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Accessing Genetic Information with
High-Density DNA Arrays

Mark Chee, Robert Yang, Earl Hubbell, Anthony Berno,
Xiaohua C. Huang, David Stern, Jim Winkler, David J. Lockhart,

Macdonald S. Morris, Stephen P. A. Fodor

Rapid access to genetic information is central to the revolution taking place in molecular
genetics. The simultaneous analysis of the entire human mitochondrial genome is de-
scribed here. DNA arrays containing up to 135,000 probes complementary to the 16.6-
kilobase human mitochondrial genome were generated by light-directed chemical syn-
thesis. A two-color labeling scheme was developed that allows simultaneous compar-
ison of a polymorphic target to a reference DNA or RNA. Complete hybridization patterns
were revealed in a matter of minutes. Sequence polymorphisms were detected with
single-base resolution and unprecedented efficiency. The methods described are ge-
neric and can be used to address a variety of questions in molecular genetics including
gene expression, genetic linkage, and genetic variability.

A central theme in modern genetics is the
relation between genetic variability and phe-
notype. To understand genetic variation and
its consequences on biological function, an
enormous effort in comparative sequence
analysis will need to be carried out. Conven-
tional nucleic acid sequencing technologies
make use of analytical separation techniques
to resolve sequence at the single nucleotide
level (1, 2). However, the effort required
increases linearly with the amount of se-
quence. In contrast, biological systems read,
store, and modify genetic information by mo-
lecular recognition (3). Because each DNA
strand carries with it the capacity to recognize
a uniquely complementary sequence through
base pairing, the process of recognition, or
hybridization, is highly parallel, as every nu-
cleotide in a large sequence can in principle
be queried at the same time. Thus, hybrid-
ization can be used to efficiently analyze
large amounts of nucleotide sequence. In one
proposal, sequences are analyzed by hybrid-
ization to a set of oligonucleotides represent-
ing all possible subsequences (4). A second
approach, used here, is hybridization to an
array of oligonucleotide probes designed to
match specific sequences. In this way the
most informative subset of probes is used.
Implementation of these concepts relies on
recently developed combinatorial technolo-
gies to generate any ordered array of a large
number of oligonucleotide probes (5).

Affymetrix, 3380 Central Expressway, Santa Clara, CA
95051, USA.

The fundamentals of light-directed oli-
gonucleotide array synthesis have been de-
scribed (5, 6). Any probe can be synthe-
sized at any discrete, specified location in
the array, and any set of probes composed of
the four nucleotides can be synthesized in a
maximum of 4N cycles, where N is the
length of the longest probe in the array. For
example, the entire set of -102 20-nucle-
otide oligomer probes, or any desired subset,
can be synthesized in only 80 coupling cy-
cles. The number of different probes that
can be synthesized is limited only by the
physical size of the array and the achievable
lithographic resolution (7).
An array consisting of oligonucleotides

complementary to subsequences of a target
sequence can be used to determine the iden-
tity of a target sequence, measure its amount,
and detect differences between the target
and a reference sequence. Many different
arrays can be designed for these purposes.
One such design, termed a 4L tiled array, is
depicted in Fig. IA. In each set of four
probes, the perfect complement will hybrid-
ize more strongly than mismatched probes.
By this approach, a nucleic acid target of
length L can be scanned for mutations with
a tiled array containing 4L probes. For ex-
ample, to query the 16,569 base pairs (bp) of
human mitochondrial DNA (mtDNA), only
66,276 probes of the possible -109 15-nu-
cleotide oligomers need to be used.

The use of a tiled array of probes to read a
target sequence is illustrated in Fig. 1C. A
tiled array of 15-nucleotide oligomers varied
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at position 7 from the 3' end (pll57) was
designed and synthesized for mtl, a cloned
sequence containing 1311 bp spanning the
control region of mtDNA (8-11). The upper
panel of Fig. IC shows a portion of the fluo-
rescence image of an array hybridized with
fluorescein-labeled mtl RNA (12). The base
sequence can be read by comparing the inten-
sities of the four probes within each column.
For example, the column for position 16,493
consists of the four probes, 3'-TGACATAG-
GCTGTAG, 3'-TGACATCGGCTGTAG,
3'-TGACATGGGCTGTAG, and 3'-TGA-
CATTGGCTGTAG. The probe with the
strongest signal is the probe with the A sub-
stitution (A, 49 counts; C, 8 counts, G, 15
counts, and T, 8 counts, where the back-
ground is 2 counts), identifying the base at
position 16,493 as U in the RNA tran-
script. Continuing the process, the se-
quence at each position can be read directly
from the hybridization intensities.

The effect on the array hybridization
pattern caused by a single base change in
the target is illustrated in Fig. 1B, and the
detection of a single-base polymorphism is
shown in the lower panel of Fig. 1C. The
target was mt2, which differs from mtl in
this region by a T-to-C transition at posi-
tion 16,493. Accordingly, the probe with
the G substitution (third row) displays the
strongest signal. Because the tiled array was
designed to complement mtl, the hybrid-
ization intensities of neighboring probes
that overlap position 16,493 are also affect-
ed by the change in target sequence. The
hybridization signals of 15 probe sets of the
15-nucleotide oligomer tiled array are per-
turbed by a single base change in the target
sequence. In the p15'7 array, each probe
querying the eight positions to the left and
six positions to the right of the polymor-
phism contain at least one mismatch to the
target. The result is a characteristic loss of
signal or a "footprint" for the probes flank-
ing a mutation position. Of the four probes
querying each position, the loss of signal is
greatest for the one designed to match mtl.
We denote the subset of probes with zero
mismatches to the reference sequence as P0.
A comparison of P0 hybridization signals

from a target to those from a reference is
ideally obtained by hybridizing both sam-
ples to the same array. We therefore devel-
oped a two-color labeling and detection
scheme in which the reference is labeled
with phycoerythrin (red), and the target
with fluorescein (green) ( 13). By processing
the reference and target together, experi-
mental variability during the fragmenta-
tion, hybridization, washing, and detection
steps is minimized or eliminated. In addi-
tion, during cohybridization of the refer-
ence and target, competition for binding
sites results in a slight improvement in mis-

match discrimination. Array hybridization is
highly reproducible, and comparative anal-
ysis of data obtained from separate but iden-
tically synthesized arrays is also effective.

The two-color approach was tested by an-
alyzing a 2.5-kb region of mtDNA that spans
the tRNA(1'L, cytochrome b, tRNAT'r,
tRNAl ro, control region, and tRNAPhC DNA
sequences (14). A p20'9 array (20-nucleotide
oligomer probes varied at position 9 from the
3' end) was designed to match the mItl target
(that is, P0 sequence = mtl). The mtl ref-
erence (red) and a polymorphic target sam-
ple (green) were pooled and hybridized si-
multaneously to the array. Differences be-
tween the target and reference sequences
were identified by comparing the scaled red
and green Po hybridization intensities (15).
The marked decrease in target hybridization
intensity, over a span of -20 nucleotides, is
shown for a single-base polymorphism at po-
sition 16,223 (Fig. 2A). The footprint is
enlarged when two polymorphisms occur in
close proximity (within -20 nucleotides)
(Fig. 2B). When polymorphisms are clus-
tered, the size of the footprint depends on

A
53
3'

..TGAACTGTATCCGACAT..
tgacatAggctgtag
tgacatCggctgtag
tgacatGggctgtag
tgacatTggctgtag

3' gacataAgctgtaga
gacataCgctgtaga
gacataGgctgtaga
gacataTgctgtaga

B

5'
3'

.*.TGAACTGTACCCGACAT..
tgacatAggctgtag
tgacatCggctgtag
tgacatGggctgtag
tgacatTggctgtag

3' gacataAgctgtaga
gacataCgctgtaga
gacataGgctgtaga
gacataTgctgtaga

C
5'
A
C
G
T

the number of polymorphisms and their sep-
aration (Fig. 2C).

To read polymorphisms accurately, we
developed an algorithm that addresses the
issue of multiple mismatches. The algo-
rithm performs base identification but also
flags regions of ambiguity caused by multi-
ple mismatches. These regions are easily
identified by the presence of a large foot-
print (Fig. 2, B and C) or by two or more
bases identified as differing from P0 within
the span of a single probe. Discrepancies
between base identifications and footprint
patterns are also flagged for further analysis
(for example, a P0 footprint in which no
polymorphism is identified; such a pattern
is typical of a deletion). Thus, base identi-
fications are valid only for unflagged re-
gions. In flagged regions, the presence of
sequence differences is detected, but no at-
tempt is made to identify the sequence
without further analysis.

Sequence analysis was carried out on the
2.5-kb target from 12 samples. A total of
30,582 bp containing 180 substitutions rela-
tive to mtl were analyzed. Ninety-eight per-

1. (A) Design of a 4L tiled array. Each position in the
get sequence (uppercase letters) is queried by a set
four probes on the chip (lowercase letters), identical
oept at a single position, termed the substitution po-
on, which is either A, C, G, or T (blue indicates
mplementarity, red a mismatch). Two sets of probes
shown, querying adjacent positions in the target. (B)
ect of a change in the target sequence. The probes
the same as in (A), but the target now contains a

igle-base substitution (base C, shown in green). The
)be set querying the changed base still has a perfect
itch (the G probe). However, probes in adjacent sets
it overlap the altered target position now have either
e or two mismatches (red) instead of zero or one,
cause they were designed to match the target shown
,A). (C) Hybridization to a 4L tiled array and detection
a base change in the target. The array shown was
signed to the mtl sequence. (Top) hybridization to
1. The substitution used in each row of probes is
licated to the left of the image. The target sequence
n be read 5 to 3' from left to right as the complement
the substitution base with the brightest signal. With
bridization to mt2 (bottom), which differs from mtl in
s region by a T- C transition, the G probe at position
,493 is now a perfect match, with the other three
)bes having single-base mismatches (L 5, C 3, G 37,
counts). However, at flanking positions, the probes

ve either single- or double-base mismatches, be-
use the mt2 transition now occurs away from the
ery position.

5'
A
C
G
T
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cent of the sequence was unambiguously as-
signed by a Bayesian base identification al-
gorithm (16). Of this 98%, wbich contained
both wild-type sequence and a high propor-
tion of single-base footprints such as the
example shown in Fig. 2A, 29,878 out of
29,879 bp were identified correctly (17).
The remlaining 2% of the sequence, which
contained the multiple substitution foot-
prints (such as those shown in Fig. 2, B and
C), was flagged for further analysis. Of the
649 bp composing this 2%, 643 bp were
located in or immediately adjacent to foot-
prints (18). In all, 179 out of the 180 poly-
morphisms were uinambiguously detected,
126 out of 127 were identified correctly in
the unflagged regions, and 53 polymor-
phisms occuring in the flagged regions were
detected as footprints. There were no un-
flagged false-positive base identifications,
and only one false-positive footprint. These
figures can be considered to be "worst case"
estimiates for the type of array and target
ulsed. The PO sequience represents a CauLca-
sian haplotype, and our sample set included
eight African samples having a large number
Of clustered differences to PO Furthermore,
the variation in the hypervariable part of the
control region is much higher than for the
rest of the mitochondrial genome and for
nuclear genes in general (Fig. 2 shows com-
parisons to African samples in this region).

Fig. 2. Detection of base
differences in a 2.5-kb
region by comparison of
scaled PO hybridization
intensity patterns be-
tween a sample (green)
and a reference (red) se-
quence. (A) Comparison
of sequence iefOO7 to
mt1. In the region
shown, there is a single-
base difference between
the two sequences, lo-
cated at position 16,223
(C in mtl, T in iefOO7).
This results in a "foot-
print" spanning -20 po-
sitions, 11 to the left and
8 to the right of position
16,223, in which the
iefOO7 PO intensities are
decreased by a factor of

The determination of a complete human
mitochondrial DNA sequence more than 15
years ago has had a tremendous influence on
studies of human origins and evolution and
the role of mutations in degenerative diseases
(8, 10, 19). Because of the cost and difficulty
of conventional sequence analysis, most sub-
sequent sequencing studies have focused only
on two small hypervariable regions totaling
-600 bp (9). However, access to the entire
genome is required for a full understanding of
the governing genetics. We therefore de-
signed a P251 tiling array for the mitochon-
drial genome. The array contains a total of
136,528 synthesis cells, each -35 inm by 35
jLm in size (Fig. 3). In addition to a 4L tiling
across the genome, the array contains a set of
probes representing a single-base deletion at
every position across the genome and sets of
probes designed to match a range of specific
mtDNA haplotypes. Using long-range poly-
merase chain reaction, we amplified the 16.6-
kb mtDNA directly from genomic DNA sam-
ples (20). Labeled RNA targets were prepared
by in vitro transcription and hybridized to the
array. Genomic hybridization patterns were
imaged in less than 10 min by a high-resolu-
tion confocal scanner (21).

The hybridization pattern of a 16.6-kb
target to the mitochondrial genome chip is
shown in Fig. 3. Although there are some
regions of low intensity, most of the 25-
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more than 10 on average relative to the mtl intensities. The predicted footprint location is indicated by the
gray bar, and the location of the polymorphism is shown by a vertical black line within the bar. The size of
a footprint changes with probe length, and its relative position with substitution position (not shown). (B)
Comparison of sequence haO01 to mtl The haO01 target has four polymorphisms relative to mtl. The P0
intensity pattern clearly shows two regions of difference between the targets. Each region contains two or
more differences, because in both cases the footprints are longer than 20 positions and therefore are too
extensive to be explained by a single-base difference. The effect of competition can be seen by comparing
the mtl intensities in the iefOO7 and haO01 experiments: The relative intensities of mtl are greater in (B)
where haO01 contains P0 mismatches but iefOO7 does not. (C) The haOO4 sequence has multiple
differences to mtl, resulting in a complex pattern extending over most of the region shown. Thus,
differences are clearly detected. Because hybridization intensities are extremely sequence-dependent,
each of the mitochondrial sequences can also be identified simply by its hybridization pattern.

nucleotide oligomer array hybridized effi-
ciently: Simply by identifying the highest
intensity in each column of four substitu-
tion probes, 99.0% of the mt3 sequence
could be read correctly (PO sequence =
mt3). The array was used to successfully
detect three disease-causing mutations in a
mtDNA sample from a patient with Leber's
hereditary optic neuropathy (22, 23) (Fig.
3C). In addition, we detected a total of
seven errors and new polymorphisms from
prevyiously unsequenced regions.
We then hybridized 10 genomes from

African individuals to the array and unam-
biguously identified 505 polymorphisms.
These were polymorphisms that could be
clearly read and for which a confirmatory
footprint was detected automatically. For
the 10 samples, the 2.5-kb cytochrome b
and control region sequences were known
(17). No false positives were detected in the
-25 kb of sequence checked in this way.
Additional clustered polymorphisms were
detected by the presence of footprints but
not read directly. A detailed analysis of the
polymorphisms in these genomes, and oth-
ers, will be presented elsewhere.

The throughput of a conventional gel-
based sequencer, with an average read
length of 400 nucleotides and 48 lanes
that is run twice a day, might be two
mitochondrial genomes a day at best. In
contrast, the throughpLut of the nonopti-
mized system we describe is five chips per
hour. Thus, 50 genomes can be read by
hybridization in the time it takes to read
two genomes conventionally. Further-
more, there are significant reductions in
sampnle preparation requirements because
the entire genome is labeled in a single
reaction, so the cost is similar to that for a
single sequencing reaction. Also, seqLuence
reading at the level of data analysis is
automated: The sequences can be read in a
matter of minutes. No analytical separa-
tions or gel preparation is needed, which
contributes to the speed of the experi-
ment. Although the inability to read all
possible sequences is a weakness of the 4L
tiled array, it is not a major limitation,
because in practice the small number of
ambiguities can be checked by targeted
conventional sequencing. In particular,
highly repetitive sequences, such as long
runs of a single base, are presently best
analyzed with conventional technology.
Finally, a clear advantage to the approach
we describe is that it is highly scalable.
The cost, effort, and time required to an-
alyze the entire 16.6-kb mtDNA in a sin-
gle experiment is virtually identical to
that required to read 2.5 kb. This provides
a clear path to further orders-of-magnitude
improvements in efficiency.

High-density oligonucleotide arrays
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.s

Fig. 3. Human mito- C 3460 g -a
chondrial genome on a AOH A
chip. (A) An image of the C

array hybridized to 16.6 3460 r
3708 -kb of mitochondrial target 1 cmI 3 4216- 16,569 bpRNA (L strand). The 11778

1 6,569-bp map of the 100 gm {f
genome is shown, and B
the H strand origin of rep- 4216 t-c
lication (OH), located in
the control region, is indi-
cated. (B) A portion of
the hybridization pattern
magnified. In each col-
umn there are five U
probes: A, C, G, T, and/v,,
from top to bottom. The 1370,8 ga
A probe has a single-
base deletion instead of a
substitution and hence is
24 instead of 25 bases in
length. The scale is indi-
cated by the bar beneath U
the image. Although 11778
there is considerable se-
quence-dependent in-
tensity variation, most of
the array can be read di-
rectly. The image was
collected at a resolution
of -100 pixels per probe
cell. (C) The ability of the K ) 1 mm
array to detect and read
single-base differences in a 16.6-kb sample is illustrated. Two different target sequences were hybridized
in parallel to different chips. The hybridization patterns are compared for four different positions in the
sequence. Only the p25,13 probes are shown. The top panel of each pair shows the hybridization of the mt3
target, which matches the chip PO sequence at these positions. The lower panel shows the pattern
generated by a sample from a patient with Leber's hereditary optic neuropathy (LHON). Three known
pathogenic mutations, LHON3460, LHON421 6, and LHON1 3708, are clearly detected. For comparison,
the fourth panel in the set shows a region around position 11,778 that is identical in both samples.

provide the foundation for a powerful ge-
netic analysis technology. The method
can be used to characterize the spectrum
of sequence variation in a population and
can be applied to the analysis of many
genes in parallel. In the case of human
mtDNA, we simultaneously analyzed the
control region, 13 protein coding genes,
22 tRNA genes, and 2 ribosomal RNA
genes. The methods described here can be
applied to other research areas in molec-
ular genetics; for example, the ability to
identify and sequence polymorphisms pro-
vides a basis for genetic mapping. The
specificity of oligonucleotide hybridiza-
tion and the scalability of the method
suggests the possibility of a dedicated array
that could be used to generate a high-
resolution genetic map of an entire ge-
nome in a single experiment. Likewise,
the concepts and techniques described
here have been used to develop approach-
es for mRNA identification and the large-
scale, parallel measurement of expression
levels (24). Thus, the sequence of a gene,
its spectrum of change in the population,
its chromosomal location, and its dynam-

ics of expression (all essential to a full
understanding of function) can be deter-
mined with high-density probe arrays. The
challenge now is to synthesize and read
probe arrays at even higher density. For
example, a 2 cm by 2 cm array, synthesized
with probes occupying 1-,u m synthesis
sites in a 4L tiling, could query the entire
coding content of the human genome,
estimated at 100,000 genes.
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Gill, A. J. Jeffreys, D. J. Werrett, Nature 318, 577
(1985); R. K. Saiki et al., Science 239, 487 (1988)].
The clones were sequenced conventionally (1). Clon-
ing was performed only to provide a set of pure
reference samples of known sequence. For tem-
plates for fluorescent labeling, DNA was reamplified
from the clones with primers bearing bacteriophage
T3 and T7 RNA polymerase promoter sequences
(bold; mtDNA sequences uppercase): L1 5935-T3,
5'-ctcggaattaaccctcactaaaggAAACCTTTTTCC-
MGGA and H667-T7, 5'-taatacgactcactataggga-
gAGGCTAGGACCAAACCTATT.

12. Labeled RNAs from the two complementary mtDNA
strands [designated L and H (8)] were transcribed in
separate reactions from a promoter-tagged poly-
merase chain reaction (PCR) product. Each 1 0-p.l
reaction contained 1.5 mM each of the triphosphate
nucleotides ATP, CTP, GTP, and UTP; 0.24 mM
fluorescein-1 2-CTP (Du Pont); 0.24 mM fluorescein-
1 2-UTP (Boehringer Mannheim); - 1 to 5 nM (1.5 RI)
crude unpurified 1.3-kb PCR product; and T3 or T7
RNA polymerase (1 U/pl) (Promega) in a reaction
buffer supplied with the enzyme. The reaction was
carried out at 37°C for 1 to 2 hours. RNA was frag-
mented to an average size of <100 nucleotides by
adjusting the solution to 30 mM MgCI2, by the addi-
tion of 1 M MgCI2, and heating at 94°C for 40 min.
Fragmentation improved the uniformity and specific-
ity of hybridization (M. Chee et al., data not shown).
The extent of fragmentation is dependent on the
magnesium ion concentration [J. W. Huff, K. S. Sas-
try, M. P. Gordon, W. E. C. Wacker, Biochemistry 3,
501 (1964); J. J. Butzow and G. L. Eichorn, Biopoly-
mers 3, 95 (1965)]. Good hybridization results have
been obtained with both DNA and RNA targets pre-
pared with a variety of labeling schemes, including
incorporation of fluorescent and biotinylated de-
oxynucleoside triphosphates by DNA polymerases,
incorporation of dye-labeled primers during PCR,
ligation of labeled oligonucleotides to fragmented
RNA, and direct labeling by photo-cross-linking a
psoralen derivative of biotin directly to fragmented
nucleic acids (L. Wodicka, personal communication).

13. For two-color detection experiments, the reference
and unknown samples were labeled with biotin and
fluorescein, respectively, in separate transcription re-
actions. Reactions were carried out as described
(12) except that each contained 1.25 mM of ATP,
CTP, GTP, and UTP and 0.5 mM fluorescein-12-
UTP or 0.25 mM biotin-1 6-UTP (Boehringer Mann-
heim). The two reactions were mixed in the ratio 1 :5
(v/v) biotin:fluorescein and fragmented (12). Targets
were diluted to a final concentration of - 100 to 1000
pM in 3M TMACI [W. B. Melchior Jr. and P. H. von
Hippel, Proc. Natl. Acad. Sci. U.S.A. 70, 298 (1973)],
10 mM tris-HCI, pH 8.0, 1 mM EDTA, 0.005% Triton
X-1 00, and 0.2 nM control oligonucleotide labeled at
the 5' end with fluorescein (5'-CTGMCGGTAG-
CATCTTGAC). Samples were denatured at 95°C for
5 min, chilled on ice for 5 min, and equilibrated to
37°C. A volume of 180 p.1 of hybridization solution was
then added to the flow cell [R. Lipshutz et al., Biotech-
niques 19,442 (1995)] and the chip incubated at 37°C
for 3 hours with rotation at 60 rpm. The chip was
washed six times at room temperature with 6x SSPE
(0.9 M NaCI, 60mM NaH2PO4, 6 mM EDTA, pH 7.4),
0.005% Triton X-100. Phycoerythrin-conjugated
streptavidin (2 ,ug/ml in 6x SSPE, 0.005% Triton
X- 00) was added and incubation continued at room
temperature for 5 min. The chip was washed again
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and scanned at a resolution of - 74 pixels per probe
cell. Two scans were collected: a fluorescein scan
was obtained with a 515- to 545-nm band-pass filter,
and a phycoerythrin scan with a 560-nm long-pass
filter. Signals were separated to remove spectral over-
lap and average counts per cell determined.

14. Each 2.5-kb target sequence was PCR-amplified di-
rectly from genomic DNA with the primer pair
L14675-T3 (5'-aattaaccctcactaaagggATTCTCG-
CACGGACTACAAC) and H667-T7 (11).

15. To scale the sample to the reference intensities, we
constructed a histogram of the base 10 logarithm of
the intensity ratios for each pair of probes. The his-
togram had a mesh size of 0.01 and was smoothed
by replacing the value at each point with the average
number of counts over a five-point window centered
at that point. The highest value in the histogram was
located, and the resulting intensity ratio was taken to
be the most probable calibration coefficient.

16. Base identification was accomplished with a Bayes-
ian classification algorithm based on variable kernel
density estimation. The likelihood of each identifica-
tion associated with a set of hybridization intensity
values was computed by comparing an unknown set
of probes to a set of example cases for which the
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four likelihoods were then normalized so that they
summed to 1. Data from both strands were com-
bined by averaging the values. If the most likely base
identification had an average normalized likelihood
greater than 0.6, it was called, otherwise the base
was called as an ambiguity. The example set was
derived from two different samples, ibO13 and
iefOO5, which have a total of 35 substitutions relative
to mtl, of which 19 are shared with the 12 samples
analyzed and 16 are not. Identification performance
was not sensitive to the choice of examples.

17. To provide an independently determined reference
sequence, each 2.5-kb PCR amplicon was se-
quenced on both strands by primer-directed fluores-
cent chain-terminator cycle sequencing with an ABI
373A DNA sequencer and assembled and manually
edited with Sequencher 3.0. The analysis presented
here assumes that the sequence amplified from
genomic DNA is essentially clonal [R. J. Monnat and
L. A. Loeb, Proc. Natl. Acad. Sci. U.S.A. 82, 2895
(1985)] and that its determination by gel-based
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from analysis and is not part of the set of 180 poly-
morphisms discussed in the text. However, poly-
morphisms at this site have previously been differen-
tiated by oligonucleotide hybridization [M. Stone-
king, D. Hedgecock, R. G. Higuchi, L. Vigilant, H. A.
Erlich, Am. J. Hum. Genet. 48, 370 (1991)].

18. The P" intensity footprints were detected in the fol-
lowing way: The reference and sample intensities
were normalized (15), and R, the average of

over a window of five posi-
tions, centered at the base of interest, was calculat-
ed for each position in the sequence. Footprints
were detected as regions having at least five contig-
uous positions with a reference or sample intensity at
least 50 counts above background and an R value in
the top 10th percentile for the experiment. At 205
polymorphic sites, where the sample was mis-
matched to Po, the mean R value was 1.01, with a
standard deviation of 0.57. At 35,333 nonpolymor-
phic sites (that is, where both reference and sample
had a perfect match to Po) the mean value was
-0.05, with a standard deviation of 0.25.

19. R. L. Cann, M. Stoneking, A. C. Wilson, Nature 325, 31
(1987); M. Zeviani et al., Am. J. Hum. Genet. 47, 904
(1990); D. C. Wallace, Annu. Rev. Biochem. 61, 1175
(1992); S. Horai, K. Hayasaka, R. Kondo, K. Tsugane,
N. Takahata, Proc. Natl. Acad. Sci. U.S.A. 92, 532
(1995); T. Hutchin and G. Cortopassi, ibid., p. 6892.

20. Long-range PCR amplification was carried out on
genomic DNA with Perkin-Elmer GeneAmp XL PCR
reagents according to the manufacturer's protocol.
Primers were Li 4836-T3 (5'-aattaaccctcactaaagggAT-
GAMCTTCGGCTCACTCCTTGGCG) and RH1066-
Ti7 (5'-taatacgactcactatagggaT T(TCATCATGCGGA-
GATGTTGGATGG), based on RH 1066 [S. Cheng, R.

Higuchi, M. Stoneking, Nature Genet. 7, 350 (1994)].
Each 1 00-1LI reaction contained 0.2 VtM concentration
of each primer and -=-10 to 50 ng of total genomic
DNA. Transcription reactions were carried out in 10 RI
with Ambion MAXlscript kit according to the manufac-
turer's protocol. The concentration of the 16.6-kb PCR
template was -2 nM, and the reaction contained Am-
bion lx biotin-14-CTP/NTP mix and 0.2 mM biotin-
16-UTP. Incubation was at 37°C for 2 hours. Frag-
mentation and hybridization were as described (13),
except that 3.5 M TMACI and the biotin-labeled oligo-
nucleotide 5'-CTGMCGGTAGCATCTTGAC were
used in the hybridization buffer, which also contained
fragmented baker's yeast RNA (100 vig/ml) (Sigma).
Hybridization was carried out at 40°C for 4 hours.

21. A custom telecentric objective lens with a numerical
aperture of 0.25 focuses 5 mW of 488-nm argon laser
light to a 3-,um-diameter spot, which is scanned by a
galvanometer mirror across a 14-mm field at 30 lines
per second. Fluorescence collected by the objective is
descanned by the galvanometer mirror, filtered by a
dichroic beamsplitter (555 nm) and a band-pass filter
(555 to 607 nm), focused onto a confocal pinhole,
and detected by a photomultiplier. Photomultiplier
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image is obtained in less than 3 min. Pixel size is 3.4
Rm. The data from four sequential scans were
summed to improve the signal-to-noise ratio.
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An Asymmetric Model for the Nucleosome:
A Binding Site for Linker Histones Inside the

DNA Gyres
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Histone-DNA contacts within a nucleosome influence the function of trans-acting factors
and the molecular machines required to activate the transcription process. The internal
architecture of a positioned nucleosome has now been probed with the use of photo-
activatable cross-linking reagents to determine the placement of histones along the DNA
molecule. A model for the nucleosome is proposed in which the winged-helix domain of
the linker histone is asymmetrically located inside the gyres of DNA that also wrap around
the core histones. This domain extends the path of the protein superhelix to one side of
the core particle.

The nucleosome has an active role in gene
regulation. Mutations of the core histones
have specific consequences for the tran-
scription of particular genes (1). The spec-
ificity of these effects can be explained both
by the positioning of histones with respect
to DNA sequence (2) and the potential
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targeting of histone modifications to partic-
ular nucleosomes (3). Thus, an understand-
ing of nucleosomal architecture is central to
understanding the transcription process.

The nucleosome contains two molecules
of each of the four core histones (H2A, H2B,
H3, and H4), a single molecule of a linker
histone (HI, HIl, or H5), and -180 base
pairs (bp) of DNA (4). In isolation, the core
histones assemble into an octameric complex
(5), whose structure has been determined at
3.1A resolution (6-8). The exact path of
DNA on the surface of the histone octamer,
the position of the linker histone molecule
within the nucleosome, and the path of linker
DNA between adjacent nucleosomes (9-1 1)
remain to be determined.
We used positioned nucleosomes con-

taining the Xenopus borealis somatic 5S ri-
hosomal RNA (rRNA) gene to examine
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