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MicroRNAs (miRNAs) are a class of noncoding RNAs that
post-transcriptionally regulate gene expression in plants and
animals"’. To investigate the influence of miRNAs on transcript
levels, we transfected miRNAs into human cells and used micro-
arrays to examine changes in the messenger RNA profile. Here we
show that delivering miR-124 causes the expression profile to
shift towards that of brain, the organ in which miR-124 is
preferentially expressed, whereas delivering miR-1 shifts the
profile towards that of muscle, where miR-1 is preferentially
expressed. In each case, about 100 messages were downregulated
after 12h. The 3’ untranslated regions of these messages had a
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significant propensity to pair to the 5' region of the miRNA, as
expected if many of these messages are the direct targets of the
miRNAs®. Our results suggest that metazoan miRNAs can reduce
the levels of many of their target transcripts, not just the amount
of protein deriving from these transcripts. Moreover, miR-1 and
miR-124, and presumably other tissue-specific miRNAs, seem to
downregulate a far greater number of targets than previously
appreciated, thereby helping to define tissue-specific gene
expression in humans.

Gene expression analysis has helped find targets of an over-
expressed plant miRNA®, but such an approach has not been
reported in animals, where, in contrast to plants, miRNAs are
believed to act mainly through translational repression rather
than messenger RNA (mRNA) cleavage'?. Nonetheless, a micro-
array analysis showed that unintentional reduction of transcript
levels can be observed following small interfering RNA (siRNA)
transfection of HeLa cells, and it was observed that several of these
downregulated, off-target transcripts contained sites of partial
complementarity to the siRNA?®, reminiscent of those seen between
metazoan miRNAs and their targets. This observation, together
with the documented overlap between the potential activities of
siRNAs and metazoan miRNAs®” led us to hypothesize that the off-
target effects of siRNAs are due to miRNA-like activity, and there-
fore using microarrays to screen for changes in gene expression
following transfection of human miRNAs would shed light on
natural miRNA functions.

We focused on two miRNAs noted for their tissue-specificity in
mammals: miR-1 and miR-124. miR-1 is preferentially expressed in
heart and skeletal muscle and miR-124 is preferentially expressed
in brain'®"" (Supplementary Fig. 1). miR-1 or miR-124 RNA
duplexes were transfected into HeLa cells, and mRNA was purified
and profiled on microarrays (Fig. la). Filtering the expression
profiles for genes characterized by the LocusLink database'? that
were significantly downregulated (P < 0.001) at both 12 and 24 h,
gave sets of 96 and 174 annotated genes downregulated by miR-1
and miR-124, respectively (Supplementary Tables 1 and 2).

One striking feature of the 174 genes downregulated by miR-124
is that these genes are generally expressed at lower levels in the brain
than in other tissues of the body. In a sense, transfecting this brain
miRNA into HeLa cells shifted HeLa gene expression towards that of
brain. This phenomenon is illustrated by graphing relative gene
expression in cerebral cortex (Fig. 1b, ¢), using as reference the
expression levels of 10,000 LocusLink genes across 46 human
tissues". An index of relative gene expression for each tissue was
created by first ranking the expression levels of each gene over all
tissues, whereupon the gene ranks for the tissue of interest were
plotted in a histogram. For example, the left-most column (rank 1)
in the distribution of gene ranks for cerebral cortex (Fig. 1b)
represents the number of genes that are expressed more highly in
cerebral cortex than in any other tissue, whereas the right-most
column (rank 46) represents the genes that are expressed less in
cerebral cortex than in any other tissue. If we were to randomly
select a set of genes from the microarray and examine their cerebral
cortex rankings, the distribution of rankings would approximate
this background distribution. The distribution of cerebral cortex
rankings for the miR-124 downregulated genes (Fig. 1c) clearly
differs from the background distribution: the 174 genes down-
regulated by miR-124 transfection are significantly enriched for
genes that are expressed at lower levels in cerebral cortex relative to
other tissues.

When this analysis was extended to all 46 tissues, significant
differences from background were observed only for brain tissues
(Fig. 1d), mirroring the known tissue distribution of miR-124.
When the miR-1 results were analysed in the same manner, the most
significant P values were not observed in brain but instead were
observed for heart and skeletal muscle (Fig. le), the two tissues
known to express miR-1. Therefore, the in vivo expression specifi-
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cities of miR-1 and miR-124 are coded in the identities of the genes
that these miRNAs downregulate in vitro, indicating that these
experiments are capturing aspects of the in vivo activity of miRNAs.

The shift towards brain-like or muscle-like expression need not
result from the miRNA interacting directly with the downregulated
messages; in principle, it could be a secondary effect of repressing
key regulatory genes. The most compelling evidence that the
miRNA-downregulated messages are direct targets comes from
analysis of sequence motifs over-represented in these messages.
The motif discovery tool MEME' was used to computationally
search the 3’ untranslated regions (UTRs) of the downregulated
transcripts. For the miR-1 set, highly significant motifs were found,
with a length of six or more bases (Fig. 2a). The six-nucleotide
(6-nt) consensus sequence, CAUUCC, is exactly complementary to
positions 2-7 from the 5" end of miR-1, and was found in 88% of
the annotated UTRs. For longer motif sizes, sequences were found
that extend the complementarity with miR-1. A sequence logo
representation of the motif of length 10 illustrates the important

a
1.0}
=l
()]
o)
<
o
T
o
I I
-2.0 0.0
Intensity (Log,)
b c
2 2
c c
3 3
I} /o)
O (&)
50
0 10 20 30 40 0 10 20 30 40
Cerebral cortex ranks Cerebral cortex ranks
d e
1 1
Brain tissues % %
4 4
5 5
6 6
7 7
8 8
9 9
10 10
11 11
12 12
13 13
14 14
15 15
16 16
17 17
18 18
19 19
3 :
2g | I:Heart % 2
23 > [ 23 5
5% %
27 27
28 28
29 29
30 30
31 31
32 32
: :
3 I: Skeletal muscle 32
36 [ 36
37 3 37
38 38
39 39
40 40
41 41
42 42
43 43
44 44
45 45
‘ ‘ ‘ 46 ‘ ‘ ‘ ‘ 46
-15 -10 -5 0 -8 -6 -4 =2 0
P value (Log;() P value (Log;)
770

© 2005 Nature Publishing Group

contributions of positions 1-8, and especially 2—7. Similar results
were seen for miR-124 (Fig. 2b). Another analytical method—
comparison of hexamer frequencies in downregulated UTRs versus
all UTRs—verified the MEME findings (Supplementary Table 3).
These results imply that knockdown of the transcripts is caused
mainly by direct binding of the transfected miRNAs to the 3’ UTRs,
with binding at the 5’ end of the miRNA being particularly vital.

The 5 region, and particularly seed positions 2-8, is the most
conserved region of metazoan miRNAs>'® and has long been
thought to play a key role in target recognition'®", a hypothesis
recently supported both computationally and experimentally™'®.
Here, the demonstration that the miRNA seed region can be
identified without prior knowledge of the miRNA sequence pro-
vides further experimental support for this concept, and is particu-
larly interesting in that our experiments detected reduced mRNA
levels: previously, pairing to the 5" region without additional pairing
to the remainder of the miRNA had been associated with inhibition
of productive translation but not reduced message levels'®.

To test the importance of the 5’ region for mRNA knockdown,
two mutant sequences of miR-124 were designed by switching
bases at positions 5 and 6 (124mut5-6) or positions 9 and 10
(124mut9-10). When RNA from HeLa cells transfected with these
mutant sequences was analysed as above, the 124mut9-10 duplex
gave a downregulated signature 89% shared with that of the wild
type, whereas the downregulated signature for 124mut5-6 was
almost completely distinct (Fig. 3a). When compared against the
human tissue indices, the 124mut9-10 signature highlighted brain
tissues, whereas the 124mut5-6 signature did not (Supplementary
Fig. 2). These results demonstrate that, for the mRNA knockdown
observed in this assay, positions 5 and 6 are much more crucial
than positions 9 and 10. Additional experiments using chimaeric
miRNAs showed that the 5" ends of the miRNAs were sufficient
for generating tissue-specific signatures (Fig. 3b; Supplementary
Fig. 2).

To further establish the link between repression and the presence
of seed matches within the 3’ UTR, wild-type and mutant 3" UTR
segments from eight genes downregulated by miR-1 (Fig. 4a) and
two genes downregulated by miR-124 (Fig. 4b) were placed into an
established luciferase reporter system®. When cotransfected with the
cognate miRNA, six of the ten wild-type reporters exhibited
significant (P < 0.001) repression relative to the corresponding

Figure 1 Tissue-specific gene expression rankings for downregulated genes.

a, Microarray signature 12 h after miR-124 transfection, plotted as expression ratio
(relative to mock transfection) versus fluorescence intensity. Significantly downregulated
probes (P < 0.001) are in green; upregulated probes in red. b, Background cerebral
cortex rankings. The expression levels of each gene were sorted over 46 human tissues.
The rankings for cerebral cortex are shown for LocusLink genes represented both on the
chip and in the tissue survey. ¢, Cerebral cortex rankings for the set of genes
downregulated at both 12 and 24 h following transfection of miR-124. Ranks were
compiled as in b, and when compared with the background set were found to significantly
differ using a one-sided Kolmogorov—Smirnov test (P = 3 x 10~ '9). d, e, Log (base 10)
P values are plotted for each of the 46 tissues for the miR-124 (d) and miR-1 (e)
downregulated sets. Two-tailed and Mann—Whitney tests gave similar results. Tissue key:
1, adrenal cortex; 2, adrenal medulla; 3, bladder; 4, bone marrow; 5, brain; 6, brain:
amygdala; 7, brain: caudate nucleus; 8, brain: cerebellum; 9, brain: cerebral cortex;
10, brain: fetal; 11, brain: hippocampus; 12, brain: postcentral gyrus; 13, brain:
thalamus; 14, Burkitt's lymphoma (Daudi); 15, premyelocytic leukemia (HL-60);

16, chronic myelogenous leukemia (K562); 17, lymphoblastic leukemia (MOLT-4);

18, colorectal adenocarcinoma (SW480); 19, colon: descending; 20, colon: transverse;
21, duodenum; 22, epididymus; 23, heart; 24, ileum; 25, jejunum; 26, kidney: fetal;
27, liver; 28, liver: fetal; 29, lung; 30, lung: fetal; 31, lymph node; 32, placenta;

33, prostate; 34, retina; 35, salivary gland; 36, skeletal muscle; 37, spinal cord;

38, spleen; 39, stomach; 40, testis; 41, thymus; 42, thyroid; 43, tonsil; 44, trachea;
45, uterus; 46, uterus: corpus
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a Motif MEME UTRs with Motif
size  expectation consensus (%) consensus
4 >1 - -
5 >1 - -
6 2.7x1012 88 CAUUCC D)
7 6.9x10-27 62 CAUUCCA
8 1.4x10-32 31 ACAUUCCA 24
9 1.7x10-33 10 ACAUUCCAU o0 A
10 8.5x10°%8 6 ACAUUCCAUU | AN Us2ss
miR-1 3 AAUGUAUGAAGAAAI[IGIIIJLLILcl;cl;IlJ 5'
b Motif MEME UTRs with Motif
size  expectation consensus (%) consensus
4 >1 - -
5 >1 - -
6 9.0x10-17 76 GUGCCU 2
7 1.0x10-54 65 GUGCCUU
8 5.2x1070 33 AGUGCCUU 2
9 1.1x10°78 20 AAGUGCCUU o
10 2.7x10-78 6 AAGUGCCUUU o AOW V..
miR-124 3' ACCGUAAGUGGCG(Iil!\(IZCl;Cl;ILILU 5'

Figure 2 Over-represented motifs in the 3" UTRs of downregulated genes. a, b, miR-1 ()
and miR-124 (b) downregulated genes. Motif nucleotides that were complementary to the
transfected miRNA are shown in red; base-pairing to the miRNA sequence is shown in
blue. The percentage of downregulated UTRs that contained an exact match to the

consensus is also shown. A sequence logo of the weight matrix that MEME constructed for
the motif of size 10 is shown at the right: for a given position in the matrix, the combined

constructs with mutant seed matches. Cotransfection of the non-
cognate miRNA typically had no effect. Although in measuring
luciferase activity these data do not distinguish between decreased
mRNA levels and decreased productive translation, these data
support the conclusion that pairing to the miRNA seed region
contributes directly to mRNA repression. Nevertheless, 3’ UTR
matches to the consensus motifs of Fig. 3 are still not sufficient to
accurately predict downregulation on a genome-wide level. Analysis
of data from further microarray experiments may reveal additional
determinants specifying which transcripts are subject to down-
regulation. Until improved computational methods are developed,
microarray experiments should be a valuable tool for helping to
identify which of the many messages with seed matches are most
susceptible to miRNA-mediated knockdown.

We also searched the upregulated genes and the coding regions of
downregulated genes for enrichment of hexamers complementary
to the transfected miRNA. No significant enrichment in the upre-
gulated transcripts was detected, supporting the conclusion that
metazoan miRNAs are predominantly negative regulators of gene
expression’. In the coding regions of the miR-1 and miR-124
downregulated messages, we did detect enrichment for the words
CAUUCC and UGCCUU, respectively. However, enrichment of
these words was far more pronounced in the 3" UTR (Supplemen-
tary Fig. 3), supporting the idea that miRNAs interact more
frequently or more effectively with 3’ UTRs than with other regions
of mRNAs.

The strongest evidence that the transfection experiments
described here are identifying miRNA targets comes from the
observation that miRNA tissue specificity can be decoded from
the expression profiles of human tissues: specifically, the set of HeLa
genes downregulated by a miRNA are enriched for genes that are
lowly expressed within the tissue where the miRNA is known to be
naturally expressed. The simplest interpretation is that these genes
downregulated in HeLa cells are predominantly biological targets of
the miRNAs in human muscle (miR-1) or brain (miR-124). In
support of the biological importance of these interactions, many of
the potential miRNA binding sites are in evolutionarily conserved
UTR regions. For example, for the transcripts in which 3" UTRs
were annotated both in human and mouse, 44% of the UGCCUU
sites in the miR-124-downregulated human UTRs could be aligned
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height of the bases represents the information content at that position, whereas the
relative heights of the individual bases represent the frequency of that base at that
position. The MEME expectation is an estimate of the number of expected motifs that
would have occurred by chance at the strength and frequency of the observed motif. The
lack of significant MEME motifs of length five and smaller reflects the ease at which motifs
of this length can be found by chance.

miR-124 UAAGGCACGCGGUGAAUGCCA
124mut5-6 UAAGCGACGCGGUGAAUGCCA
124mut9-10 UAAGGCACCGGGUGAAUGCCA

miR-124 UAAGGCACGCGGUGAAUGCCA
chimiR-124/1 UAAGGCACGC
chimiR-1/124 GGUGAAUGCCA

Figure 3 Microarray analysis of the effects of miRNA mutations. a, Sequences of wild-
type and mutant miR-124 that were transfected into Hela cells, with a Venn diagram of
overlap of wild-type (blue), 124mut5-6 (pink) and 124mut9-10 (green) downregulated
signatures. The smaller signatures of 124mut5-6 and 124mut9-10, when compared with
wild type, were probably due to variability in transfection efficiencies. b, Sequences of
wild-type and chimaeric miRNAs transfected into Hela cells, with a Venn diagram of
overlap of miR-1 (orange), miR-124 (blue), chimiR-124/1 (pink) and chimiR-1/124
(green) downregulated signatures. Owing to geometric constraints, a one-gene overlap
between miR-1 and miR-124/1 is not pictured.
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with a UGCCUU site in mouse, as opposed to 25% for the back-
ground set. The corresponding percentages for CAUUCC within the
miR-1 set were 40% and 18%. Also, CD164, which has been
predicted to be a miR-124 target on the basis of conservation of
potential binding sites among vertebrates’, was the second most
significantly downregulated gene in the miR-124 transfection.
Significant overlap of conservation-based bioinformatic predictions
of miR-1 (refs 3, 19) and miR-124 (ref. 3) targets with the micro-
array data can be observed at weaker P values at the 24 h time point
(Supplementary Discussion), implying that our stringent P values,
even while capturing a large number of probable targets, are still
missing others.

We conclude that miR-1 and miR-124, and presumably other
tissue-specific or cell type-specific miRNAs, help define and main-
tain the different cell types of animals. One possibility is that tissue-
specific miRNAs may be directly responsible for the lower level of
expression of some transcripts within that tissue, similar to how
plant miRNAs are thought to help clear cells of unwanted transcrip-
tion factors during development®’. There is precedent for metazoan
miRNAs directing cleavage reactions in vivo, but so far this has only
been shown for target sites with near-perfect complementarity”.
Although in vitro experiments have shown that an RNA-inducing
silencing complex (RISC) can cleave highly mismatched sub-
strates®?*, we speculate that the often subtle decreases in transcript
levels observed in our transfection experiments are primarily
independent of the RISC endonuclease, perhaps arising from
the recruitment of other mRNA degradation machinery or as a
secondary effect of inhibiting productive translation.

Some observed miRNA targets may already be transcribed at low
levels within the tissue in which the miRNA is expressed. Some of
these targets might require a level of repression that the transcrip-
tional apparatus does not provide, whereas other ‘neutral’ targets
might have accumulated miRNA complementary sites without
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Figure 4 MicroRNA-directed repression of renilla luciferase reporter genes bearing 3
UTR segments from predicted target genes. a, b, miR-1 (@) and miR-124 (b) target genes.
Duplex siRNAs corresponding to miR-1 and miR-124 were co-transfected with wild-type
or mutant reporter plasmids into Hela cells. After normalizing to the firefly luciferase
activity from the transfection control, luciferase values of wild-type (open bars) reporter
plasmids were normalized against the average value for the corresponding mutant
plasmids (filled bars). The independent normalization of the miR-1 and miR-124 values
was required because each of these miRNAs differentially influences the values of the
firefly luciferase transfection control. Each mutant plasmid was identical to the wild-type
plasmid except for three point substitutions disrupting each of two seed matches. Nine
replicates were performed (three independent experiments, each with three culture
replicates); error bars indicate one standard deviation. Asterisks denote instances in
which miRNA-directed repression was statistically significant when compared with both
the mutant reporter and the effect of the non-cognate miRNA (P < 0.001; Wilcoxon
rank-sum test).
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negative consequences. In both of these cases, miRNA target sites
might act as a safety mechanism to dampen expression, allowing
more flexibility for transcriptional fluctuations on both cellular and
evolutionary time scales. Among the downregulated gene sets, we
noticed some well-studied paralogues that might require additional
repression within a tissue: for instance, synaptogyrin 2 (SYNGR?2) is
downregulated during miR-124 transfection and is a non-neural
paralogue of the neural-specific gene synaptogyrin 1 (ref. 23).
Likewise, twinfilin-1 (PTK9) is downregulated during miR-1 trans-
fection and is a non-muscle paralogue of the muscle-specific gene
twinfilin-2 (ref. 24).

It is unlikely that all cell type-specific miRNAs will, upon
statistical analysis of gene expression data, produce tissue-specific
signals as significantly as miR-1 and miR-124; these two miRNAs, in
addition to being highly expressed (Supplementary Fig. 1), occur in
cell types that are well represented in tissues that are easily isolated
(that is, brain and muscle). For example, we tested a human miRNA
sequence expressed in embryonic stem cells; although the 3" UTRs
of the downregulated genes were enriched for seed matches, no
tissue-specific signal was observed (Supplementary Fig. 5). The
lack of a tissue-specific signal was not a surprise, given that our
gene-expression reference set did not contain data from human
embryonic stem cells.

Our results provide experimental support for the hypothesis that
vertebrate miRNA targets are plentiful in number®'**. Analysis of
the Gene Ontology consortium terms*® of the downregulated genes
did not reveal any convincing enrichment for functional classes
(data not shown), consistent with the idea that miRNA targets are
also diverse in function’. Although quite large, the sizes of these
signatures are probably still underestimates of the number of miR-1
and miR-124 targets in vivo because many targets may not be
expressed in Hela cells, may exhibit slow kinetics of transcript
degradation that are beyond the sensitivity of the microarray
platform, or may only be translationally repressed.

Our results indicate that microarrays can be used to detect
physiologically relevant miRNA:mRNA interactions in vertebrates,
that miRNAs downregulate a greater number of transcripts than
previously appreciated, primarily through interaction with 3’
UTRs, and that tissue-specific miRNAs enforce broad constraints
on a tissue’s transcript population, helping to define metazoan cell
types. Moreover, given that these experiments were performed in an
identical manner to standard siRNA experiments, it is probable that
many of the off-target siRNA effects observed previously use a
mechanism that is shared with on-target miRNAs. O

Methods

Transfections and microarray analysis

Transfections and microarray hybridizations were performed as described previously’.
Briefly, HeLa cells were transfected using Oligofectamine (Invitrogen) in six-well plates
with 100 nM RNA duplexes (Dharmacon). Mismatches were introduced into some
duplexes to help promote activation of the sense strand*”**. Duplexes were as follows
(sense/antisense, 5" to 3’ orientation): miR-1, UGGAAUGUAAAGAAGUAUGUAA/
ACAUACUUCUUUACAUUCAAUA; miR-124, UAAGGCACGCGGUGAAUGCCA/
GCAUUCACCGCGUGCCUUAAU; 124mut5-6, UAAGCGACGCGGUGAAUGCCA/
GCAUUCACCGCGUCGCUUAAU; 124mut9-10, UAAGGCACCGGGUGAAUGCCA/
GCAUUCACCCGGUGCCUUAAU; chimiR-1/124, UGGAAUGUAAGGUGAAUGCCA/
GCAUUCACCUUACAUUCAAUA; chimiR-124/1, UAAGGCACGCAGAAGUAUGUAA/
ACAUACUUCUGCGUGCCUUAUA. Total RNA was purified using the RNeasy kit
(Qiagen), and processed and hybridized as fluorescent label reversed pairs to Agilent
microarrays. P values were calculated from a previously described error model™.

Sequence analysis

Probe transcripts were associated with LocusLink loci using LocusLink sequence
accessions, which were also used to map the loci to unique human Unigene transcripts
(Hs.seq.uniq, Unigene 161). Mouse orthologues were assigned using EnsMart (http://
www.ensembl.org). Following removal of polyA tails, sequences were masked for repeats
(A. E. Smit & P. Green, RepeatMasker at http://ftp.genome.washington.edu/RM/
RepeatMasker.html) and analysed by MEME using the ‘zoops’ model, setting motif width
‘w’ incrementally from four to ten. Otherwise, MEME default parameters were used.
Sequence logos were constructed using WebLogo (http://weblogo.berkeley.edu).
Background sets of genes were constructed using LocusLink genes that were represented
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on the chip, and that were either associated with annotated Unigene 3" UTRs or
represented in the expression atlas, as appropriate. Orthologous UTRs were aligned with
Clustal W™ using default parameters.

Luciferase reporters

Eight miR-1 targets were chosen randomly from those downregulated genes that possessed
at least two 6-nt seed matches within a 1-kb segment of their 3’ UTR. Two miR-124 targets
were also selected, each of which contained two seed matches. Wild-type and mutant UTR
segments were cloned into the 3 UTR of either a TK- or SV40-driven renilla luciferase-
expressing plasmid, essentially as described®. Transfections were performed as previously’,
except that 100 nM of miRNA duplex was transfected together with 5 ng of firefly
luciferase reporter plasmid (transfection control), 1 pg of pUC19 plasmid (carrier), and
either 250 ng of TK-renilla luciferase or 2 ng of SV40-renilla luciferase reporter plasmid.
The cloned sequences and putative binding sites are described in the Supplementary Note.
Relative luciferase values derived from cognate miRNA with wild-type plasmid
cotransfections were compared (by Wilcoxon rank sum test), separately, to values from
cognate miRNA with mutant plasmid, non-cognate miRNA with wild-type plasmid and
non-cognate miRNA with mutant plasmid cotransfections.

Expression atlas

The human tissue expression atlas was described in the Supplementary Information of ref.
13, where the expression level of each gene is represented by the median intensity of its
exon—exon junction probes. Because clustering analysis suggested that the intraventricular
septum, pancreas and corpus callosum microarray samples had been mislabelled or
mishybridized, these samples were not used in the analysis. Intensities that fell below 200
were not used to assign ranks, because they would be less than a standard deviation above
the chip background signal; tissues that fell below this intensity were assigned the same
ranks.
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F,-ATPase is the smallest known rotary motor, and it rotates in an
anticlockwise direction as it hydrolyses ATP'~. Single-molecule
experiments®® point towards three catalytic events per turn, in
agreement with the molecular structure of the complex'’. The
physiological function of F, is ATP synthesis. In the ubiquitous
FoF, complex, this energetically uphill reaction is driven by F,,
the partner motor of F;, which forces the backward (clockwise)
rotation of F;, leading to ATP synthesis'''?>. Here, we have
devised an experiment combining single-molecule manipulation
and microfabrication techniques to measure the yield of this
mechanochemical transformation. Single F; molecules were
enclosed in femtolitre-sized hermetic chambers and rotated in
a clockwise direction using magnetic tweezers. When the mag-
netic field was switched off, the F; molecule underwent anti-
clockwise rotation at a speed proportional to the amount of
synthesized ATP. At 10 Hz, the mechanochemical coupling effi-
ciency was low for the a385y subcomplex (F; ©), but reached up to
77% after reconstitution with the e-subunit (F; ©). We provide
here direct evidence that F, is designed to tightly couple its
catalytic reactions with the mechanical rotation. Our results
suggest that the €-subunit has an essential function during ATP
synthesis.

Genetically engineered, single F; molecules can be grafted on to a
glass slide, and the ATP-driven anticlockwise rotation has been
observed directly under an optical microscope by coupling the
~-subunit to a fluorescent filament or a submicrometre-sized plastic
bead™'. Our experiment used a similar procedure with some
alternations: the magnetic bead was attached to the r-subunit to
rotate it relative to the glass-bound «sf; stator part of the F,
molecule using magnetic tweezers'’. We also developed a micro-
fabrication technique to confine this system to a 6-fl transparent
container'® (Fig. 1b). Owing to the extremely small volume, the
number of ATP molecules produced by a single F, enzyme reached a
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