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Mutation Detection by Ligation to Complete
n-mer DNA Arrays
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A new approach to comparative nucleic acid sequence analysis is described that uses the ligation of DNA targets
to high-density arrays containing complete sets of covalently attached oligonucleotides of length eight and nine.
The combination of enzymatic or chemical ligation with a directed comparative analysis avoids many of the
intrinsic difficulties associated with hybridization-based de novo sequence reconstruction methods described
previously. Double-stranded DNA targets were fragmented and labeled to produce quasirandom populations of
5’ termini suitable for ligation and detection on the arrays. Kilobase-size DNA targets were used to demonstrate
that complete n-mer arrays can correctly verify known sequences and can determine the presence of sequence
differences relative to a reference. By use of 9-mer arrays, sequences of 12-kb targets were verified with >99.9%
accuracy. Mutations in target sequences were detected by directly comparing the intensity pattern obtained for
an unknown with that obtained for a known reference sequence. For targets of moderate length (12 kb), 100 %
of the mutations in the queried sequences were detected with 9-mer arrays. For higher complexity targets (2.5
and 16.6 kb), a relatively high percentage of mutations (90% and 66%, respectively) were correctly identified
with a low false-positive rate of <0.03 percent. The methods described provide a general approach to analyzng
nucleic acid samples on the basis of the interpretation of sequence-specific patterns of hybridization and ligation

on complete n-mer oligonucleotide arrays.

The goal of genome sequencing projects is to obtain
the complete sequence of a reference genome. The
next, and perhaps more difficult, step is to analyze
sequence variation and relate this information to
important phenotypes. High-density oligonucleo-
tide arrays (Fodor et al. 1993; Pease et al. 1994) offer
a highly parallel and scalable approach to large-scale
nucleic acid sequence analysis (Lipshutz 1993). The
utility of DNA arrays for genetic analysis has been
demonstrated previously in numerous applications
including mutation detection, genotyping, physical
mapping, and gene-expression monitoring (Chee et
al. 1996; Cronin et al. 1996; Kozal et al. 1996; Lock-
hart et al. 1996; Wodicka et al. 1997).

Most of the oligonucleotide arrays used success-
fully to date have employed sets of oligonucleotide
probes specifically chosen on the basis of predefined
reference sequences. Amore general approach to ar-
ray-based sequence analysis is to use complete sets
of oligonucleotides of a given length so that, in
principle, any target sequence can be queried. Vari-
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ous theoretical proposals have been put forth de-
scribing DNA sequence reconstruction on the basis
of hybridization to complete sets of n-mer probes
(Bains and Smith 1988; Lysov Iu et al. 1988;
Drmanac et al. 1989). However, none of these de
novo sequencing approaches have been successfully
implemented in large part because of the following
factors: (1) unrealistic assumptions about the ther-
modynamics of hybridization to short oligonucleo-
tides; (2) reconstruction ambiguities resulting from
sequence repeats and a lack of n-mer uniqueness in
acomplex DNA sample; (3) a general lack of experi-
mental data on which to base practical methods of
sequence reconstruction; and (4) a shortage of com-
putational and analysis methods that can handle
inevitably imperfect hybridization data.

To avoid some of the inherent difficulties of se-
quencing by hybridization methods while retaining
the advantages of complete n-mer arrays, we have
focused on mutation and polymorphism (sequence
difference) detection rather than de novo sequence
reconstruction. Furthermore, to increase probe-
target affinity, signal intensity, and mismatch dis-
crimination, we have used a step in which target
DNA molecules are ligated to arrayed duplex probes
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rather than relying on hybridization alone (Broude
et al. 1994). Following ligation of fluorescently la-
beled DNA fragments to the arrays, the complex
patterns are not analyzed de novo, but rather in the
context of an appropriate reference sequence. The
use of a reference sequence provides a framework
for choosing the appropriate probes for querying an
unknown sample for minor sequence variations
(e.g., substitutions, insertions, and deletions). The
ligation patterns are then analyzed in the context of
a series of query probe sets analytically extracted
from the complete n-mer set. These sets are referred
to as virtual tilings, and are conceptually similar to
the physical tilings present on sequence-specific ar-
rays (Chee et al. 1996). Sensitive and accurate se-
quence difference detection was accomplished by a
direct comparison of the virtual tilings generated
from the ligation patterns of an unknown and a
reference sample applied to separate arrays.

RESULTS

Design of a Duplex-Probe n-mer
DNA Array A

a

combinatorial
probe

The length and complexity of a DNA
fragment that can be successfully inter-
rogated on an array of n-mer probes is
expected to scale linearly with the
length of the probes (Belyi and Pevzner
1997), whereas the number of probes
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MUTATION DETECTION WITH n-MER DNA ARRAYS

Preparation and Ligation of dsDNA Targets
to n-mer Arrays

Target DNA was fragmented with DNase I to create
a quasirandom population of 5’ phosphoryl termi-
nal subsequences representative of the entire target
sequence. The 3'-hydroxyl termini of these frag-
ments were end labeled with terminal dideoxy-
nucleotidyl transferase (TdT) and dd ATP-NS-biotin.
Fragmented and labeled targets were ligated to 8- or
9-mer arrays with enzymatic (T4 DNA ligase, Esch-
erichia coli DNA ligase, or Tag DNA ligase) or chemi-
cal ligation. In all cases, the presence of DNA ligase
or chemical ligation reagents was found to be essen-
tial for generating sufficient levels of fluorescent sig-
nal on the array. An example of probe intensity pat-
terns after chemical ligation on an 8-mer array is
depicted in Figure 1B. The ligation step also obvi-
ated the need to carefully monitor wash conditions
because the ligated duplex structures were ex-
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comprising a complete n-mer set in-
creases exponentially with probe length
(4™). For practical reasons, the total num -
ber of probes that can fit on an array is B
limited, necessitating the use of rela-
tively short probes. At present, arrays
containing all 4° 9-mer probes can be
routinely synthesized on a glass surface
in an area of 1.28 X 1.28 cm.

The hybridization limitations im-
posed by short probes were overcome by
designing duplex probes with 5'-n-mer
overhangs capable of ligating to target

DNA molecules (Fig. 1A). The orienta-
tion of the duplex probes is such that
only the 5'-phosphoryl termini of the
DNA molecules will ligate to the re-
cessed 3'-hydroxyl moieties of the
probes (3’ phosphoryl in chemical liga-
tion). With this approach, only the n
bases at the extreme 5’ terminus of each
DNA fragment are interrogated by the
array.

Figure 1 Design and synthesis of complete n-mer arrays. (A) N-mer
arrays containing duplex probes suitable for ligation to target DNA
molecules were created as follows: The array-based probes contained
a 20-base constant anchor sequence and an n-base combinatorial
sequence. A 20-mer complementary oligonucleotide was hybridized
to the constant anchor sequence of the probes generating duplex
probeswith 5 n-mer overhangs. The duplex probe actsas a template
to direct the ligation of 5'-phosphoryl DNA molecules. (B One quad-
rant of an 8-mer array showing the probe intensity pattern generated
by chemical ligation of a 1.2-kb HIV DNA target. An expanded view is
also shown to better illustrate the individual probe features.
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tremely stable even under stringent wash condi-
tions.

Method for Sequence Verification by Virtual
Tiling Analysis

A set of probes complementary to a given reference
sequence along with sets of related query probes can
be used to interrogate a DNA target for sequence
differences. This principle has been used to design
sequence-specific mutation detection or resequenc-
ing arrays in which sets of four probes (referred to as
a base-call set) are used to query each position
within the sample target (Chee et al. 1996). The four
probes are identical except at a single position,
termed the substitution position, where each probe
has a different base, A, C, G, or T. For targets con-
taining only single-base substitutions, one of the
four probes will be a perfect match to the target
sequence, whereas the other three will have a single-
base mismatch. The base-call set can also be ex-
panded to include insertion and deletion probes. By
this approach, the entire target can be resequenced
by stepping through and querying the target bases
with a series of overlapping base-call sets (called a
tiling) derived from the reference sequence.

This tiling principle can be used to detect mu-
tations in a target of almost any sequence composi-
tion by use of an appropriate reference sequence to
electronically extract and analyze tiling probe sub-
sets of the complete n-mer set. This is illustrated in
Figure 2A, in which a single position (77) within a
535-bp PCR product from the cystic fibrosis trans-
membrane conductance regulator (c¢ftr) gene (Gun-
derson and Kopito 1995) is interrogated by a set of
eight overlapping base-call sets, each employing a
different substitution position (1-8).

Base-Calling Accuracy

The called base at any position is determined from
an analysis of the signal intensities of the probes
within a base-call set. The existence of n differ-
ent base-call sets for each position allows n-
independent base calls to be made for each target
site. This redundancy can be reduced to a single
consensus base call either by a majority vote or by
computing a composite base-call set by summing
the intensities across the n base-call sets such that
the A substitution probes are summed, as are those
for the C, G, and T probes. Selecting the highest
summed intensity from among the A, C, G, and T
composite intensities creates a final base call. In
practice, the intensities are normalized prior to sum-
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Figure 2 Construction of base-call sets from 8-mer
array data by use of areference sequence. (A) A portion
of a 535-bp cftr reference sequence (forward strand) is
shown along with the sequences of overlapping probe
sets interrogating position 77 within this sequence. A
set of four probes differing by a single-base substitu-
tion (indicated by red letter N) constitute a base-call
set (an example isbracketed). (B) The intensities of the
probeswithin each base-call set are extracted from the
array data and plotted. The probes are enumerated
such that an A probe actually containsthe complemen-
tary T base substitution for forward strand interroga-
tions and an A base for reverse strand interrogations.
(C) Summation of the interrogation probes (A, C, G, T)
across all eight base-call setsyields a summed base-call
set for both the forward and reverse strands. A final
composite base-call set is derived from these summed
sets, from which a final base call is made. (D) A se-
quence trace is constructed by plotting the normalized
intensity values for each composite base-call set as a
function of sequence position. Positions 67-86 are
plotted for the 535-bp cftr target. The Called bases
were generated by our base-calling algorithm using
array data, whereas the Reference bases are from the
actual sequence of the reference sample.

mation (see Methods) to prevent a given base-call
set from overly biasing the composite sum. For po-



sition 77 of the cftr sequence, the highest intensity
values within each base-call set are from A-
interrogation probes and generate an A base call for
that position (Fig. 2B,C). Furthermore, summation
of these eight base-call sets for each strand generates
a composite base-call set also yielding a final A base
call (Fig. 2C). A second degree of redundancy is
achieved by analyzing both the forward and reverse
strands of double-stranded DNA targets and com-
bining the results into a final base-call determina-
tion (Fig. 2C).

The above example illustrates a target site con-
cordant in all itsredundant base calls, however, this
is not always the case. As seen in the analysis of a
1.2-kb PCR fragment of the HIV-1 pol gene (Kozal et
al. 1996), the first two base-call sets interrogating
position 435 generate calls discordant with the
other six (reference panel in Fig. 4B, below). None-
theless, the correct base call is deduced by a simple
majority vote or from the composite base-call set
(Fig 4C, below). This integration of redundant probe
information contributes greatly to the overall base-
calling accuracy through its averaging effect. It
should be noted that the reason the first two base-
call sets (shown in the reference panel of Fig. 4B,
below) miscall the interrogated target base is that
the C-query probes (mismatch) are perfect match
probes to the target at another location. In general,
as target complexity increases, the probability that a
given probe interacts with multiple target sites in-
creases, leading to a decrease in base-calling accu-
racy.

As a convenient way to display base-calling in-
formation, we formed a sequence trace by plotting
the composite base-call set intensities as a function
of sequence position (Fig. 2D). This format re-
sembles the familiar sequence trace generated by
conventional gel-based dye-terminator sequencing.
In addition to providing base-calling information,
the quality of a base call can be readily appreciated
by examining such a trace. An example of a target
region exhibiting low quality base calls (inadequate
separation between intensity values) is demon-
strated by the sequence trace for an AT-rich region
within the HIV target sequence (Fig. 3A).

A quantitative measure of base-calling quality
can be achieved by calculating a confidence score
defined as the ratio of the largest intensity probe to
the next largest intensity probe within a composite
base-call set. By use of this measure, most incorrect
calls were characterized by low confidence scores
(Fig. 3B). This observation allowed a cutoff thresh-
old to be defined such that base calls with confi-
dence scores below this threshold were labeled asno
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Figure 3 Base-call quality and confidence thresh-
olds. (A) A sequence trace from an AT-rich region of a
1.2-kb HIV target is shown. An n base represents a no
call (1.15 threshold). The data were generated by stan-
dard T4 DNA ligation conditionson an 8-mer array. (B
The base calls for a 1041-bp stretch of the HIV target
were ranked and sorted by their confidence score. In-
correct base calls are indicated by a diamond symbol
arbitrarily assigned a value of one for pictorial pur-
poses. The red line indicates the confidence threshold
of 1.15. The incorrect calls cluster at the lowest confi-
dence scores.

calls (N) (see Fig. 3A). We determined em pirically
that calls made with a confidence score above 1.15
were typically 100% correct for targets up to 1.2 kb
in length (Fig. 3B; Table 1). Therefore, all subse-
quent base-call analyses used this confidence
threshold.

The ability of n-mer arrays to accurately rese-
quence targets was assessed by analyzing DNA
samples with their known sequence as the refer-
ence. It is expected that as the length of the DNA
target increases, the corresponding base-calling ac-
curacy should decrease, and as the probe length in-
creases, the accuracy should increase as well. To in-
vestigate these issues, we examined DNA sequences
of different lengths applied to both 8- and 9-mer
probe arrays using enzymatic and chemical ligation.
A variety of sequences were analyzed, including a
535-bp PCR product from the human cftr gene; a
1.2-kb PCR product from HIV-1 pol gene; a 2.5-kb
PCR fragment spanning the mitochondrial cyto-
chrome b gene and control region (Chee et al.
1996); and the 5.4-kb genome of the bacteriophage
dX174.

As expected, target length and probe length sig-
nificantly affected the base-calling accuracy. However,
the mode of ligation had only a modest effect, with
enzymatic ligation producing a slightly higher base-

GENOME RESEARCH #1145



GUNDERSON ET AL.

Table 1. Base-Call Accuracy as a Function of Target Complexity,
Probe Length, and Ligation Method

Gene or fragment

8-mer
535-bp 1.2-kb 2.5-kb 5.4-kb
9-mer cftr HIV pol cytochrome b bX174
Enzymatic 99.0 (0.2) 98.2 (0.1) 88.9 (1.3) 73.9 (4.1)
99.8 (0.0) 99.9 (0.0) 94.5 (0.3) 85.2 (0.5)
Chemical 99.0 (0.4) 96.1 (0.5) 87.8 (1.5) 69.0 (2.8)
100.0 (0.0) *99.5 (0.0) 93.4 (0.2) 89.0 (0.4)

Percentage of correct calls followed by the percentage of incorrect calls in parentheses.
Enzymatic ligation employed standard T4 DNA ligase conditions. A confidence threshold of 1.15
was used for the base-calling. The analysis procedures are described in Methods. No calls +

target ligated to a second
array. This comparison
process subtracts out po-
tentially confusing sig-
nals resulting from sys-
tematic and reproducible
cross-hybridization and
multiple probe-target in-
teractions. To test this ap-
proach, we compared the
sequence traces generated
from two different 1.2-kb
HIV targets (a reference
and an unknown) ligated

incorrect calls + correct calls = 100%. (*)

s.D. = 0.1% (n = 4 experiments).

to separate 8-mer arrays.
The comparison was ac-

calling accuracy than chemical ligation (Table 1). Our
results show that as target length increased, base-
calling accuracy decreased from 100% (with 9-mers)
at 535 bp to 89% at 5.4 kb (Table 1). By use of a
confidence threshold, the number of incorrect base
calls was kept to a minimum. In the case of the
5.4-kb target called at 89% accuracy, the remaining
11% of the base calls consisted of 10.6% no callsand
only 0.4% incorrect calls (false-positives). Moreover,
for the 89.4% (89.0% + 0.4%) of the bases actually
called, the correct call rate is 99.4% (100% X 89.0/
89.4). Thus, the classification of base calls into call/
no call categories greatly increased the usefulness of

complished by comput-

ing the arithmetic differ-

ence between composite base-call sets for each ref-
erence base (see Fig. 4). An analysis example is
shown for the eight base-call sets interrogating po-
sition 435 within the reference sequence. The inten-
sities of the G-query probes increased and the A-
query probes decreased (unknown relative to refer-
ence) indicating an A —» G base substitution (Fig.
4B,C). Moreover, the success of this difference
analysis is seen by the removal of systematic base-
calling error generated by the first two base-call sets.
The presence of a mutation in a target is easily
visualized as a broad (10- to 14-base) footprint en-
compassing the mutation site (Fig. 5, cf. A and B

this base-call information. In
general, the decrease in base-
calling accuracy with increas-
ing target length is primarily
due to no calls resulting from
a lack of probe uniqueness.
Increasing the probe length
drastically reduces the num-
ber of no calls and leads to a
much higher base-calling ac-
curacy (Table 1, cf. 8- vs.
9-mer data).

Comparison Analysis
for Mutation Detection

A more robust approach to
mutation detection on n-mer
arrays is to perform a direct
comparison of sequence
traces derived from a refer-
ence target ligated to one ar-
ray and an unknown sample
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Figure 4 Mutation detection by comparing base-call sets. Two 1.2-kb HIV
amplicons differing by eleven single-base substitutions were used as targets.
Standard T4 DNA ligation conditions and 8-mer arrays were used for the assay.
(A) Asmall portion of the array imagesfor the reference target (/eft) and unknown
(right) target are shown. The circled probes (interrogating position 435) on each
array differ by a single-base substitution at position 3. These probes are indicated
by asterisks in B (B The normalized intensities of the eight base-call sets inter-
rogating position 435 are shown for both the reference and the unknown target.
The intensity differences between these base-call sets are also shown. Note the
discordance of the first two base-call sets with the other six setsfor the reference
target. (C) The composite base-call sets (both strands combined) for the refer-
ence and unknown targets and their arithmetic difference (I, known—/reference) 1S
shown. An A - G substitution at position 435 can be inferred from these data.



with C). This footprint results from a single base
change affecting overlapping probes upstream and
downstream of the mutation site (when both
strands are used). A further visual simplification can
be realized by plotting just the positive and negative
envelopes of the difference trace and noting the cor-
responding bases with the maximum positive score
and maximum negative score (Fig. 5D). This type of
plot isreferred to as a substitution mutation scan. In
the HIV example shown (Fig. 5D), 11/11 mutations
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Figure 5 Mutation scanning. A sequence trace (po-
sitions 425—444) isdisplayed for both the (A) reference
and the (B) unknown HIV targets described in Fig. 4.
The positions highlighted in yellow indicate a base call
that is different from the reference sequence (an N
base denotes a no call). (C) The arithmetic difference
between the traces displayed in A and B The A435G
single-base substitution in the unknown target isiden-
tified by the footprint in the difference trace. (D) The
positive and negative envelope curves of the difference
trace are plotted for 1041 bases of the HIV sequence.
Heven single-base substitutions were correctly identi-
fied by their footprint (G14A, A128G, C206T, A435G,
T614C, A679G, G693A, A832T, A865G, A927G,
T955C). The asterisk denotes a potential mutation, but
it isignored because its footprint is less than the call
threshold (broken green line) and its footprint width is
narrow.
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were correctly identified by the mutation scan with
no false-positives. A potential false-positive muta-
tion was observed as a narrow footprint at position
770 (denoted by an asterisk), however this footprint
fell below the preselected threshold, and more im-
portantly, the footprint did not exhibit the broad
profile characteristic of an actual mutation.

Next, we examined whether sequence differ-
ences between a more diverse set of targets could be
detected. A mutation scan of a second 1.2-kb HIV
variant sample containing 27 single base substitu-
tions was performed. On an 8-mer array, 96.3% (26/
27, 1 false-positive) of the mutations were detected,
and on a 9-mer array, 100% (27/27, 1 false-positive)
of the mutations were detected. It should be noted
that as the interrogated target sequence diverges
from the reference sequence, the probability of a
false-positive increases because of the greater num-
ber of probes affected by the base changes. These
results indicate that kilobase-sized targets differing
by as many as 1 in 40 bases can be accurately rese-
quenced with this approach.

Next, we examined the sensitivity of mutation
detection for longer DNA targets. We screened eight
different 2.5-kb human mitochondrial cytochrome
b amplicons for 176 known sequence differences. By
use of 8-mer arrays, >90% (160/176) of the sequence
differences were correctly identified, with a low
false-positive rate of <1 per 3900 bases (<0.02%).
Without the comparative approach, the false-
positive rate was considerably higher (Ll %-2%). As
expected, false-negatives (undetected mutations)
usually occurred in target regions generating low
probe signal intensities (e.g., AT-rich regions) or in
regions containingrepeat sequences. The maximum
target length that can be effectively screened with
this approach depends on a tradeoff between the
number of tolerated false-positives (incorrectly
identified as a mutation) and false-negatives (unde-
tected mutations). For purposes of mutation discov-
ery,an 8-mer array can be used to scan targets 2.5 kb
in length with high sensitivity (typically >90%) and
aminimal number of false-positives (fewer than one
per 3900 bases).

The possibility of screening even longer pieces
of DNA was explored by use of the entire 16.6-kb
human mitochondrial genome. Two 16.6-kb targets
consisting of three overlapping PCRamplicons from
two different individuals were used. To improve se-
quence resolution, the prepared targets were ligated
to 9-mer arrays. The mutational screen identified
>66% (16/24) of the known sequence differences
with a low false-positive rate of 4 per 16,600 bases
(0.024%). These results suggest that comparative re-
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sequencing on complete n-mer DNA arrays can be
used to rapidly screen very complex DNA samples
for mutations.

Detection of Insertions/Deletions
and Heterozygous Mutations

Complete n-mer arrays, in principal, can be used to
detect almost any type of mutation because a per-
fect match probe is present for every conceivable
sequence variation. To explore this idea, we ex-
panded the set of queried mutations by forming
base-call sets of insertion and deletion tiling probes.
The difference analysis was performed for insertions
and deletions similar to the analysis of substitu-
tions. We screened an unknown homozygous p53
(11 exons) sample (applied to one array) by compar-
ing it with a wild-type p53 reference sample (ap-
plied to a second array). In addition to searching for
novel mutations, this experiment also demonstrates
the feasibility of screening multiple amplicons in a
single array assay. Mutation scans were performed
for substitution, deletion and insertion probe sets.
These scans readily identified a G — C substitution
in exon 4 and a C insertion in exon 5 (Fig. 6A,B).
The presence of footprints in both the substitution
scan and the insertion scan of exon 5 led to diffi-

culty in deciding which type of mutation was pres-
ent. However, previous analysis of HIV samples con-
taining single-base substitutions indicated that
authentic substitution mutations typically did not
display footprints in insertion or deletion scans.
Thus, the observation of an insertion footprint in
the exon 5 scan strongly supports the insertion call,
which was confirmed by conventional sequencing.

Next, we investigated the ability of 8-mer arrays
to detect homozygous and heterozygous mutations
in c¢ftr amplicons (0.1 kb) containing a known
AF508 deletion (3 bp). A wild-type c¢ftr sample was
used as the reference. The AF508 deletion was
readily detected in the homozygous sample by the
presence of a footprint in the perfect match (PM)
reference probe scan (a scan of the difference in per-
fect match reference probes), substitution scan and
deletion scan (Fig. 7A). As expected, detection of the
heterozygous deletion was more difficult. In this
case, no footprint was seen in the PM reference
probe scan because DNA with the reference se-
quence is present in both samples that are being
compared (Fig. 7B). However, the deletion scan still
exhibited a well resolved footprint, because target
containing deleted sequence is present in the het-
erozygous sample but completely absent from the
reference sample.
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Figure 6 Detection of an insertion in the p53 gene. Heven exons of the p53
gene were simultaneously scanned (1700 basesincluding primers) by Tag DNA
ligation to 8-mer arrays. Two individual samples (11 exonseach) were applied to
separate arrays with one sample used as a wild-type reference and the other the
unknown. Mutation scans searched for substitutions, single-base insertions (A,
C, G, T) and multiple-base deletions (1, 2, 3, and 4 bp). (A) A substitution scan
(positive envelope) of exon 4 revealed a mutation footprint that correctly iden-
tified aG — C base change. The other scans have no appreciable footprints. (B)
Mutation scans of exon 5 exhibit footprints in both the substitution (positive
envelope) and insertion scans. The insertion scan identified the mutation asa C
insertion (increase in the complementary G insertion probes) in the unknown
target, whereasthe substitution scan provided an ambiguousidentification. This
insertion was confirmed by conventional sequencing. Normalization of the in-
sertion (A, C, G, T) and deletion probes (1, 2, 3, and 4 bp) was accomplished as
for the substitution probes by setting the sum of the four probe intensities to
unity.
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terminal subsequences. We
examined whether this limited
number of newly created 5'-
termini subsequences could
be detected on an 8-mer array.
To test this approach, we di-
gested X174 ([5.4 kb) with
the restriction endonucleases,
Pall (GG + CC) and Nlalll
(CATG!), and ligated this
fragment population to an
8-mer array. Our results indi-
cated that 32 of 33 restric-
tion sites were detected (data
not shown), indicating that n-
mer arrays can be used to iden-
tify 5’ termini in a complex
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Figure 7 Detection of the AF508 deletion in the cftr gene. Wild-type and
mutant samples of a 1029-bp region (encompassing F508) of the cftr gene were
applied to 8-mer arrays by standard T4 DNA ligation conditions. (A) Mutation
scans of a 170-bp region comparing a wild-type cftrtarget to a target containing
a 3-bp AF508 (TTT) homozygousdeletion. Mutation scans are shown for perfect
match (PM) reference, substitution (positive envelope only), insertion, and de-
letion probes. The PM reference probes (a subset of the substitution probe set)
consist of a tiling probe set complementary to the reference sequence. A 3-bp
deletion (identified as TTT by the analysis software) was readily detected by the
deletion scan. Note that the substitution scan also exhibited a footprint. (B
Mutation scans comparing a wild-type cftr target to a 3-bp AF508 artificial het-
erozygous deletion mutant (mixture of 50% wild-type and 50% homozygous
mutant). No footprint was detectable in the PM reference probe scan because
DNA with the wild-type reference sequence was present in both samples. How-
ever, the deletion scan correctly identified a 3-bp TTT deletion in the heterozy-

gous sample.

sample. Potential applications include the analysis
of DNA fragments generated by random or directed
genomic sampling strategies such as DNA finger-
printing or differential display (Liang and Pardee
1992; Southern 1995).

DISCUSSION

The results presented demonstrate the feasibility of
scanning complex DNA targets for mutations by use
of ligation to complete n-mer oligonucleotide ar-
rays. We found that ligation was necessary for both
the generation and stabilization of signals on the
array. Our approach to mutation detection used a
reference sequence as a basis to choose the appro-
priate perfect match, substitution, insertion, and de-
letion probes for interrogating an unknown sample
(usually a minor sequence variant of the reference
sequence). However, unlike sequence-specific DNA
resequencing arrays described previously, in which
interrogation probes are prechosen prior to synthe-
sis on the array (Chee et al. 1996), mutation detec-
tion with complete n-mer arrays is accomplished by
electronically assembling the appropriate interroga-
tion probes from the complete n-mer probe set. This
design creates multiple probe interrogations for ev-
ery target base, generating redundant base-call sets

(N). In this way, only highly
confident base calls appear in
the final called sequence. The
end result of this averaging
and scoring process was that
complex DNA targets were
verified with a high degree of
accuracy despite less than per-
fect ligation discrimination.

A direct comparison of
sequence traces between
samples provided a more sen-
sitive and accurate method of
mutation detection. This
comparative approach sub-
stantially reduced the false-
positive rate (number of incorrect calls), increased
the sensitivity of heterozygous mutation detection,
and allowed complex DNA targets to be screened.
Unanticipated insertions and deletions were readily
detected, and an approach for identifying heterozy-
gous mutations by their base-calling trace was pre-
sented.

We have found that mutation scanning on
complete n-mer arrays offers the following advan-
tages: (1) complex DNA targets (up to 2.5 kb on
8-mers) can be screened with high accuracy (>90%
mutation detection), (2) mutations can be located
and identified, (3) multiple target amplicons can be
simultaneously screened (e.g., multiple exons of a
gene), and (4) the technique is rapid and robust.
With respect to ““gold standard” Sanger sequencing,
resequencing on 9-mer arrays offers longer read
lengths (1.2 kb) with high accuracy (99.5%-99.9%)
and allows the possibility of analyzing multiplexed
reactions. Moreover, by comparing the hybridiza-
tion patterns between two arrays, even longer tar-
gets can be analyzed for mutations. With specifi-
cally designed DNA arrays with longer probes, as
much as 50 kb of sequence can be scanned on a
single array (Chee et al. 1996; J.-B. Fan, unpubl.);
the drawback, however, is the requirement for a spe-
cialized photolithographic mask for each set of se-

GENOME RESEARCH #1149



GUNDERSON ET AL.

quences analyzed. N-mer arrays are limited to much
shorter target lengths but offer the flexibility of us-
ing a single chip design for almost all sequences. In
addition to sequence checking and mutation detec-
tion, a number of other applications can be envi-
sioned in which nucleic acid targets are queried by
use of ligation to n-mer arrays. The fact that arrays
of duplex probes with recessed 3’ termini selectively
interrogate only 5'-phosphoryl-containing terminal
subsequences may allow interrogative approaches
to be devised on the basis of the ability of the n-mer
array to separate or identify fragments by their 5'-
terminal subsequence. Such an approach may be ap-
plied to analyzing the products generated by DNA
fingerprinting, nucleic acid scanning (AFLP, RAPD,
AP-PCR, DAF, etc.), enzymatic and chemical mis-
match cleavage, and differential gene expression as-
says (e.g., differential display, SAGE, etc.) (Southern
1995; Caetano-Anolles 1996).

Future improvements in probe synthesis tech-
nology and target preparation should increase the
performance of n-mer arrays. Several obvious areas
of improvement include synthesizing arrays with
longer probes (e.g., 10-mers and longer), increasing
mismatch discrimination, and increasing weak
probe intensities. Factors that contribute to low
probe intensities include nonuniform target frag-
mentation, probe—probe interactions, and low
probe-target hybrid stability. Nonuniform target
fragmentation by DNase [ has been observed with a
10- to 20-fold difference in sequence-dependent
cleavage rates (Herrera and Chaires 1994). This sug-
gests that certain 5’ subsequences will be under-
represented in the target fragment population, and
that using a cocktail of different nucleases might
improve results. Interactions between surface-
bound probes are suggested by the fact that self-
complementary and G-rich probes exhibit unusu-
ally low intensities (Sen and Gilbert 1992; Chee et
al. 1996; Lockhart et al. 1996). Decreasing surface
probe density or incorporation of novel base ana-
logs could help reduce these effects. Finally, the
most important factor contributing to low probe in-
tensities is the sequence-dependent instability of
certain probe-target duplexes, particularly evident
in AT-rich target regions. Incorporation of base ana-
logs into both the target and the probes may also
help ameliorate this problem.

We have shown that complete n-mer arrays pro-
vide a rapid, sensitive, and robust method of detect-
ing sequence differences, and as such should help
contribute to the growing field of genome variation
studies. Additionally, the technique of ligating DNA
samples to n-mer arrays provides a general frame-
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work for the development of alternative methods to
the traditional gel-based analysis of complex
nucleic acid samples.

METHODS
Synthesis of Duplex-Probe n-mer DNA Arrays

Complete n-mer DNA oligonucleotides were synthesized on
derivitized glass substrates by light-directed photochemistry
as described previously (Pease et al. 1994); 8-mer arrays were
synthesized with 50 X 50-um probe feature sizes, and 9-mers
with 25 X 25 pm probe feature sizes. Prior to photochemical
synthesis, a DMT-hexaethyleneglycol-(2-cyanoethyl-N,N-
diisopropyl) phosphoramidite linker (Chem Genes, 25 mM in
acetonitrile) and 19 bases of a constant anchor oligonucleo-
tide (3'-ATACGTAGACACTGCTGGAC-5") were synthesized
on the array using conventional DMT PAC phosphoramidites
(25 mM in acetonitrile): T b-cyanoethyl, IBU dC b-cyanoethyl,
PAC dA b-cyanoethyl, and iPr-PAC dG b-cyanoethyl phos-
phoramidites (Pharmacia Biotech). The last base of the anchor
oligonucleotide and the subsequent n (n =8 or 9) combina-
torial bases were synthesized by light-directed photochemis-
try (Pease et al. 1994). Following synthesis of these n bases, 2
bases of inosine (2'-deoxyinosine, Glen Research, Sterling,
VA) were added to the 5’ terminus by use of conventional
DMT phosphoramidite chemistry. The addition of two
inosines was found to improve overall array signal intensities
without greatly affecting discrimination. Postsynthesis, the
DNA molecules on the arrays were deprotected in a 50% eth-
ylenediamine (EDA)/50% ethanol bath for (10 hr.

A 20-mer anchor oligonucleotide (5'-psoralen-
TATGCATCTGTGACGACCTG-3") complementary to the con-
stant anchor sequence of the probe was synthesized with a
standard oligonucleotide synthesizer. Two versions of the oli-
gonucleotide were synthesized for the different modalities of
ligation: a 3" hydroxyl version for enzymatic ligation and a 3’
phosphoryl version for chemical ligation. The anchor oligo-
nucleotide also contained a AT dinucleotide pair and a pso-
ralen C6 (Glen Research) moiety at the 5’ end for use in an
optional cross-linking protocol. The oligonucleotide was car-
tridge purified via the hydrophobic 5’ psoralen moiety. Since
completion of the studies in this paper, anchor oligonucleo-
tides with different 3’-terminal bases (the corresponding
probe anchor sequence was also modified) were tested for
their ability to improve signal and discrimination. In general,
anchor oligonucleotides with A and G (purines) 3’ bases gen-
erated higher signal intensities than oligonucleotides with C
and T (pyrimidines) 3’ bases. Anchor oligonucleotides with
terminal G 3’ bases were used for all experiments in this pa-
per.

The actual array-based duplex probes were created by
hybridizing the complementary 20-mer anchor oligonucleo-
tide (500 nM) to the constant portion of the array-bound
probes. The hybridization conditions were as follows: 6 X
SSPE buffer (pH 7.4) at 40°C for 1-2 hr followed by washing
on a GeneChip fluidics station (Affymetrix, Inc.) with 6 X
SSPE at 22°C. Under the ligation conditions used in this paper
(30°C-40°C), psoralen cross-linking was unnecessary for
maintenance of duplex stability. However, for other applica-
tions, cross-linking can be accomplished by exposing the du-
plex-probe array (1 X SSPE buffer present, array sitting on ice)
to long wavelength UV light, wherein the intercalated pso-



ralen moiety cross-links the two thymidine bases located on
opposing DNA strands (Bornet et al. 1995). The optimal UV
exposure was 6 J/em? of 365 nm (long UV) applied to the
outer glass surface of the DNA array.

Preparation of Fragmented DNA Samples

Double-stranded DNA targets ((50-100 fmoles, (BO-160 ng of
a 2.5-kb target) were randomly fragmented with DNase I (0.5
units per 20 pl) in 1 X One-Phor-All Buffer Plus (Pharmacia,
10 X buffer contains 100 mM Tris-acetate (pH 7.5), 100 mm
magnesium acetate, 500 mM potassium acetate) for 15 min at
37°C. DNase I was heat inactivated and the sample denatured
by incubation at 95°C for 15 min. The sample was cooled on
ice, and 3'-end labeled with TdT (5 units per 20 ul) (GIBCO-
BRL, Gaithersburg, MD) and ddATP-N6-biotin (25 pum) (NEN
Life Sciences, Boston, MA) at 37°C for 60 min. TdT was heat
inactivated and the DNA denatured by incubating at 95°C for
10 min. The denatured DNA was cooled on ice, added to the
ligation mix (total volume of 200 pl, final DNA target con-
centration of [500 pMm), spun at 14,000g in a microcentrifuge
for 3 min to pellet any precipitate present, and applied to the
DNA array. The ligation solution was continuously mixed
across the surface of the array by rotation (40-50 rpm) on a
rotisserie located in an incubator set to the desired tempera-
ture.

Preparation of Restriction-Digested DNA Samples

The Pall-Nlalll restriction digestion of $X174 was performed
on DNase I fragmented (high Mn>*) X174 to decrease the
average fragment size (increases hybridization kinetics). We
used the following protocol: 500 ng of $X174 was digested for
10 min at 37°C by 0.010 units of DNase I in 10 pl of Mn
digestion buffer [20 mM Tris-Cl (pH 8.0), 2.5 mM MnCl,, 100
uM CaCl,]. The DNase I was removed by addition of 1 ul of
Advamax protein removal beads (Advanced Genetics Tech-
nologies Corp.). The sample was then spun for 1 min at
14,000g, and the supernatant collected. Next, the fragmented
DNAsample (in 10 pul) was dephosphorylated by addition of 1
ul of One-For-All buffer and treatment with 5 units of shrimp
alkaline phosphatase (U.S. Biochemical) for 30 min at 30°C.
The phosphatase was removed by protein removal beads as
described. The DNA sample was next digested with 5 units of
Pall and 5 units of Nlalll (in 10 pl) by incubation at 37°C for
30 min. The sample was heat denatured at 98°C for 10 min,
cooled on ice, and labeled with TdT as described above.

Ligation Conditions

In general, we found that both enzymatic and chemical liga-
tion produced satisfactory results when used according to the
specified protocols. The enzymatic ligation conditions are
given for the following enzymes: T4 DNA ligase, E. coli (NAD
dependent) DNA ligase, and Tag DNA ligase. The standard T4
DNA ligation buffer consisted of the following: 50 mMm Tris-
HCI (pH 7.8), 10 mM MgCl,, 10 mM DTT, 1 mm ATP, 50 pg/ml
BSA, 100 mm NaCl, 0.1% TX-100 and 2.0 U/ul T4 DNA ligase
(New England Biolabs). E. coli DNA ligase buffer consisted of
40 mw™m Tris-HCI (pH 8.0), 10 mm MgCl,, 5 mm DTT, 0.5 mm
NADH, 50 pg/ml BSA, 0.1% TX-100, and 0.025 U/pl E. coli
DNA ligase (Amersham). Tag DNA ligation buffer consisted of
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the following: 20 mM Tris-HCI1 (pH 7.6), 25 mM potassium
acetate, 10 mM magnesium acetate, 10 mMm DTT, 1 mMm NADH,
50 pg/ml BSA, 0.1% Triton X-100, 10% PEG, 100 mm NaCl,
and 1.0 U/ul Tag DNA ligase (New England Biolabs). For both
8-mer and 9-mers, T4 and E. coli DNA ligase reactions were
performed at 30°C, and Tag DNA ligase reactions were per-
formed at 37°C—40°C (due to the low activity of Tag at 30°C).
The ligation reactions were typically incubated overnight (14—
16 hr), but incubations as short as 2 hr also gave satisfactory
results.

Chemical Ligation

Chemical ligation allowed the use of 3—4 M tetramethylam-
monium chloride (TMACI) in the ligation buffer to help nor-
malize the intensities of A/T-rich and G/C-rich probes (Wood
et al. 1985). The chemical ligation reaction used freshly dis-
solved l-ethyl-3-(3-dimethylaminopropyl)carbodiimide hy-
drochloride (EDC, Pierce Biochemicals) (2 M in H,O for 10 X
stock) to generate a pyrophosphate bond between a 5'-
phosphoryl moiety of the target and a 3’-phosphoryl moiety
on the complementary anchor oligonucleotide (Kuznetsova
et al. 1994; Hermanson 1996; Shabarova 1988). The chemical
ligation conditions were as follows: 50 mM 2-[N-
morpholinoJethanesulfonic acid (MES) (pH 6.0 with KOH), 10
mM MgCl,, 0.001% SDS, 200 mM EDC, 50 mM imidazole (pH
6.0 with HCI1) and 3.0-4.0 M TMACI (Sigma) for 14 hr at 30°C.

Array Washing and Staining

Following ligation, arrays were washed 5-10 times with 1 X
SSPE (pH 7.4, 22°C) on a GeneChip fluidics station, stained
for 5 min with streptavidin-phycoerythrin conjugate (Mo-
lecular Probes, 2 ng/ulin 1 X SSPE, 50 ug/ml BSA) on a rotat-
ing rotisserie at 22°C and washed another 5-10 times with 1 X
SSPE.

Imaging and Data Analysis

The fluorescent signal from the array was detected by spe-
cially designed confocal scanners (Affymetrix; Chee et al.
1996) which imaged the 8-mer arrays at 6.8-7.5 um resolu-
tion, and imaged 9-mer arrays at 3.5 pm resolution. Images
were processed with GeneChip software (Affymetrix), and the
resultant intensity data were transformed into text files con-
taining alphabetized lists of probe sequences and correspond-
ing intensities. These data were then analyzed by custom re-
sequencin g software written in Visual Basic (v. 4.0, Microsoft).

Data Normalization

The fluorescent intensities were background subtracted and
then normalized by dividing the intensity of each probe (all
4" probes) by the sum of the intensities of all related single-
base mismatch (MM) probes (24 MM probes for every probe
on an 8-mer array) and the intensity of the probe itself. The
formula is I, o,y = /(2 + ). This normalization algorithm
greatly improved base-calling accuracy by moderating the se-
quence dependent intensity variation of the probes. Normal-
ization was also performed at the level of the base-call sets
such that the sum of the four probes within a base-call set was
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unity. This prevented any one base-call set from dominating
the composite average.

Base Calling, Confidence Scores, and Composite
Differences

A base call was performed by comparing the intensities of the
four probes (A, C, G, T) within a base-call set, selecting the
most intense probe, and calculating the quality score of this
base call. The confidence score (quality) of the base call is
defined as follows: I o intense! ] for probes
within a base-call set. If this score was below a threshold of
1.15, the base was classified as a no call.

Mutations were typically identified by comparing com-
posite base-call sets from two separate arrays by computing
the intensity difference (/,,n0wn.norm lreference. norm)- A muta-
tion scan was created by plotting the envelope curves of the
differences in the sequencing or base-call traces. A mutation
was identified by detecting a well-defined footprint in this
scan. This footprint had to pass two criteria: (1) The magni-
tude of the footprint had to be greater than a defined thresh-
old typically calculated as five times the mean signal-to-noise
ratio of the entire mutation scan, and (2) the width of the
footprint had to be greater than at least one probe length (8 or
9 bases).

next-most-intense
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