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Abstract: We present a theoretical model for typical microarray-based single nucleotide poly-
morphism (SNP) assay of small genomic DNA amount. We derived the adsorption isotherm
expressing the on-array hybridization efficiency in terms of genomic target sequence and concen-
tration, oligonucleotide probe sequence and surface density, hybridization buffer, and temperature.
This isotherm correctly describes the surface probe density effects, the sensitivity peak, and the
melting temperature depression, and is in accord with published experiments. We discuss optimi-
zation of parallel SNP genotyping. Our estimates show that SNP detection at a single temperature
in aqueous hybridization buffer is restricted by DNA regions that differ by less than 20% in GC
content. We predict that the variety of genotyped SNPs could be substantially extended using an
assay design with high probe density and a large fraction of probes hybridized. © 2004 Wiley

Periodicals, Inc. Biopolymers 73: 614-620, 2004
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INTRODUCTION

The detection of genomic nucleic acids with sensitiv-
ity and specificity when using blends with similar
nucleotide sequences is in high demand in DNA mi-
croarray assays. In particular, a single base replace-
ment should be recognized and reliably detected in
single nucleotide polymorphism (SNP) and point mu-
tation microarray studies. This discrimination be-
tween a perfect match (PM) and a single base mis-
match (SMM) sequence is routinely done by hybrid-
ization to oligonucleotide probes when only a few
sequences are present in assayed solution. However,
microarrays examine very complex nucleic acid mix-
tures. The sample is often prepared by fragmentation
of polymerase chain reaction (PCR)-amplified cellular
mRNA or genomic DNA and contains many millions
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of different sequences present in the genome. There-
fore, under microarray experimental conditions, for
each specific probe a large variety of targets with
partial sequence complementarities occur that can
cause a background cross-hybridization signal and
make detection and discrimination of PM and SMM
transcripts much more complicated. This is especially
true when dealing with genes with a low intrinsic
expression. Although the mismatched DNA duplex is
less stable thermodynamically, a stronger hybridiza-
tion signal from SMM probes is often observed in the
analysis of genomic samples.

Oligonucleotide microarrays are widely used for
SNPs screening.'™'> Recently impressive improve-
ments in technology and bioinformatics tools have
been reported.®®'* For example, in a high-throughput
study using Affymetrix Variation Detection Arrays™



~80% of all the haploid and diploid sites were read-
able.® Achieving high genotyping accuracy allows
confirming already known SNPs and facilitates dis-
covery of new SNPs. However, the study6 failed to
genotype 20% of sites, and the need for further ad-
vancement of the technology is widely recognized.
Theoretical considerations of on-array hybridization
thermodynamics could be useful to provide scientific
background to the still mainly empirical art of mi-
croarray assays.

As a physical model, we use the Coulomb blockage
hybridization isotherm'®!” that accounts for the domi-
nant effects of the interface electrostatic interactions.'**
In the present study, we use this theoretical framework
to calculate the sensitivity, specificity, and throughput
in on-array based screening of genome variations and
discuss potential improvements.

ON-ARRAY HYBRIDIZATION
ISOTHERM

We use the on-array hybridization isotherm that we
derived previously.'®!” In this section we briefly de-
scribe the physical meaning of the on-array isotherm
and introduce the notation. In the next section, we
derive and discuss a particular form of the isotherm
for a typical microarray assay including the (usually
small) available amount of genomic nucleic acid.
Nucleic acids are strong polyanionic electrolytes;
their hybridization in solution phase is strongly af-
fected by the electrostatic repulsion and screening. As
known, addition of cationic counterions (usually Na™
from added NaCl) shields the repulsion and results in
a strong increase of the double-helix thermal stabil-
ity."” This interaction is modified for on-array hybrid-
ization, where the target strand may be repelled by, or
attracted to, the surface depending on material, and
repels not only from a single hybridization partner on
the surface, but from other arrayed probes as well. If
we assume that this additional repulsion scales with
the charge of the hybridized part (its length is Zp) of
the target and the charge accumulated in probe layer
(including charge of hybridized targets), we can ap-
proximate the Gibbs free energy difference as

WZp(Zpnp + Znp) (D

where Z, and Z, are the probe and target length
(number of bases), np and n, are the surface densities
of immobilized probes and hybridized duplexes (in
molecules/m?), and w (in J m* mole™!) is an interac-
tion strength constant that includes the effects of
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screening and thus is expected to diminish as the
added salt concentration grows. Notice the effect of
counter ion condensation on DNA that reduces its
effective charge®' could be also included in w. Thus
we believe that Eqn. (1) could be a useful phenome-
nological mean field approximation for both linear
Debye-Huckel and non-linear screening regimes at
low and high salt concentrations, respectively for this
system. We used Eq. (1) to derive an on-array hybrid-
ization isotherm'®!” that relates the equilibrium hy-
bridization efficiency 0 (0 = 6 = 1) with the assayed
nucleic acid target concentration C, (expressed in
mol/L)

}’lDS }’lD AHO - TASO
Co

= +
N,V  np—np exp( RT

wZp(Zpnp + Znp)
X exp RT

} 2

where AH,, and AS, are the reference state enthalpy
in J mol ' and entropy in J mol ' K™, respectively,
for hybridization in isotropic solution, 7 is the tem-
perature in Kelvin, R is the gas constant, Z, and Z,
are the length of probe and target oligonucleotides in
number of bases, 1, is the surface density of probes in
m~ 2, and the parameter w = 4 X 10 '® Jm? mol '
for our conditions with 1 M NaCl. Often, in microar-
ray assays the concentration C, and volume V of the
hybridization solution are small. Thus, the target de-
pletes to the concentration, C, — npS/N,V, during
the course of hybridization. Thus, the first term on the
right accounts for a depletion of targets in solution
due to their hybridization to the array. The first expo-
nent stands for the free energy of duplex formation.
The second exponential represents the target-array
repulsion that causes the Coulomb (electrostatic)
blockage of hybridization at high surface probe den-
sity n,. As previously shown,'®!” this equation fits
experiment rather well and we refer to additional
firming the isotherm model in Eq. (2). Notice, both
species duplexes (DNA-DNA, RNA-DNA, etc.) as
well as sequence composition effects are simple to
account for by taking the proper AH and AS for our
isotropic solution reference state.

ON-ARRAY HYBRIDIZATION OF SMALL
GENOMIC NUCLEIC ACID SAMPLES

Usually, the available quantity of genomic nucleic
acid is ~1 pg of mRNA. Therefore, assuming (as in
human genome) the occurrence of 32 000 different
genes with an average mRNA length of 2800 bases,
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we find that ~2 X 107 gene copies can be hybridized
to an ideal microarray. This number is much smaller
than the 5 X 10® probes in a typical microarray spot
with 100 X 100-um? size and np, = 5 X 10'2
strands/cm?. Hence n,, < np and a strong depletion of
assayed nucleic acid can occur in microarray assays.
In addition to hybridization to a matched probe, tar-
gets can hybridize with several of the roughly 10°~10°
probe spots with complementary fragments or un-
dergo nonspecific adsorption. Assuming 10% of the
targets to hybridize with a matched probe, in the
above mentioned example we get n,, = 2 X 10'°
em™ % and wZpZnp/RT = 0.08 for Z, = 25 and Z,
= 100 bases. Using the inequalities

np wZpZip
< L <1 (3)
we get
np WZpZhy
np - nD exp RT

np np wZpZnp np
=l ) = w

Substitution into Eq. (2) gives a simplified iso-
therm equation:

npS  np AH, — TAS, wZinp
Cy= NV + P exp( RT eXp\ 7 (5)

Interestingly, in contrast to the transcendental al-
gebraic Eq. (4), the hybridization signal n, can be
found from Eq. (5) in closed form convenient for
analytical analysis:

_c S N 1
np = 0 NAV nip
AH, — TAS, wZiny\ ]!
X exp RT eXp\~pT ©6)

The fraction of targets that are hybridized,

np npS

Ty CNLV

(7

is a useful characteristic of the hybridization effi-
ciency (0 = a = 1) and for further analysis we rewrite
Eq. (6) as

_ 1 NAV AHO - TASO WZ%’”P -1
a= + Sn, exp RT exp RT

®)
From this equation, we can calculate the melting

temperature that corresponds to hybridization of 50%
of the targets (o = %)

3 AH, + wZnp
~ AS, + R In(Snp/N,V)

Ty, )

and the width of the melting transition, which is given
by

dT 4R(AH, + wZ2np)
" da " [AS, + R In(Snp/N, V)T

a=1/2

8T (10)

Thus, we have derived a convenient set of analyt-
ical forms for the fraction of targets hybridized, Eqn.
(8), for the melting temperature, Eqn. (9), and the
melting width, Eqn. (10), to compare with experi-
ment.

COMPARISON WITH THE LANGMUIR
ISOTHERM

Since the Langmuir isotherm is widely used to de-
scribe on-array hybridization**2° and to compute
transcript concentration levels, we briefly discuss
and compare with our approach. The Langmuir iso-
therm is a particular (ideal) case of Egs. (2), (5) and
(8) whenw = 0

NAV AHQ - TASO -1
a, =1+ expl— 57— (11)

27,28

Snp RT

First, we notice that any experiment at a single
surface density, np, cannot distinguish between the
Langmuir equation and Eq. (8) because the equations
coincide if AH,, in the Langmuir equation is replaced
by

AH, = AH, + wZ2np (12)

However, a clear difference appears if np is varied.
As an example, we consider the 25-mer probe 5'-
GTCCGATAAGCCTGTGTCCAATAAC-3’ with a
perfectly matched (complementary) target 3'-CAG-
GCTATTCGGACACAGGTTATTG-5', a probe spot
area S = 0.01 mm? and a hybridization solution
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FIGURE 1 Comparison of the isotherm Eq. (8) (solid)
and Langmuir isotherm (dashes) at different surface probe
densities n, as indicated.

volume V = 30 ul. For the specified duplex in
aqueous solution with 1 M NaCl, the thermodynamic
stability parameters are AH, = —819.3 kJ mol '
and AS, —2.229 kJ mol ™! K™, as given by a
nearest-neighbor model.?’ Figure 1 shows the duplex
melting curves «(7T) and «,(7T) calculated for differ-
ent values of np. The melting temperature 7,, and
melting transition width 87 in Figure 1 obey Eqgs. (9)
and (10), respectively. Figure 1 demonstrates a clear
difference in np, dependence; a(7) shifts to lower
temperatures, whereas in contrast a;(7) moves to-
ward higher temperatures with increasing np. Only
the a(7T) behavior is in accord with hybridization
experiments for arrays on glass*® 2 and gold’~'? the
substrates that show depression of the melting tem-
perature at high np.

Figure 2 compares a(np) and «,(np) at different
hybridization temperatures. At low temperatures, the
hybridization is almost complete in both cases (a = 1)
and differences appear only at high surface density,
where a(np) declines. However, at elevated temper-
atures, the difference is striking; in the Langmuir case,
a;(np) increases with np and saturates at « 1,
whereas the curves from Eq. (8) pass through a max-
imum and then decay exponentially. Physically, the
maximum appears as a result of increasing Coulomb
blockage of hybridization at higher n, is explained in
Ref. 16. To find the position of the maximum, we
calculate the derivative with respect to n, from Eq. (8)

wZs wZanp
RT)exp( RT (13)

or substituting o from Eq. (8)

da

dnyp

A% ( 1

Snp \np
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da NAV( 1 wa;) (wa)nP>
= — — ——Jexp

dn, Snp \np RT RT
] N,V [AH, — TAS, wZinp\ ]! 14
X |1+ Sinp exp RT eXp\ 7 (14)

We find the zero of the derivative at

RT
Npy = WZ,% (15)
which defines the location of the maximum.'” Exper-
imentally, the maximum and the decrease in the hy-
bridization targets efficiency with increasing n, has
been observed for DNA mounted on aminated
polypropylene,” glass,"*'™2*% and gold** ¢ sur-
faces. The results are in accord with the behavior
predicted from Eq. (8), as shown in Figure 2, but are
not possible using the ideal Langmuir isotherm
model. Interestingly, the hybridization decay is al-
ready noticeable at n, ~ 10'? cm™%%%233%3¢ corre-
sponding to a mean interprobe distance on the surface
of roughly 10 nm. This is large compared with the
diameter of a DNA double helix, roughly 2-nm diam-
eter. This suggests rather that electrostatic repulsion,
and not steric hindrance, is dominant in this range.
To compare with theory quantitatively, we should
take into account that all the experiments mentioned
above were performed with an excess of targets n,
> np. In this case, condition n;, < np of Eq. (2) is not
satisfied. Therefore, instead of Eq. (4), the more gen-
eral Eq. (2) should be used. We showed that Eq. (2)
also predicts the maximum or saturation of n, with
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FIGURE 2 Fraction of targets that are hybridized accord-
ing with Eq. (8) (solid) and Langmuir isotherm (dashes) as
a function of the surface probe density at various
temperatures.
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FIGURE 3 Fraction of targets hybridized for perfect
match (solid) and single mismatch (dashes) targets as a
function of the surface probe density at various
temperatures.

increasing n . However, compared with np,, given by
Eq. (15) the maximum shifts to higher probe density
(np,, + np). The analysis shows good quantitative
accord with experiments and will be published else-
where.?’

MATCH-MISMATCH DISCRIMINATION

To find optimal conditions for the detection of SNPs
and point mutations in genotyping, we consider as an
example, hybridization of the probe specified above
with perfectly matched and single base mismatched
targets. For the mismatched target 3'-CAGGCTAT-
TCGGCCACAGGTTATTG-5', we choose replace-
ment of the central base A by C resulting in reduced
duplex stability with AH, = —760.8 kJ mol™ ' and
AS, = —2.09 kJ mol ' K™! in solution phase.*’
Figure 3 displays the fraction hybridized versus probe
surface density calculated from Eq. (8), for matched
(") and mismatched (a’™) targets for a set of
temperatures. As expected, both strong signal and
clear discrimination occur near the melting tempera-
ture T,,. Taking into account the typically strong
background signal in genomic sample hybridizations,
usually the difference

Ao = o™ — oM™ (16)
is more directly measured, rather than the ratio (a®™]
aMMy, Figure 4 shows Aa(np) for a range of tem-
peratures. It clearly shows that to optimize the match-
mismatch discrimination the hybridization tempera-

ture should be precisely tuned depending on the probe
density np. The temperature should be inside or close
to the range between SMM and PM T,,’s, and it
lowers as np increases. Although as seen in Fig. 4 the
discrimination slightly improves with increasing np,
using smaller n, and elevated temperature could be
preferable because of suppressed cross-hybridization,
reduced background, and better melting of the sec-
ondary structures.

PARALLEL DETECTION OF SNPs
WITH DIFFERENT MELTING
TEMPERATURE

The average SNP frequency is approximately one in a
thousand DNA bases. More than two million human
genome SNPs are already mapped and accessible in
databases (e.g., see http://snp.cshl.org). Therefore, a
large number of SNPs can be scored for each individ-
ual in a studied population. High-density arrays with
hundreds of thousands of probe spots are ideal for this
purpose. However, the variety of SNPs detectable in
parallel is restricted by the demand that their melting
temperatures be similar. To consider this issue, Figure
5 shows the match-mismatch discrimination as a
function of temperature for probe and target oligonu-
cleotides defined above. The discrimination curve
shifts to lower temperature as n, increases with no
substantial change in width. Therefore, the range of
screened SNPs with different melting temperatures is
quite independent of the surface probe density. For
example, if Aa = 0.2 is chosen as a discrimination
threshold, the corresponding width in Figure 5 is 9 K
and SNPs with a difference in melting temperature of

1.0

331K 328K 326K 322K

334K \
054 A

March/Mismatch difference

0.0 e e -
0 5x10™ 1x10" 2x10" 2x10"

Surface density of probes (m™)

FIGURE 4 Match/mismatch discrimination versus sur-
face density of probes at different temperatures as specified.
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as specified.

up to 9 K can be detected. This means that probes
could differ by approximately 20% in GC content
(since T, rises by ~4.1 K with a 10% GC increase'®).
This composition range is insufficient and could be
improved to some extent by using buffers containing
tetramethylammonium chloride or chemically modi-
fied oligonucleotides (reviewed in Refs. 4 and 10).
Another interesting possibility for equalizing T, val-
ues is using variable length probes.

In a single microarray experiment, the interrogated
set of SNPs is restricted by the melting temperature
range

8T, = 8T + (TP — M) 17)

centered at average T,,. For the case considered
where n, < np, the melting width 67 in Eq. (10) only
slightly depends on n, as Figure 1 shows. This ex-
plains the practically unchanged width of 6(7) curves
for different n, in Figure 5. However, when n;, ~ np,
AT increases considerably at high n,, as shown pre-
viously.?” Therefore, the range of T,, values can be
expanded to allow reading of SNPs in both GC- and
AT-rich DNA regions. This regime is of interest for
reliable high-throughput SNPs screening and will be
more completely described in a forthcoming paper.

CONCLUSION

We derived a simple phenomenological isotherm for
an on-array hybridization of a small amount of nucleic
acid. This approach describes the hybridization yield
as a function of solution (ionic strength and hybrid-
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ization temperature), target (sequence, length and
concentration) and array (probe sequence, length and
surface density) parameters and captures much of the
details for DNA array hybridization experiments.

We considered, in detail, a typical assay when the
quantity of assayed genomic DNA is small compared
with the hybridization capacity of the probe spots.
Under this condition, we derived the simplified iso-
therm Eq. (5) and applied it to find optimal conditions
for SNP detection. Highly parallel SNPs screening is
restricted by variation in the melting temperature pre-
venting SNPs detection in both GC- and AT-rich
DNA regions. We estimated that SNPs can be scored
in a single temperature experiment if their GC content
differ by less than 20%. However, we found that the
variety of assayed SNPs can be drastically extended if
majority of probes are hybridized.

A. V. thanks Michael Shortreed for valuable comments on
on-array hybridization of complex genomic nucleic acids
mixtures. The authors thank Lloyd Smith for stimulating
discussions.
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