, it is unlikely that a single
tration for that particular transcript was roughly constantdefinitive procedure will be appropriate in all cases. For in-
across the\ experiments. stance, the differentials PM-MM will not consistently be a

The resulting distribution of centers of mass is shown ingood estimator of the true sign@l8]. Given the unclear
F|g 2. Even though each point in F|q_32|s an average over information contained in the MM, one alternative we studied
86 points of Fig. 1a), still Fig. 2(a) looks very similar to Fig. IS not using them at all as nonspecific controls. The mMRNA
1(a), proving that most probes behaxeproducibly For in-  expression level is then obtained from an “outlier robust”
stance, a probe pair lying below the PNM diagonal in ~ geometric average of the background subtracted PM values
one experiment stays so in most of the 86 experiments; thud pm—B), after a careful estimation d [18]. The use of
its c.m. stays below the diagonal too. Selecting éor3  geometric averages is suggested by the shape of the distribu-
eliminates most of the low-intensity probes pdifsg. 2(b)],  tions in Fig. 3, which are nearly symmetric in logarithmic
and the remaining set contains two Components: one ConsisQ.OOfdinateS. Ar|thmetlca”y averaging numbers so distributed
ing of the large\; pairs[Fig. 2(c)] lying mostly in the PM  Would result in the estimator being dominated by the largest
>MM region; while the Sman)\z Component forming an meaSUrementS, and there would be no reduction of the noise
almost perfect|y Symmetric “tu“p" StructurE:ig_ Z(d)], con- level with the number of data pOintS being used. In other
taining two forked branches plus the button mentioned in
Fig. 1. Notice that only the probe pairs of Figcebehave as
we discussed following Eq4).

We have so far discussed the characteristics of singleg
probe pairs, without grouping them into their respective ﬁz
probesets. Turning to properties of entire probesets, a featur="
that deeply affects attempts at analysis is the very broac™
brightness distributions within probes belonging to the same
probesetFig. 3). Possible reasons for such behavior are se-
quence specific effects similar to those discussed in the con- FiG. 3. Relative PM intensity distributions within probeset
text of the MM behavior. ter subtractingB). The data are identical to those in Figal

Although we have so far pointed out caveats of the curprobesets are split into three groups of equal size according to their
rent hybridization model, our primary interest in the topic iSmedian PM intensity. In all cases, the distributions of
to suggestmprovementsor the reconstruction of the sample 1,,/median(py,) span up to four decades. Notice the signs of satu-
MRNA concentration from the probeset data. Because thetion in the right tail of the high-intensity panel.

medium high

(Iy,)]

0.01 1 100 0.01 1 100 0.01 1 100
I, /med(l,, ) I, /med(l,, ) I, /med(,, )
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words, the redundancy provided by having 14-20 prObe\S/N=)\1/\/Ejl=pz)\j2. Preliminary testing of the method has
pairs for each gene would not be exploited to improve thq,,4 o very promising results, especially in the high-

quality of the measurement. Of course, using only PMintensity regimg 19]

probes neglects cross-hybridization effects that would be de- We showed that the hybridization of short length DNA

tectable by a working MM probe, and hence tends to be Ies_ equences to single mismatched templates exhibits a far

sensitive at the low-intensity end. One the other hand, i . : .
allows to rescue probesets with a high number of misbehayhore complicated picture than what is usually assumed. Our
ing MMs observations do not only point at interesting physics in the

The introduced trajectories suggest a different approacPNA hybridization process to short sequences with defects,
for deriving expression levels from GeneChips, by extendingitteched to a glass surface; they also have strong conse-
the ellipsoid of inertia idea to the full probeset. The resultingduences for designers of GeneChip analysis tools. We hope
method is close in spirit to model-based methfidg, which  this will bolster interest in the physics of hybridization and
attempts to determine the susceptibilitesn Eq. (3) by a  Mismatch characterization, and eventually help improve cur-
least-square fitting procedure of the differentials PM-MM in rent microarray designs.
linear coordinates. Here, all prob&M and MM) are used Note addedAffymetrix Corporation has now released the
on an equal footing, and the intensities are log transformedirobe sequences. Quick inspection shows the branches of
Concretely, one would consider the principal components oFig. 1 to correspond to whether the middle nucleotide is a
the matrix AY=(Inl},, Inl,) (=1, ... N, is the probe pyrimidine (top) or purine(bottom. This suggests a role for
andi the experiment indexto identify the modes carrying the biotinilated bases uracil and cytosine, which are used in
the most signal. After singular value decompositidn the fluorescent labeling of the RNA.

=UAVT, where Al=A—m/ and m'=(1N)3;A" is the We would like to thank S. Bekiranov, G. Bonnet, E. van
center of mass, the signa|=EJ-(mj+A”)Vj1 is given by  Nimwegen, and E. Siggia for sharing interesting ideas. We
projecting onto the largest direction of variation. A signal-to- acknowledge support of the Meyer FoundatidviM) and
noise measure for the entire probeset can be obtained frothe Swiss National Science Foundation.
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