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SUMMARY
Wemeasure transcriptional noise in yeast by analyzing chromatin structure and transcription of an 18-kb re-
gion of DNA whose sequence was randomly generated. Nucleosomes fully occupy random-sequence DNA,
but nucleosome-depleted regions (NDRs) are much less frequent, and there are fewer well-positioned nucle-
osomes and shorter nucleosome arrays. Steady-state levels of random-sequence RNAs are comparable to
yeast mRNAs, although transcription and decay rates are higher. Transcriptional initiation from random-
sequence DNA occurs at numerous sites, indicating very low intrinsic specificity of the RNA Pol II machinery.
In contrast, poly(A) profiles of random-sequence RNAs are roughly comparable to those of yeast mRNAs,
suggesting limited evolutionary restraints on poly(A) site choice. Random-sequence RNAs show higher
cell-to-cell variability than yeast mRNAs, suggesting that functional elements limit variability. These observa-
tions indicate that transcriptional noise occurs at high levels in yeast, and they provide insight into how chro-
matin and transcription patterns arise from the evolved yeast genome.
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INTRODUCTION

Biological function, while often obvious, is an elusive concept.

Are all events that occur in living cells biologically meaningful?

The flip side of biological function is a concept termed ‘‘biolog-

ical noise,’’ which is defined by reproducible events (i.e., not

experimental errors) that occur in living cells due to imperfection

(i.e., lack of fidelity) of a biological process.1 Biological noise is

distinct from stochastic variations that occur in individual cells.

The classic view of transcription by RNA polymerase II (RNA

Pol II) is that initiation from the promoter and cleavage/polyade-

nylation in the 30 untranslated region (30 UTR) leads to discrete

and functional RNA species, most of which are mRNAs. There

is considerable heterogeneity at the 50 and 30 ends of these

mRNAs, leading to hundreds of different isoforms.2 However,

there are numerous RNA Pol II-generated transcripts that are

not initiated from canonical promoters, do not terminate at the

termination regions, and can be transcribed in the opposite di-

rection of classic mRNAs.3–5 Many ‘‘cryptic’’ RNAs are unstable

in wild-type cells, and they are only observed in strains defective

for genes involved in RNA degradation6–8 or in maintaining

repressive chromatin structure.9–13 Are these nonclassical

RNAs functional or do they represent biological noise?

Based on the genome-wide distribution of RNA Pol II and

quantitative information in yeast cells, it has been estimated

that only �10% of the �12,000 elongating molecules at any

given time are engaged in the generation of conventional
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mRNAs. Calculations of RNA Pol II specificity suggest a 10 -

fold difference between an optimal promoter vs. a random

genomic site. Interestingly, this level of specificity is compara-

ble with that of a typical sequence-specific DNA-binding pro-

tein and with the frequency at which incorrect nucleotides or

amino acids are incorporated into RNA and protein polymers.

From these observations, it was proposed that �90% of elon-

gating RNA Pol II molecules represent transcriptional noise,

producing transcription with no biological role.1 However, tran-

scriptional noise has never been experimentally defined or

measured.

RNA Pol II transcription is inextricably intertwined with chro-

matin structure. As RNA Pol II traverses the gene, there is a rapid

equilibrium between histone eviction to facilitate RNA Pol II elon-

gation and histone deposition to restore normal chromatin struc-

ture.14–16 This dynamic process is mediated by histone chaper-

ones and chromatin-modifying proteins such as FACT, Spt6,

Asf1, the Rpd3-S histone deacetylase complex, Set2 histone

methylase, and the Swi/Snf nucleosome remodeling com-

plex.9–13,17,18 Many of these proteins travel with RNAPol II, either

via direct or indirect interactions or by recognizing the altered

structure generated by RNA Pol II transcription. Mutations that

inhibit histone deposition result in aberrant open chromatin re-

gions that generate cryptic transcripts that are observed at

much lower levels in wild-type strains. Genes that are very highly

transcribed have reduced levels of nucleosome occupancy in

the coding region.14–16,19,20
.
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Eukaryotic promoters that drive transcription of conventional

genes are typically depleted of nucleosomes, thereby permitting

increased access to transcription factors.19–23 These nucleo-

some-depleted regions (NDRs) are flanked by highly

positioned +1 (downstream) and �1 (upstream) nucleosomes.

Nucleosomes in the mRNA coding region are statistically posi-

tioned from the +1 nucleosome, with the degree of positioning

decreasing progressively at more downstream locations. The

position of the +1 nucleosome and the statistically positioned

nucleosomes downstream are linked to transcriptional initiation

and elongation, respectively.22

The characteristic chromatin pattern is also observed when

NDRs are fortuitously generated in coding regions of foreign

yeast DNA sequences present in Saccharomyces cerevisiae.24

Moreover, these fortuitous NDRs act as bidirectional promoters

that give rise to equal levels of transcription in both directions.25

Similarly, enhancers located far from mRNA coding regions are

also associated with NDRs and equal levels of bidirectional tran-

scription.25–27 Taken together, these considerations indicate that

chromatin structure will influence both the amount and location

of transcriptional noise.

The best experimental definition of biological noise involves

molecular events that occur on random-sequence DNA. Here,

we address transcriptional noise by analyzing an 18-kb segment

of DNA whose sequence was randomly generated. We analyze

chromatin structure (nucleosome positioning and occupancy

by MNase-seq), transcription (by RNA-seq), 30 end formation

by cleavage/polyadenylation (30 READS), and 50 end formation

(50-seq). Our results indicate that (1) chromatin forms efficiently

on random-sequence DNA but with fewer NDRs andwith a lower

degree of nucleosome positioning, (2) transcriptional noise oc-

curs at levels comparable with that of typical mRNAs, (3) 50

ends occur with very little specificity, and (4) poly(A) sites of

random-sequence RNAs have features in common with natural

mRNAs, although they are somewhat more heterogeneous.

RESULTS

Generating a yeast strain with a new chromosome
containing random-sequence DNA
Random-sequence DNA is the optimal form of biologically irrel-

evant DNA, both formeasuring transcriptional noise and for iden-

tifying sequences important for a biological function in an unbi-

ased manner. We computationally generated an 18-kb stretch

of random-sequence DNA. A yeast strain containing this

random-sequence DNA was generated by homologous recom-

bination in vivo of introduced DNAs encoding the computational

sequence.28,29 Specifically, overlapping oligonucleotides were

co-transformedwith a transformation-associated recombination

(TAR) vector to assemble a �27-kb circular chromosome (Data

S1), dubbed ‘‘ChrXVII,’’ capable of propagating in yeast cells

(Figure S1). For unknown reasons, the resulting strain grows

slightly more slowly than the parental strain (155 vs. 140 min

doubling time in synthetic medium).

Nucleosomes formefficiently on random-sequenceDNA
As chromatin is the physiological template for transcription, the

assessment of biological noise requires understanding the chro-
matin structure of the random-sequence chromosome. Poor

chromatin assembly on random-sequence DNA would likely

lead to artificially high levels of transcription and hence an exag-

gerated level of transcriptional noise. We investigated the nucle-

osomal pattern by performing MNase-seq (paired end reads) on

isolatedmononucleosomes. As a control, we treated naked DNA

from the same cells with MNase to generate DNA fragments of a

comparable size. For each biological replicate, we obtained the

nucleosome:naked DNA ratio of sequence reads for both

ChrXVII and yeast genomic DNA. Importantly, this ratio is inde-

pendent of the copy number of ChrXVII and it is not affected

by the sequence-specificity of MNase cleavage. In addition,

nucleosome patterns on random-sequence and genomic DNA

are analyzed in the same samples.

Biological replicates are highly reproducible, and nucleosome

positions in yeast genomic DNA are indistinguishable from those

reported in multiple studies (Figure S2).15,30 We combined the

replicates to generate a total of �90 million single nucleosomes

and �40 million fragments from the naked DNA controls. Of

these, �300,000 nucleosomes (16.6 alignments and 2,350 hits

per bp) and 80,000 control DNA fragments (4.5 alignments and

640 hits per bp) belong to ChrXVII, which is sufficient coverage

to study chromatin structure on random-sequence DNA.

As determined by the length of the paired end sequencing

reads, nucleosomes on random and genomic DNAs are structur-

ally similar (Figure S3A). In both cases, the major class of nucle-

osomes average 147 bp (range 143–180), i.e., the expected size

(Figures S3A and S3B). There is also a minor class averaging

129 bp (range 120–142) that presumably arises from MNase

cleavage roughly two helical turns within the nucleosome itself.

These two size classes of MNase-generate fragments, and an

even more minor and smaller one (range 80–119 bp), behave

similarly with respect to nucleosome positioning (Figures S3C

and S3D). With respect to nucleosome occupancy, ChrXVII pro-

duces a different MNase-seq profile than its purified DNA control

(Figures 1A and S2C). In contrast, MNase patterns of in vivo and

purified mitochondrial DNA are indistinguishable. This indicates

that nucleosome locations on ChrXVII are not random.

Based on the combined replicates, there are 2.24-fold more

nucleosomes and 1.57-fold more naked DNA fragments on

random-sequence DNA vs. genomic DNA. This 2.24:1.57 ratio

suggests that nucleosome occupancy on ChrXVII is 1.42-fold

higher than on yeast genomic DNA; values of independent repli-

cates range between 1.33 and 1.51. At first glance, this seems

physically impossible because most yeast genomic DNA is

associated with nucleosomes. However, in accord with many

studies,�15%of the yeast genome (promoter and terminator re-

gions) is largely devoid of nucleosomes (fewer than 15 mid-

points; see below), whereas ChrXVII has no such regions. In

addition, �15% of genomic DNA has low nucleosome occu-

pancy (defined by 15–25 midpoints), whereas only 6% of

ChrXVII has such regions. From these observations, we estimate

that yeast genomic DNA has a �20% deficit in nucleosomes,

meaning that the observed number of nucleosomes on genomic

DNA needs to multiplied by 1.25 to obtain full genome coverage.

When this deficit is accounted for, we estimate that nucleosome

occupancy on ChrXVII to be 1.13-fold higher than on yeast

genomic DNA. Thus, nucleosomes form on random-sequence
Molecular Cell 83, 1786–1797, June 1, 2023 1787
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Figure 1. Chromatin structure on random-sequence DNA is similar, but not identical, to yeast genomic chromatin

(A) Browser snapshot representing 5-kb windows of aligned MNase-seq fragments from genomic, random, and mitochondrial DNA, both for chromatin and

naked DNA.

(B) Midpoint frequencies per sliding 10-bp window classified into distinct 8 categories for genomic (blue), random (ChrXVII; orange) and randomly simulated data

(gray) displayed as percent of the total.

(C) Midpoint frequency representing percent of the midpoints found within 10 bp of nucleosome-depleted regions (NDRs) and the�1 to +6 nucleosome centers.
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DNA with an efficiency comparable with, and perhaps slightly

greater than, that on genomic DNA.

Random-sequence DNA has fewer NDRs and a lower
degree of nucleosome positioning and phasing
To investigate nucleosome positioning, we analyzed the fre-

quencies of nucleosome midpoints that are defined by the cen-

tral position of an MNase-generated sequence. Such nucleo-

some midpoints depend on the precise location of MNase

cleavage within flanking linker sequences, so a nucleosome

located at a precise position will inevitably be observed as mul-

tiple adjacent midpoints. We therefore consolidated midpoints

within a moving average of 10-bp windows. With 90 million frag-

ments per 12 million bp yeast genome and 10-bp sliding win-

dows, 75 nucleosome midpoints are expected to occur by

chance, which is seen from the peak of the computationally

simulated nucleosomes (Figure 1B).

The occurrence of midpoints per nucleotide position for

genomic and random-sequence chromatin was compared with

these computationally randomized midpoint locations (Fig-

ure 1B). Virtually all computationally simulated nucleosomes
1788 Molecular Cell 83, 1786–1797, June 1, 2023
have 50–100 midpoints, which corresponds to random posi-

tioning. As expected from the clear pattern of nucleosome posi-

tioning in virtually all eukaryotic species, only 25% of nucleo-

somes in yeast genomic chromatin have 50–100 midpoints. In

random-sequence chromatin, about half of the nucleosomes

are poorly positioned—50% have 50–100 midpoints—and the

other half shows varying levels of positioning.

Yeast chromatin is characterized by nucleosome-depleted

promoter and terminator regions as well as by phased and posi-

tioned nucleosomes in coding regions. As expected, 30% of

nucleotide positions in the yeast genome have fewer than 25

midpoints and hence are nucleosome-depleted to various ex-

tents, whereas 6.4% have >200 midpoints indicative of well-

positioned nucleosomes (Figure 1B). The highest number of mid-

points per position is associated with the +1 to +3 nucleosomes,

and this value decreases gradually for nucleosomes at more

downstream positions (Figure 1C).

In contrast, within random-sequence DNA, far fewer (6%) po-

sitions have <25 midpoints, indicating a paucity of NDRs (Fig-

ure 1B). Furthermore, there are considerably fewer well-posi-

tioned nucleosomes—only 1.7% have >200 midpoints—on the
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Figure 2. Phased nucleosome arrays form poorly on random-sequence chromatin
Meta-nucleosome position profiles of (A) genomic and (B) random-sequence DNA (ChrXVII). The average number of midpoints per 10 bp that are located 1 kb

upstream or downstream of aligned nucleosomes (midpoints defined at coordinate 0) with the indicated number of midpoints (various colors).
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random-sequence DNA than on genomic DNA. Thus, the striking

chromatin pattern in yeast genomic DNA is considerably muted

in random-sequence DNA. However, nucleosome positioning on

the random-sequence DNA differs from that of computationally

randomized positions (Figure 1B), presumably because of

intrinsic DNA sequence preferences and/or spacing constraints

imposed by nucleosome remodeling complexes.

To address nucleosome phasing on genomic and random-

sequence DNA, we aligned the most highly positioned nucleo-

somes by their midpoints and analyzed midpoint frequencies

of adjacent nucleosomes. As expected, we observe the classic

nucleosome-phasing pattern on genomic DNA: i.e., multiple

positioned nucleosomes with decreasing levels of positioning

at increasing distance from the most positioned nucleosome

(Figure 2A). In contrast, on random-sequence DNA, adjacent nu-

cleosomes are very poorly positioned, and indeed midpoint fre-

quencies are essentially flat after the adjacent nucleosomes (Fig-

ure 2B). In a similar vein, when regions of low nucleosome

occupancy (<25 midpoints) are aligned, regions corresponding

to adjacent nucleosomes have very limited positioning. Thus,

when compared with yeast genomic chromatin, ChrXVII chro-

matin is characterized by fewer NDRs, fewer highly positioned

nucleosomes, and little nucleosome phasing, although nucleo-

some positioning is nonrandom.

Levels of RNAs expressed from random-sequence DNA
are comparable with those of typical yeast RNAs
We performed RNA-seq to measure steady-state levels of

poly(A)-containing RNA in the strain harboring ChrXVII. Tran-

scription occurs readily in both directions throughout the

random-sequence DNA with few, if any, regions where RNAs

are absent (Figure 3A). In contrast, and as expected, mRNAs

transcribed from genomic DNA are organized into distinct re-

gions with directionality (sense gene alignments are blue and
antisense are red). In addition, very little stable RNA is observed

between mRNA coding regions.

We quantified RNA levels expressed from random-sequence

and genomic DNA in 1-kb windows and plotted the results as

log2(nucleotide coverage) in ascending order (Figure 3B). As ex-

pected, most RNAs from most genomic DNA are expressed at

comparable levels, although 3.6% of the genome is expressed

at considerably lower levels (presumably in intergenic or silenced

regions), and 7.6% of the genome is expressed at considerably

higher levels (primarily in ribosomal and glycolytic genes). Tran-

scription from all regions of random-sequence DNA leads to

similar RNA levels that are roughly comparable to that of the ma-

jority of mRNA expressed from yeast genomic DNA (Figure 3B).

When compared with various functional genomic regions, the

amount of transcription of random DNA is slightly lower than

that of mRNA coding regions (genes), but it is much higher

than that of promoters, terminators, antisense within genes,

NDRs, and intergenic regions (Figure 3C; Table S1). Thus, as as-

sayed by steady-state RNA levels, transcriptional noise from

random-sequence DNA occurs at roughly comparable levels to

those of typical mRNAs, but it is suppressed at other many non-

coding regions of the yeast genome.

Transcription from random-sequence DNA is more
variable than from genomic DNA
We analyzed biological replicates to estimate the extent of tran-

scriptional variability within a population of cells for genomic and

random DNA. Interestingly, the correlation coefficient for

genomic-derived RNAs (0.99) is higher than for random-

sequence-derived RNAs (0.94). As these correlations involve

the identical samples, and RNAs are expressed at roughly com-

parable levels, this observation suggests that transcription from

random-sequence DNA is more variable. To expand upon this

observation, we scanned the two replicates for intervals with at
Molecular Cell 83, 1786–1797, June 1, 2023 1789
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Figure 3. Steady-state levels of random-sequence RNAs are comparable to most yeast mRNAs but show more cell-to-cell variability

(A) Snapshot from the IGV browser showing aligned RNA-seq fragments from genomic and random-sequence DNA, with sense (blue) and antisense (red)

transcripts within an 18-kb window.

(B) Steady-state levels of RNA expressed from genomic (blue) and random-sequence (orange) DNA as measured by nt coverage per 1-kb windows sorted in

ascending order.

(C) Steady-state RNA levels for ChrXVII (calculated for 100-nt windows) and for indicated (various colors) genomic elements. Nucleotide coverages were

normalized to the lengths of all windows before deriving log2 values which are plotted in ascending order.

(D) Number of cases with differential (>2-fold) nt coverage between replicates in the indicated 8 categories defined by the length of the interval multiplied by the

fold increase and normalized to the length of genomic and random-sequence DNA.
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least a 2-fold difference in nucleotide coverage. The length of the

interval with differential coverage for the replicates depends on

the continuity of R2-fold difference between adjacent nucleo-

tides. The variation between the replicates is expressed as the

fold-change multiplied by the length of the interval (Figure 3D).

From this analysis, the sum of the differential intervals is 2.8

times higher for ChrXVII-encoded RNAs as opposed to

genomic-encoded RNAs. Thus, transcription from random-

sequence DNA is more variable than from genomic DNA.

Transcription levels are higher and RNAs are less stable
when expressed from random-sequence DNA
Measurements of steady-state RNA levels reflect a balance be-

tween synthesis and degradation. We measured transcription

rates using 4-thiouracil (4tU)-seq, an approach involving a

5-min pulse of 4tU, resulting in metabolic incorporation into

newly synthesized RNA,31–33 which is subsequently enriched

via activated disulfides conjugated to biotin.34 Levels of newly
1790 Molecular Cell 83, 1786–1797, June 1, 2023
synthesized RNA and hence rates of transcription are roughly

comparable throughout the random-sequence DNA, but they

are 3-fold higher than that of typical yeast mRNAs (Figures 4A

and S4). Interestingly, active transcription from random-

sequence DNA is much higher than from antisense, NDRs, pro-

moters, terminators, and intergenic regions (Figure 4B;

Table S1), suggesting that transcriptional noise from these re-

gions is suppressed.

As observed with steady-state RNA levels, newly synthesized

RNA and hence transcription rates within cell populations are

more variable on random-sequence DNA than on genomic

DNA. On newly synthesized RNA, the nucleotide-level correla-

tion between biological replicates is 0.97 on yeast genomic

DNA and only 0.86 on random-sequence DNA. In addition, the

sum of differential intervals on random-sequence DNA is 3.6-

fold higher than on genomic DNA (Figure 4C). A comparison of

populational differences between random-sequence and

genomic transcription reveals that actively transcribed RNA
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Figure 4. Active transcription and RNA degradation rates are higher for RNAs expressed from random-sequence vs. genomic DNA

(A) The amount of active transcription from genomic (blue) and random-sequenceDNA (orange) asmeasured by background-subtracted 4tU-seq nt coverage per

1-kb windows that are plotted in ascending order.

(B) Levels of active transcription for the indicated genomic elements (normalized to their lengths with ChrXVII split into 100-nt windows).

(C) Numbers of cases with differential (>2-fold) nt coverage between replicates in the indicated 8 categories defined by the length of the interval multiplied by the

fold increase and normalized to the length of genomic and random-sequence DNA.

(D) RNA half-lives of genomic and random-sequence RNAs were calculated as TPM(RNA-seq)/TPM(4tU). The numbers of cases of the indicated 9 categories are

shown as the percentage of the total. 1 kb windows for which either RNA-seq or 4tU-seq = 0 were excluded (no information).
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levels are more variable than steady-state RNA levels

(Figures 3D and 4C).

Steady-state RNA levels (M) are determined by the rate of tran-

scription (b) and the rate of RNA decay (a) according to the for-

mula: M = b/a.33,35,36 As the steady-state levels of RNAs gener-

ated from random-sequence DNA are roughly comparable with

those of the majority of genomic-encoded RNAs (Figure 3B),

this means that decay rates of RNAs expressed from random-

sequence DNA are �3-fold faster (Figure 4D). Thus, the level of

transcriptional noise is somewhat higher than the level of tran-

scription of typical yeast genes.

Similar, but not identical, polyadenylation patterns of
RNAs expressed from random-sequence and
genomic DNA
We used 30 READS37 to compare the polyadenylation patterns of

RNAs expressed from random-sequence and yeast genomic

DNA (Figure 5A). As expected, polyadenylation of yeast mRNAs

is almost completely restricted to 30 UTRs, with each gene hav-
ing an average of �50 30 isoforms.38 In contrast, RNAs ex-

pressed from ChrXVII are polyadenylated throughout the entire

region of random-sequence DNA (Figures 5A, S5A, and S5B;

Table S1).

To compare 30 isoform features between RNAs expressed

from random-sequence and genomic DNA, we examined the

number of reads per isoform (relative isoform levels) and adja-

cent isoform distances (isoform clusters as compared with

random simulation of isoform locations). Both the range of 30 iso-
form levels (Figure 5B) and cluster formation (Figure 5C) are

similar for 30 UTRs of yeast mRNAs and random-sequence

RNAs. However, the maximally expressed isoform and

maximum isoform intensities within 400-nt windows tend to be

slightly lower for RNAs expressed from random-sequence DNA

than from genomic DNA (Figures S5C and S5D). Consistent

with these observations, the numbers of 30 isoforms per 400-nt

window are higher for ChrXVII RNAs than for 30 UTRs (Fig-

ure S5E). The distance between maximum isoforms in adjacent,

nonoverlapping 200-nt windows is larger in RNAs from ChrXVII
Molecular Cell 83, 1786–1797, June 1, 2023 1791
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Figure 5. Poly(A) site profiles of random-sequence and yeast mRNAs are roughly similar

(A) Poly(A) reads aligned to representative 1.5 regions of genomic and random-sequence DNA.

(B) Isoform levels (reads per isoform) for poly(A) sites in genomic 30 UTRs (blue) and random-sequence RNAs (orange).

(C) Frequency of distances between adjacent 30 isoforms for 30 UTRs (blue), random-sequence RNAs (orange), and computationally simulated data that ran-

domizes positions (gray).

(D) Nucleotide frequencies at positions�30 to +30 for the most highly expressed (top 10%) 30 isoforms from genomic (normalized to nucleotide frequency in the

yeast genome) and ChrXVII RNAs.

(E) Isoform score distributions38 of genomic and ChrXVII RNAs in 6 bins (different colors) based on isoform read intensity.
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than from genomic DNA (Figure S5F). The distance between the

first and last isoforms within a 400-nt sliding window have a pro-

pensity to be below 100 nt for 30 UTRs and above 200 nt for

random-sequence DNA (Figure S5G). Taken together, ChrXVII

and yeast mRNAs have roughly similar polyadenylation patterns,

although ChrXVII 30 isoforms tend to be more spread out, slightly

more frequent, and relatively less abundant than 30 isoforms in

yeast mRNAs.

The nucleotide composition around poly(A) sites of random-

sequence RNAs mimic those within the 30 UTRs of yeast mRNAs

(Figure 5D): there is a spike of A +1 to +3 nt with respect to the

isoform position (63% nucleotide frequency for genomic and

80% for random); +18 to +20 nt downstream A peak for genomic

(61%) and for random (42%); both +8 to +16 and �4 to �2 re-

gions have a tendency to be enriched in A residues (38%–34%

for genomic and 44%–33% for random); comparable GC nt

‘‘rise and fall’’ profiles for the first �2 to +1 nt peak and +16

to +18 downstream (Figure 5D). Lastly, when compared with

the nucleotide sequence matrix of yeast 30 isoforms,38 the

most highly expressed ChrXVII isoforms have scores that are
1792 Molecular Cell 83, 1786–1797, June 1, 2023
nearly as high as those of yeast 30 isoforms, and the isoform

score distributions drop similarly in both random-sequence

and genomic RNAs in accord with their level of expression (Fig-

ure 5E). Thus, the choice of poly(A) sites by the cleavage/polya-

denylation machinery is roughly similar for RNAs expressed from

random-sequence and genomic DNAs.

50 isoform profiles from random-sequence DNA show
very low specificity, comparable to non-50 UTR regions
of the yeast genome
Wemapped 50 isoforms with 50-seq—a procedure we developed

by modifying a previously described dephosphorylation-de-

capping method39,40 and obtained the expected metagene pro-

file for endogenous yeast genes (Figure S6A).We note that 50 iso-
forms are generated during the process of transcriptional

initiation, but levels of 50 isoforms are also influenced by stability

of the transcripts; 50 isoforms emanating from ChrXVII are scat-

tered at low levels throughout the entire stretch of 18-kb of

random-sequence DNAwith few, if any, well expressed isoforms

(Figure 6A). This pattern is very different from 50 isoforms from
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Figure 6. Numerous 50 isoforms expressed from random-sequence DNA and from yeast genomic regions outside 50 UTRs
(A) Aligned 50 isoform reads for genomic and random-sequence RNA within 18-kb (left) and 3.5-kb (right, enlarged by a factor of 20) windows.

(B) Number of 50 isoforms for random-sequence RNAs (calculated for 100-nt windows) and for various functional genomic regions. Nucleotide coverages were

normalized to the lengths of all windows before deriving log2 values and plotting the values in ascending order.
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genomic DNA, which are heavily biased to 50 UTRs (Figures 6A,

left and 6B). However, increased magnification reveals that

random-sequence DNA and genomic regions outside 50 UTRs
express many 50 isoforms at low levels (Figure 6A, right). We

then measured the numbers of 50 isoforms per various functional

genomic elements, including the whole genome split into 200-nt

windows. The 50 isoform pattern from random-sequence DNA

resembles that observed from yeast genomic regions not corre-

sponding to 50 UTRs, and it is slightly lower than within open

reading frames (ORFs) (Figures 6A, 6B, and S6B; Table S1).

This suggests that transcriptional noise is initiated with very

low specificity and that 50 isoforms initiated from non-50 UTRs
within genomic DNA are likely to be transcriptional noise. TSS

nucleotide frequencies for ChrXVII 50 isoforms display some sim-

ilarities to 50 isoforms of yeast mRNAs (Figure S6B). Unlike 30 iso-
forms, which are typically clustered, the distances between adja-

cent 50 isoforms for ChrXVII RNAs, are largely expected by

chance, indicating weak clustering (Figure S6D).

DISCUSSION

Studying biological noise using random-sequence DNA
Previously, we addressed the issue of biological function by as-

saying nucleosome positioning,24 transcription,25 and polyade-

nylation38 in the yeast S. cerevisiae on evolutionarily irrelevant

DNA from the distant yeast species Debaryomyces hansenii.

However, while D. hansenii DNA is evolutionarily irrelevant in

S. cerevisiae cells, it is not evolutionarily neutral and hence not

suitable for measuring biological noise. Here, we measure bio-

logical noise in yeast cells by analyzing chromatin structure

and various aspects of transcription of an 18-kb region of DNA

whose sequence was randomly generated. Molecular events
on random-sequence DNA are not only functionally irrelevant

per se, but we assume that they mimic biological noise that oc-

curs on yeast genomic DNA. Conversely, we presume that

events that occur on genomic, but not random-sequence, DNA

are biologically meaningful. In addition, this approach comple-

ments, but is distinct from, experiments that define sequences

required for a specificmolecular function via genetic or biochem-

ical selections from libraries of molecules with short stretches of

random DNA sequences.

Chromatin structure on random-sequence DNA
Essentially all of ChrXVII is nucleosomal, but chromatin on

random-sequence DNA does differ from chromatin of yeast

genomic DNA. First, genomic DNA has many more regions of

low nucleosome occupancy than random-sequence DNA,

providing direct evidence that such regions are subject to evolu-

tionary selection and hence functional. Indeed, these NDRs are

almost always in promoters and terminators. Second, chromatin

on random-sequence DNA shows a lower degree of nucleosome

positioning, but there are some highly positioned nucleosomes,

presumably due to DNA sequence specificity for nucleosome

formation.41 Third, nucleosomes on random-sequence DNA

are poorly phased, even when flanking a highly positioned nucle-

osome, arguing against a simple statistical positioning model.42

NDRs of the yeast genome arise from (1) poly(dA:dT) se-

quences,43 which have intrinsic nucleosome destabilizing prop-

erties24,44,45 and are preferred substrates of the RSC nucleo-

some remodeling complex46,47; and (2) binding sites for

activator proteins that recruit nucleosome modelers and histone

acetylase complexes. NDRs support localized transcriptional

initiation that leads to a highly positioned +1 nucleosome fol-

lowed by phased but progressively less positioned nucleosomes
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further downstream.22 This nucleosome-positioning pattern and

bidirectional transcription occurs even when NDRs are gener-

ated fortuitously on evolutionarily irrelevant DNA.24,25 Impor-

tantly, the specific locations of functional sequences within the

genome result in a nucleosome positioning pattern that is similar

(though not identical) among cells in a population.

In contrast, random-sequence DNA lacks functional elements

at specific locations, and most nucleosomes are weakly posi-

tioned. As such, nucleosome positions on ChrXVII are very likely

to differ considerably from cell to cell, except for the small minor-

ity of well-positioned nucleosomes. Furthermore, and as dis-

cussed below, transcription is initiated at numerous sites

throughout ChrXVII, yielding RNAs that differ considerably

among cells in the population. Thus, while the classic nucleo-

some-positioning pattern should occur upon transcription from

a given site in an individual cell, the overall cell population will

have +1 and subsequent nucleosomes at numerous positions.

In addition, highly positioned nucleosomes on ChrXVII reflect

intrinsic sequence preferences of histone octamers, which is

insufficient for nucleosome phasing. Formation of phased nucle-

osome arrays requires transcriptional initiation from a defined

location22 and transcription-dependent spacing restraints of

the Chd1 and Isw1 nucleosome remodelers.48

Transcriptional noise in yeast occurs at high levels but is
suppressed at some genomic locations
The nucleosomal nature of chromosome XVII is important for in-

terpreting the transcriptional properties of random-sequence

DNA and hence measurements of transcriptional noise. As ex-

pected for random-sequence DNA, steady-state RNA levels

are roughly similar across the 18-kb of ChrXVII. Interestingly,

the steady-state levels of RNAs transcribed from random-

sequence DNA are comparable with those of most yeast

mRNAs. Moreover, levels of newly synthesized random-

sequence RNAs (from 4tU-seq) are �4-fold higher than those

of typical mRNAs, indicating a high level of transcriptional noise.

The difference between steady-state and newly synthesized

RNA levels indicates that RNAs generated from random-

sequence DNA are considerably less stable than conven-

tional mRNAs.

The relative instability of random-sequence RNAs is likely due

to at least three reasons. First, 3 out of 64 codons are nonsense

codons, so translation of random-sequence RNAs will generally

yield very short proteins, hence subjecting these RNAs to

nonsense-mediated decay.49,50 Second, due to the first ATG

rule for translational initiation and the fact that only 1 of 64 co-

dons are bound by the methionine initiator tRNA, many 50

UTRs are likely to be long and possibly subject to increased

degradation.51 Third, the Nrd1-Nab3-Sen1 transcription termi-

nation pathway degrades short noncoding transcripts.52,53

Although we did not measure the lengths of random-sequence

RNAs, they are very likely to be short due to their translated prod-

ucts (see above) and very heterogeneous due to the extreme di-

versity of 50 ends.
The level of newly synthesized RNA from random-sequence

DNA is in excellent accord with calculated estimates that only

10%–20% of elongating RNA Pol II molecules generate mRNAs,

such the remaining 80%–90% represent transcriptional noise.1
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However, unlike random-sequence RNAs that are synthesized

across ChrXVII at roughly comparable levels with those of yeast

mRNAs, the synthesis of antisense RNAs and transcripts from

NDRs, promoters, terminators, and intergenic regions occurs

at much lower levels. In addition, many individual regions of

the yeast genome show little if any transcription. These observa-

tions strongly suggest that yeast cells have mechanisms to sup-

press biological noise at many genomic locations, including

those (e.g., promoters and terminators) that have biological func-

tion in the native organism. One such suppression mechanism

might involve preferential degradation of antisense transcripts

due to increased numbers of sequence recognition sites for

the Nrd1-Nab3-Sen1 termination pathway.54

We are unable to distinguish between synthesis of true mRNAs

and biological noise on the sense strand within mRNA coding re-

gions. It is likely that some of the measured levels of synthesis

withinmRNAcoding regions are due to internal initiation. This sug-

gestion is consistent with our observation of many 50 ends within

coding regions and the existence of many internal transcripts that

are only observed in strains defective in mRNA degradation.6,7,55

In this regard, we speculate that chromatin structural changes

associated with transcription of classically defined mRNAs per-

mits increased levels of internal transcription.

Inherent specificity of transcriptional initiation and
polyadenylation
In yeast, 50 and 30 ends are generated by independent molecular

processes that are not mechanistically connected.2 Profiles of 50

and 30 ends of random-sequence RNAs, respectively, provide in-

formation on the inherent specificity of transcriptional initiation

and polyadenylation that is unbiased by evolutionary selection.

Although 50 ends of RNAs are not randomly distributed across

ChrXVII, there are numerous 50 ends and no strongly favored

initiation sites. These results indicate that the inherent specificity

of transcriptional initiation by the basic RNA Pol II machinery is

low. For polyadenylation, only a small subset of potential poly(A)

sites is used, and there is a considerable range in the levels of 30

isoforms. This indicates that the inherent specificity of polyade-

nylation is higher than that of transcriptional initiation, although

the large number of distinct poly(A) sites suggests amodest level

of specificity.

Evolutionary and mechanistic implications for
transcription in yeast cells
Unlike the case for random-sequence DNA, transcriptional initi-

ation and poly(A) sites are, respectively, strongly biased to pro-

moters and 30 UTRs. For transcriptional initiation, this bias re-

flects poly(dA:dT) sequences and activator-binding sites that

lead to NDRs that create windows for the RNA Pol II machin-

ery.24,25 Within these open windows, DNA sequences make

only a minor contribution to where transcription is initiating.

This limited specificity is consistent with previous observations

in yeast that (1) TATA element quality is relatively unimportant

for low and moderate levels of constitutive transcription typical

of yeast genes56,57; and (2) the initiator element makes only a

modest contribution to the level of transcription, although it is

important for 50 site choice.58–60 An important exception to this

limited specificity is the importance of a consensus TATA
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element for high levels of transcription mediated by activator

proteins under appropriate environmental conditions.56

For polyadenylation, the mechanism of strong 30 bias for poly-
adenylation is poorly understood, but it is highly likely to reflect

evolutionarily selected sequences in the 30 UTR. In yeast, the

most likely candidate is the long AT-rich stretch that immediately

follows the ORF.61 In many other organisms, an AAUAAA motif

plays a key role in poly(A) site selection,62–64 but such motifs

occur throughout the genome, and hence can’t be the sole basis

of 30 UTR bias and poly(A) site selection. The overall similarity in

polyadenylation profiles of random-sequence RNAs and yeast

mRNAs suggests that the choice of poly(A) sites primarily re-

flects intrinsic sequence preferences of the cleavage/polyadeny-

lationmachinery, not evolutionarily selected sequences. Howev-

er, there is some evolutionary selection for poly(A) sites because

poly(A) sites in random-sequence RNAs tend to be more spread

out, slightly more frequent, and relatively less abundant than 30

isoforms in yeast mRNAs.

Cleavage/polyadenylation of yeast mRNAs does not occur

within long protein-coding regions, and it is associated with a

large structural motif that includes a long AT-rich stretch.38 As

such, the frequency of poly(A) sites in RNAs transcribed from

random-sequence DNA is surprising. One possibility is that

phased nucleosome arrays on transcribed regions inhibit cleav-

age/polyadenylation. As random-sequence chromatin lacks

such phased arrays, perhaps cleavage/polyadenylation occurs

on chromatin with longer linker regions between nucleosomes.

Alternatively, but not mutually exclusive, mRNA translation might

indirectly affect the poly(A) profile by selective degradation, and

in this regard random-sequence RNAs have longer 50 UTRs (due
to the low frequency of ATG codons), shorter translation prod-

ucts (due to high frequency of stop codons), and hence longer

UTRs. As poly(A) profiles are based on steady-state RNA levels,

perhaps the observed 30 isoforms of random-sequence RNAs

represent a subset with short 50 and 30 UTRs.

Functional elements constrain cell-to-cell variability
For all RNA analyses described here, correlation coefficients of

biological replicates are clearly higher for yeast genomic DNA

than for random-sequence DNA. This dichotomy cannot be

due to a technical issue because the correlation coefficients

are derived from the identical samples. Instead, this observation

suggests that RNA profiles of individual cells within a population

are more variable on random-sequence DNA than on yeast

genomic DNA. We suggest that this reflects the fact that func-

tional elements in promoters and terminator regions create win-

dows for transcriptional initiation and polyadenylation that are

the same in every cell. These windows represent functional con-

straints that limit the variability of RNA profiles among individual

cells within a population.

Limitations of the study
Although the 18-kb randomly generated sequence is sufficiently

long for the analyses here, it is not long enough to identify motifs

for DNA binding and other proteins that occur relatively infre-

quently. The randomly generated sequence had a GC content

of 50%,which is slightly higher than the 40%GCcontent of yeast

genomic DNA. All transcription experiments involved poly(A)-
containing RNA and hence we could not investigate RNA spe-

cies having short or no poly(A) tails.
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Materials availability
Reagents generated in this study are available upon request.

Data and code availability
d All raw and processed sequencing data generated in this paper have been submitted to the NCBI Gene Expression Omnibus

(GEO; http://www.ncbi.nlm.nih.gov/geo/) database under accession number GSE216450.

d Python scripts can be found at https://github.com/zlata-gvozdenov/biological-noise (https://doi.org/10.5281/zenodo.

7804010).

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments were performed in yeast strain BY4741 containing an artificial circular chromosome with 18 kb of a randomly gener-

ated sequence. See method details for generation and growth of this strain.

METHOD DETAILS

Assembly of random sequence chromosome
Random DNA sequence was generated computationally and split in 1 kb fragments, with 100 bp overlap from each end, and these

sequence fragments were synthesized by Thermo Fisher Scientific. The constructs were assembled in vivo using transformation

associated recombination (TAR) cloning.28,29 Briefly, overlapping DNA fragments and cut vector were co-transformed in competent

yeast spheroplasts from strain BY474168 to generate a circular chromosome via homologous recombination.69 Competent yeast

spheroplasts were prepared from 400 ml logarithmic phase (OD595=�0.6) cells.29 The cells were washed with 20 ml of cold 1 M sor-

bitol and treated with 30 mg/ml zymolyase 20T (US Biological) and 40 ml bME (Sigma) in 20 ml SPE solution (1 M sorbitol, 0.01 M

sodium phosphate, 0.01 M Na2EDTA pH 7.5) by gently nutating for 1 h at 30 �C. Spheroplasts were washed with 50 ml of cold

1 M sorbitol (twice) by gently rocking to resuspend, centrifuged for 10 min at 300 g, and resuspended in 2 ml STC solution (1 M sor-

bitol, 0.01 M Tris$Cl pH 7.5, 0.01 CaCl2). Spheroplasts were mixed with overlapping DNA fragments (40 ng per 1 kb fragment) and

20 ng EcoRI-cut TAR vector (pCC1BAC-LCyeast) and incubated for 10 min at room temperature. 800 ml PEG 8000 was added to the

spheroplasts and the sample was incubated for another 10 min at room temperature. The spheroplasts were centrifuged for 5 min at

300 g, resuspended with 800 ml SOS solution (1 M sorbitol, 6.5 mM CaCl2, 0.25% yeast extract, 0.5% peptone) and recovered for

40min at 30 �C. Spheroplasts weremixedwith 7mlmelted SORB-TOP-His (1M sorbitol, 3%bacto agar, complete synthetic medium

without histidine) and poured on SORB-His plates (1 M sorbitol, 2% bacto agar, complete synthetic medium without histidine). Col-

onies were ready for selection after 5 days. The assembled chromosome was verified with pairs of diagnostic primers that detect

successful homologous recombination at the junctions (Figure S1). The final 30 kb circular chromosome was isolated from yeast

and electroporated into E. coli (strain DH10B, Invitrogen), and re-transformed into BY4741 using the standard lithium acetate

procedure.

Nucleosome mapping by MNase-seq
Half of an inoculation loop of BY4741 strain with random sequence (artificial chromosome) colonies were inoculated directly into

500 ml liquid medium (complete synthetic medium without histidine) and grown overnight to logarithmic phase (OD595=�0.55).

The cells were crosslinked with 27 ml 37% formaldehyde by nutating at 100 rpm for 30 min at 30�C. The crosslinked samples

were neutralized with 30 ml 2.5 M glycine by nutating at 100 rpm for 10 min at 30�C, spun down at 4000 rpm for 10 min at 4�C, and

washed with 50 ml cold water. The crosslinked cells were spheroplasted in 20 ml Tris/sorbitol buffer (50 mM Tris$Cl pH 7.5, 1 M sor-

bitol) containing 25mg zymolyase 20T (USBiological) and 14 ml bME (Sigma) at 60 rpm for 45min at 30�C. The spheroplasts were spun

down at 570 g for 5 min at 4�C, supernatant was carefully removed, and the spheroplasts were resuspended with �3 ml cold NP-S

buffer (1 M sorbitol, 50 mM NaCl, 10 mM Tris$Cl pH 7.4, 5 mM MgCl2, 1 mM CaCl2, 0.0075% NP40/IGEPAL, 1 mM bME, 500 mM

spermidine). 600 ml (100 ml original culture) was used per one MNase titration (MNase digestion time and MNase concentration).

MNase (Worthington Biochemical Corporation) was dissolved in NP buffer (NP-S without sorbitol with 30% glycerol) at 40 U/ml.

Crosslinked spheroplasts from 100 ml cultures were treated with 1600 U MNase for 1-1.5 h at 37�C. Reaction was stopped with

100 ml stop buffer (10% SDS, 0.5 M Na2EDTA pH 8), reverse crosslinked with 30 ml Proteinase K (20 mg/ml stock) at 65�C overnight.

DNA was purified with phenol-chloroform extraction and ethanol precipitation and mononucleosomal-sized DNA was prepared

following gel electrophoresis. As a control, genomic DNA from 100 ml culture was treated with �20-200 nU MNase for 20 min at

37�Candmono-nucleosome-sized fragments were isolated. Library preparation was performedwithminormodifications of a proced-

ure described previously.70 Starting with 1 mgDNA, fragment ends were repaired and 5’ phosphorylated in 50 ml reaction volume in 1x

T4 DNA Ligase buffer (NEB) with 2 ml 10 mM dNTP mix, 1 ml T4 DNA Polymerase (3 U/ml, NEB), 1 ml T4 PNK (10 U/ml, NEB), and 0.2 ml

DNA pol I, large Klenow (5 U/ml, NEB) incubating for 45-50 min at room temperature. DNA was phenol-chloroform extracted and

ethanol precipitated. 3’ overhangs were added in 30 ml reaction volume in 1x NEB2 with 2 ml 10 mM dATP and 1 ml Klenow
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exo- (5 U/ml, NEB) for 2 h at 37�C. DNA was phenol-chloroform extracted and ethanol precipitated. Illumina combinatorial dual index-

ing strategy (with T overhang at 3’ of the 5’ adapters) was used to ligate annealed oligos to DNA fragments in 20 ml reaction volume

with 2 ml of 5 mM annealed index combination and 2.5 ml T4 DNA Ligase (2,000 U/ml, NEB). Library was purified with SizeSelector-I

beads (Aline Biosciences) as described.37 Amplified libraries (12 PCR cycles using 5%of the ligatedmaterial as a PCR template) were

purified with SizeSelector-I beads again. Purified barcoded libraries were then examined and quantified via Bioanalyzer (Agilent

Technologies), pooled, and further gel purified by 8% PAGE (fragment sizes with �225-335 bp were excised). Samples were

sequenced with Illumina NextSeq High for 75 cycles (paired end reads).

Measuring steady-state RNA levels by RNA-seq
The yeast strain containing ChrXVII was grown as described under MNase-Seq. Total RNA was obtained by standard hot-phenol

extraction and DNase treated according to the manufacturer’s instructions (Turbo DNase by Thermo Fisher Scientific). Total

RNAs from two biological replicates were subjected to poly(A) selection. 25 mg total, denatured RNA (5min at 65�C and briefly cooled

on ice) were incubated with oligo d(T)25 magnetic beads (NEB) in 400 ml annealing buffer (10 mM Tris$Cl pH 7.5, 60 mM NaCl, 1 mM

Na2EDTA pH 8) at 500-550 rpm for 30 min at room temperature. Messenger RNA annealed to the magnetic beads was washed with

the annealing buffer twice, and then eluted from the beadswith 100 ml TE buffer by incubation for 3min at 55�C.Denaturation of eluted
RNA, incubation with oligo d(T)25 magnetic beads, and two annealing buffer washes were repeated. Poly(A) RNA was finally eluted

with 18 ml water for 3 min at 55�C. 2 ml of fragmentation buffer from NEBNext�Magnesium RNA Fragmentation Module (NEB) were

added to the purified mRNA, which was fragmented for 3 min at 94 �C. The fragmentation was stopped with 2 ml fragmentation stop

buffer (NEB) and mRNA fragments were ethanol precipitated. To remove 3’ phosphoryl groups and to phosphorylate 5’ ends, mRNA

fragments were treatedwith T4 PNK (NEB). Libraries were prepared as described previously.37 1 ml of 1 mMpre-adenylated 3’ adapter

with 5’ chain terminator was ligated tomRNA fragments with 1 ml T4 RNA Ligase 2 truncated (200U/ml, NEB) in 15 ml 1x T4 RNA Ligase

buffer (NEB) containing RNase inhibitor and 15% PEG8000 for 2 h at 25�C. The reaction was heat inactivated (2 min at 70�C) and
cooled on ice. 1 ml of denatured 3’ adapter37 was added to the reaction together with 1.4 ml 10 mM ATP and 1 ml T4 RNA Ligase

1 (10 U/ml, NEB), and the reaction was incubated for 2 h at 25�C. The heat-inactivated reaction was used for reverse transcription

and the library was amplified for 17 cycles. SizeSelector-I beads purified, barcoded libraries were examined and quantified via Bio-

analyzer (Agilent Technologies), pooled, and further gel purified by 8% PAGE (fragment sizes with �175-500 bp were excised). Li-

braries were subjected to the paired-end, strand specific high-throughput sequencing with Illumina NextSeqMid for 150 cycles (75 nt

read length) equally apportioned between R1 and R2.

Measuring RNA synthesis by 4tU-seq and half-life calculations
The yeast strain containing ChrXVII was grown as described under MNase-Seq. At the log phase, the cells were treated with either

4-thiouracil (4tU, Sigma Aldrich; 5 mM final concentration) or DMSO as a control for 5 min. Spike-in control cells, untreated S. pombe

cells and K. lactis cells treated with 4tU for 5 min, were added to the sample before RNA extraction. Poly(A) RNA enrichment, frag-

mentation, and RNA fragment ends repair (T4 PNK treatment) were performed as described under RNA-Seq. RNA was then bio-

tinylated with activated disulfide methane thiosulfonate (MTS) biotin (Biotium Biotin-XX MTSEA) as previously described.34 Briefly,

38.9 ml fragmented poly(A) RNA (derived from 25-100 mg total RNA), 1 ml 1 M HEPES pH 7.4, and 0.1 ml 0.5 M Na2EDTA pH 8

were incubated with 10 ml 82 mM freshly made (dissolved in dimethylformamide) MTSEA-bioitin-XX (16. 4 mM final) for 30 min at

room temperature with rotation (in the dark). UnreactedMTSEA-bioitin-XXwas removed from the RNA sample with acid phenol-chlo-

roform extraction and RNAwas recovered with ethanol precipitation. Glycogen-blocked MyOne Streptavidin C1 Dynabeads (Invitro-

gen) were incubated with biotinylated RNA by rotating the sample in 150 ml binding buffer (10 mM Tris$Cl pH 7.4, 1 mMNa2EDTA pH

8, 100 mM NaCl, 0.005% Tween-20) for 20 min at room temperature (light protected) and washed 4 times with high salt wash buffer

(100 mM Tris$Cl pH 7.4, 10 mM Na2EDTA pH 8, 1 M NaCl, 0.05% Tween-20). 4tU-containing RNA was eluted from the beads with

25 ml elution buffer (100mMDTT, 20mMHEPES pH 7.4, 1 mMNa2EDTA, 100mMNaCl, 0.05% Tween-20) by rotating the sample for

15 min at room temperature twice, and ethanol precipitated. Adapter ligations to 4tU-enriched RNA, reverse transcription, library

amplification, library purification, sequencing, and data analysis were performed as described under RNA-Seq.

Mapping polyadenylation sites by 30READS
The yeast strain containing ChrXVII was grown as described under MNase-Seq. 3’READS was performed as described previously.37

Prior to adapter ligation, which was performed as under RNA-Seq, mRNA was subjected to the series of poly(A) enrichments and

fragmentations. 25 mg denatured, total RNA (DNase treated) were incubated with oligo d(T)25 magnetic beads once, as described

under RNA-Seq. Beads with annealed poly(A) RNA were resuspended in 50 ml RNase III digestion buffer (10 mM Tris$Cl pH 8.3,

60mMNaCl, 10mMMgCl2, 1mMDTT) and digested with 1.25 ml RNaseIII (2 U/ml, NEB) for 15min at 37�C to leave short 3’ fragments

upstream of the poly(A) tails. Poly(A) fragments were eluted with 200 ml TE for 3 min at 55�C, extracted with acid phenol-chloroform,

and ethanol precipitated. Heat-denatured poly(A) fragments were enriched with Biotin-T45U5-coupled MyOne Streptavidin C1 Dy-

nabeads (Invitrogen) in annealing-hybridization buffer (20 mM Tris$Cl pH 7.5, 300 mMNaCl, 2 mMNa2EDTA pH 8, 0.05% Tween-20)

at 450-500 rpm for 30 min at 25�C and washed three times with stringent wash buffer (10 mM Tris$Cl pH 7.5, 1 mM NaCl, 1 mM

Na2EDTA pH 8, 0.05% Tween-20). Fragments were digested on the beads with 1 ml RNase H (5 U/ml, NEB) in RNase H reaction buffer

(50 mM Tris$Cl pH 8.3, 1 mM NaCl, 3 mMMgCl2, 10 mM DTT) for 30 min at 37�C, eluted with 200 ml elution buffer (1 mM NaCl, 1 mM
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Na2EDTA pH 8, 0.05% Tween-20), and acid phenol-chloroform extracted. Samples were paired-end sequenced using Illumina

NextSeq Mid for 150 cycles (75 read length).

Mapping 50 ends
The yeast strain containing ChrXVII was grown as described under MNase-Seq. 50-100 mg poly(A)-containing RNA (DNase I treated)

was fragmented with NEBNext� Magnesium RNA Fragmentation Module, as described under RNA-Seq, but scaled appropriately

(80 ml fragmentation reaction per 100 mg starting total RNA for 4-5 min). Ethanol precipitated and denatured RNA fragments were

dephosphorylated with 2 ml Quick CIP (5 U/ml, NEB) in 15.5 ml reaction volume containing 1.5 ml T4 RNA Ligase buffer (NEB) and

2 ml RNase inhibitor (20 U/ml) for 30min at 37�C. To the heat-inactivated reaction, 2 ml 5 mMof denatured, pre-adenylated 3’ adapter,37

1.5 ml T4 RNA Ligase buffer (NEB), 9 ml 50% PEG8000, and 2 ml truncated T4 RNA Ligase 2 (200 U/ml, NEB) were added and the sam-

ple was incubated for 2 h at 25�C. Heat-inactivated, resulting products were treated or not treated with mRNA de-capping enzyme,

MDE (100 U/ml, NEB), by splitting the reaction into two tubes, adding 2.5 ml MDE or water to the tubes, and incubating for 1 h at 37�C.
1 ml of 25 mMdenatured 5’ adapter,37 0.5 ml 100 mMATP, and 1 ml T4 RNA Ligase 1 (30 U/ml, NEB) were added to the previously heat-

inactivated samples and incubated for 2 h at 25�C. The samples were reverse transcribed, amplified, and purified as described under

RNA-Seq. Both MDE treated and control sample were paired-end sequenced with NextSeq Mid and NextSeq High.

QUANTIFICATION AND STATISTICAL ANALYSIS

Nucleosome analysis
We combined seven different samples representing four biological replicates that had one or twoMNase digestion time points (with a

�30 min difference). The reads were aligned to the reference genome, sacCer3 (UCSC, 2011) containing chrXVII (pCC1BAC-

LCyeast-20-kb-random-DNA) using bowtie265 with the options: –no-mixed –no-discordant –no-dovetail –no-contain –no-overlap,

and bam files were converted to bed using bedtools bamtobed (v.2.24.0).66 These bed files were used to compute fragment locations

for correctly aligned paired-end reads (fragment_location.py), fragment size distribution (fragment_distribution.py) and size separa-

tion (fragment_location_size_separation.py), fragment midpoints locations (num_of_mid_point.py), midpoint frequency distributions

(num_of_mid_point.py), midpoint background subtractions (middle_point_bg_subtraction.py), moving averages (num_of_mid_-

point_mov_ave.py), MNase cutting frequencies (cutting.py), deriving +2 to +6 nucleosomes (max_midpoint_count.py, find_which_-

gene.py), meta-analysis of phased nucleosomal arrays (averaging_mp_aligned_fragments.py), and nucleosomal/NDR nucleotide

scores (matrices_generator_mono.py). MNase cutting frequency was calculated for genomic and random-sequence chromatin

and naked DNA by counting per nt MNase-Seq fragment ends and normalizing to the total genomic or ChrXVII values. Per nucleotide

coverages from the fragment locations were derived with fragments_to_single_pos.py, and counts per defined intervals with

count_per_defined_interval.py.

Analysis of steady-state RNAs
RNA-seq reads (10.4 and 8.1 million reads for the two replicates) were mapped to the S. cerevisiae genome and the introduced

random sequence using bowtie2 -5 25 -3 25 –no-mixed –no-discordant –dovetail. Bam files were converted to bed using bedtools

bamtobed (v.2.24.0).66 Fragment locations were derived with fragment_location_directionality.py, per nucleotide coverages from the

fragment locations with fragments_to_single_pos.py, counts per defined intervals with count_per_defined_interval.py (minus reads

align to plus strand and vice versa, plus reads align to minus strand), and differentially expressed intervals with interval_identifier.py.

Measuring RNA synthesis and half-life calculations
From five biological replicates we obtained �20 million paired-end sequencing reads (excluding spike-ins). Duplicate reads were

removed with remove_duplicate_reads_bothfastq.py. Spike-in normalized nt coverages were used to subtract background from

the 4tU sample to obtain active transcription measurements (4tu_dmso_normalization.py). Half-life calculations were performed

from the combined RNA-Seq and 4tU-Seq values (Schwalb et al., 2016).36 Briefly, unitless constant of RNA half-life was estimated

from the number of transcripts (RNA-Seq) divided by the production of newmRNA (4tU-Seq), with RNA-Seq and 4tU-Seq expressed

as transcripts per million (TPMs) (tpm.py):

TPM =
nt coverage

TU length
$

106

P nt coverage
TU length

Polyadenylation site analysis
Sequence reads from the 3’READS data were aligned with bowtie2 -x sacCer3random_spombe -5 25 -3 25 –no-mixed –no-discor-

dant –dovetail -X 1000. Duplicates based on both read pairs were removedwith remove_duplicate_reads_bothfastq.py. This proced-

ure generates new fastq files, with filtered, non-duplicate reads fromwhich Ts (3’ As) were shortened. These reads were aligned with

bowtie -p24 -n0 -l17 -m1. Only reads with polyTs, i.e., reads that come from the truthful polyadenylation were considered. The reads

ending with T, such that it is not clear whether the T comes from the genomes or is a part of the polyadenylation process, were
Molecular Cell 83, 1786–1797.e1–e5, June 1, 2023 e4



ll
Article
excluded. 3’ isoforms were further derived with 3reads_locations.py and num_of_mid_point.py (for each strand separately). We ob-

tained �18 million paired-end sequence reads from 6 biological replicates. The number of isoform reads for each isoform was

normalized to the transcript coverage per 50 nt window (± 25 nt from the isoform location). Using sliding windows,maximum isoforms

were identified and following associated features were quantified: percent signal at the most used (maximum) coordinate; maximum

isoform intensities; distances between maximum isoforms; distance between the first and the last isoform; and isoform frequencies

(number of distinct coordinates) (3prime_isof_sliding_window_stat.py, major_coord_distances.py). Alone standing isoforms were

excluded from the sliding windows.De novo isoform-specific nucleotide frequencies were calculated (matrices_generator_mono.py)

and isoform scores were based on isoform frequency matrices38 (predicting3prime.py).

Analysis of 50 ends
Sequence reads from the 5’ end analysis were aligned with following command: bowtie2 -x sacCer3random_spombe -5 4 -3 16 –no-

mixed –no-discordant –dovetail -X 1000 (-5 4 -3 16 was used for 37 nt read length, -5 4 -3 55 was used for 76 nt long reads). From 5

replicates, we obtained 32.7 million sequence reads for the de-capped sample and 25.9 million reads for the control sample

(excluding duplicate reads, which were removed with remove_duplicate_reads_bothfastq.py). Bowtie-generated bam files were

converted to bed using bedtools bamtobed (v.2.24.0).66 The 5’ isoforms were determined by the first position past the 5’ adapter

after which we computed the 5’ reads per genomic coordinate (fragment_location_directionality.py, select_plus_5isoform.py, se-

lect_minus_5isoform.py, num_of_mid_point.py). Negative control values per genomic coordinate were normalized using the internal

S. pombe control and subtracted from the values of the de-capped sample (5isoforms_MDE_minus_normalization.py).
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Figure S1. Construction of the yeast strain harboring a random-sequence chromosome. 

Related to Figure 1.  Overlapping DNA fragments, each containing a predefined, 

computationally randomized sequence, and the TAR vector were introduced into yeast cells 

with chromosome assembly occurring in vivo via homologous recombination (top panel). 

The assembled chromosome was verified with PCR amplification of the indicated fragment 

junctions (bottom left panel). For overall size verification, the final construct was excised 

from the TAR vector with the restriction sites at random-sequence ends (bottom right panel).  
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Figure S2. Evaluation of MNase-Seq replicates. Related to Figure 1. (A) Overlapping 

nucleosome positions in pairs of biological replicates.  Nucleosomes with intersecting 

coordinates > 116 bp (80% in coverage; 90% of all nucleosomes) between pairs of biological 

replicates were considered to be the same. (B) Nucleosome metagene profile for three 

biological replicates generated by aligning normalized MNase-Seq reads with respect to TSS 

are similar to each other and to previously reported profiles (Lee et al., 2007, Brogaard et al., 

2012). (C) Snapshot of 5-kb windows of genomic, random-sequence, and mitochondrial 

chromatin and naked DNAs of 3 biological replicates. 
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Figure S3. Assessment of MNase-Seq fragment classes.  Related to Figure 1. (A) 

Distribution of MNase-Seq fragment lengths for genomic and random-sequence (ChrXVII) 

chromatin and naked DNA.  (B) Number of MNase-Seq reads in the indicated size classes of 

chromatin and naked DNA control. (C) Metagene nucleosome profiles of the three different 

MNase-seq size classes.  (D) Metagene profiles of the indicated size classes of MNase-Seq 

fragments of the naked DNA controls. 
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Figure S4. Active transcription from random-sequence DNA is higher than from 

genomic DNA.  Related to Figure 4.  Percent of the genes (for genomic) or 1 kb regions 

(for ChrXVII) with differential active to steady-state transcript levels expressed as log2(4tU-

Seq/RNA-Seq).  
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Figure S5. Properties of genomic and random-sequence 3’ mRNA isoforms.  Related to 

Figure 5.  (A) Number of poly(A) reads (log2) per 400 nt windows in ascending order for 

genomic (blue) and random-sequence RNAs (normalized for the chromosome copy number; 

orange). (B) Number of poly(A) reads per 100 nt windows for the indicated functional 

genomic elements. (C) Percent of cases having the indicated ranges of maximum isoform 

signals (in percent of total signals) within 400 nt sliding windows in 3’UTRs and random-

sequence RNAs (top 10% refers to the most highly expressed isoforms).  Only isoforms with 

> 2 reads and isoform values after normalization to transcription were included in the 

analysis. (D) Percent of cases having the indicated ranges of maximum isoform intensities 

within 400 nt sliding windows in 3’UTRs and random sequence RNAs (total and top 10%).  

(E) The number of 3’ isoforms within the windows. (F) Distances between maximum 

isoforms within 3’UTR and ChrXVII within non-overlapping adjacent 200 nt windows for 

every nt as a starting window. (G) Distance between first and last isoform within 400 nt 

sliding windows. 
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Figure S6. Properties of 5’ isoforms for random-sequence and genomic RNAs. Related 

to Figure 6. (A) Metagene 5’ isoform signal with respect to the start codon for all yeast 

genes. (B) 5’ isoform reads per 200 nt windows for genomic (blue) and random-sequence 

RNAs (normalized for the chromosome copy number; orange). (C) Nucleotide frequencies 

(normalized to each nucleotide in the genome) of the region ±30 nt adjacent to the 

transcription start site (TSS) for 5’ isoforms expressed from genomic and random-sequence 

DNA with > 3 reads per isoform after background subtraction. (D) The frequency of 

distances between adjacent 5’ isoforms for genomic (blue), random-sequence (orange) and 

computationally randomized RNAs (gray). 

 



Data S1.  Random DNA chromosome (ChrXVII) sequence.  Related to Figure 1.  Random 
DNA sequence starts at 3911 and ends at 21878. 
 
>chrXVII 
GCTAGTGATAATAAGTGACTGAGGTATGTGCTCTTCTTATCTCCTTTTGTAGTGTTGCTCTTATTTTAAA
CAACTTTGCGGTTTTTTGATGACTTTGCGATTTTGTTGTTGCTTTGCAGTAAATTGCAAGATTTAATAAA
AAAACGCAAAGCAATGATTAAAGGATGTTCAGAATGAAACTCATGGAAACACTTAACCAGTGCATAA
ACGCTGGTCATGAAATGACGAAGGCTATCGCCATTGCACAGTTTAATGATGACAGCCCGGAAGCGAG
GAAAATAACCCGGCGCTGGAGAATAGGTGAAGCAGCGGATTTAGTTGGGGTTTCTTCTCAGGCTATCA
GAGATGCCGAGAAAGCAGGGCGACTACCGCACCCGGATATGGAAATTCGAGGACGGGTTGAGCAACG
TGTTGGTTATACAATTGAACAAATTAATCATATGCGTGATGTGTTTGGTACGCGATTGCGACGTGCTGA
AGACGTATTTCCACCGGTGATCGGGGTTGCTGCCCATAAAGGTGGCGTTTACAAAACCTCAGTTTCTGT
TCATCTTGCTCAGGATCTGGCTCTGAAGGGGCTACGTGTTTTGCTCGTGGAAGGTAACGACCCCCAGG
GAACAGCCTCAATGTATCACGGATGGGTACCAGATCTTCATATTCATGCAGAAGACACTCTCCTGCCTT
TCTATCTTGGGGAAAAGGACGATGTCACTTATGCAATAAAGCCCACTTGCTGGCCGGGGCTTGACATT
ATTCCTTCCTGTCTGGCTCTGCACCGTATTGAAACTGAGTTAATGGGCAAATTTGATGAAGGTAAACTG
CCCACCGATCCACACCTGATGCTCCGACTGGCCATTGAAACTGTTGCTCATGACTATGATGTCATAGTT
ATTGACAGCGCGCCTAACCTGGGTATCGGCACGATTAATGTCGTATGTGCTGCTGATGTGCTGATTGTT
CCCACGCCTGCTGAGTTGTTTGACTACACCTCCGCACTGCAGTTTTTCGATATGCTTCGTGATCTGCTCA
AGAACGTTGATCTTAAAGGGTTCGAGCCTGATGTACGTATTTTGCTTACCAAATACAGCAATAGCAAT
GGCTCTCAGTCCCCGTGGATGGAGGAGCAAATTCGGGATGCCTGGGGAAGCATGGTTCTAAAAAATGT
TGTACGTGAAACGGATGAAGTTGGTAAAGGTCAGATCCGGATGAGAACTGTTTTTGAACAGGCCATTG
ATCAACGCTCTTCAACTGGTGCCTGGAGAAATGCTCTTTCTATTTGGGAACCTGTCTGCAATGAAATTT
TCGATCGTCTGATTAAACCACGCTGGGAGATTAGATAATGAAGCGTGCGCCTGTTATTCCAAAACATA
CGCTCAATACTCAACCGGTTGAAGATACTTCGTTATCGACACCAGCTGCCCCGATGGTGGATTCGTTAA
TTGCGCGCGTAGGAGTAATGGCTCGCGGTAATGCCATTACTTTGCCTGTATGTGGTCGGGATGTGAAG
TTTACTCTTGAAGTGCTCCGGGGTGATAGTGTTGAGAAGACCTCTCGGGTATGGTCAGGTAATGAACG
TGACCAGGAGCTGCTTACTGAGGACGCACTGGATGATCTCATCCCTTCTTTTCTACTGACTGGTCAACA
GACACCGGCGTTCGGTCGAAGAGTATCTGGTGTCATAGAAATTGCCGATGGGAGTCGCCGTCGTAAAG
CTGCTGCACTTACCGAAAGTGATTATCGTGTTCTGGTTGGCGAGCTGGATGATGAGCAGATGGCTGCA
TTATCCAGATTGGGTAACGATTATCGCCCAACAAGTGCTTATGAACGTGGTCAGCGTTATGCAAGCCG
ATTGCAGAATGAATTTGCTGGAAATATTTCTGCGCTGGCTGATGCGGAAAATATTTCACGTAAGATTAT
TACCCGCTGTATCAACACCGCCAAATTGCCTAAATCAGTTGTTGCTCTTTTTTCTCACCCCGGTGAACT
ATCTGCCCGGTCAGGTGATGCACTTCAAAAAGCCTTTACAGATAAAGAGGAATTACTTAAGCAGCAGG
CATCTAACCTTCATGAGCAGAAAAAAGCTGGGGTGATATTTGAAGCTGAAGAAGTTATCACTCTTTTA
ACTTCTGTGCTTAAAACGTCATCTGCATCAAGAACTAGTTTAAGCTCACGACATCAGTTTGCTCCTGGA
GCGACAGTATTGTATAAGGGCGATAAAATGGTGCTTAACCTGGACAGGTCTCGTGTTCCAACTGAGTG
TATAGAGAAAATTGAGGCCATTCTTAAGGAACTTGAAAAGCCAGCACCCTGATGCGACCACGTTTTAG
TCTACGTTTATCTGTCTTTACTTAATGTCCTTTGTTACAGGCCAGAAAGCATAACTGGCCTGAATATTCT
CTCTGGGCCCACTGTTCCACTTGTATCGTCGGTCTGATAATCAGACTGGGACCACGGTCCCACTCGTAT
CGTCGGTCTGATTATTAGTCTGGGACCACGGTCCCACTCGTATCGTCGGTCTGATTATTAGTCTGGGAC
CACGGTCCCACTCGTATCGTCGGTCTGATAATCAGACTGGGACCACGGTCCCACTCGTATCGTCGGTCT
GATTATTAGTCTGGGACCATGGTCCCACTCGTATCGTCGGTCTGATTATTAGTCTGGGACCACGGTCCC
ACTCGTATCGTCGGTCTGATTATTAGTCTGGAACCACGGTCCCACTCGTATCGTCGGTCTGATTATTAG
TCTGGGACCACGGTCCCACTCGTATCGTCGGTCTGATTATTAGTCTGGGACCACGATCCCACTCGTGTT
GTCGGTCTGATTATCGGTCTGGGACCACGGTCCCACTTGTATTGTCGATCAGACTATCAGCGTGAGACT
ACGATTCCATCAATGCCTGTCAAGGGCAAGTATTGACATGTCGTCGTAACCTGTAGAACGGAGTAACC
TCGGTGTGCGGTTGTATGCCTGCTGTGGATTGCTGCTGTGTCCTGCTTATCCACAACATTTTGCGCACG
GTTATGTGGACAAAATACCTGGTTACCCAGGCCGTGCCGGCACGTTAACCGGGCTGCATCCGATGCAA
GTGTGTCGCTGTCGACGAGCTCGCGAGCTCGGACATGAGGTTGCCCCGTATTCAGTGTCGCTGATTTGT
ATTGTCTGAAGTTGTTTTTACGTTAAGTTGATGCAGATCAATTAATACGATACCTGCGTCATAATTGAT
TATTTGACGTGGTTTGATGGCCTCCACGCACGTTGTGATATGTAGATGATAATCATTATCACTTTACGG
GTCCTTTCCGGTGATCCGACAGGTTACGGGGCGGCGACCTCGCGGGTTTTCGCTATTTATGAAAATTTT
CCGGTTTAAGGCGTTTCCGTTCTTCTTCGTCATAACTTAATGTTTTTATTTAAAATACCCTCTGAAAAGA
AAGGAAACGACAGGTGCTGAAAGCGAGCTTTTTGGCCTCTGTCGTTTCCTTTCTCTGTTTTTGTCCGTG



GAATGAACAATGGAAGTCCGAGCTCATCGCTAATAACTTCGTATAGCATACATTATACGAAGTTATAT
TCGATGCGGCCGCAAGGGGTTCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGG
CATCAGAGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCACACAGATGCGTAAGGAG
AAAATACCGCATCAGGCGCCATTCGCCATTCAGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGC
CTCTTCGCTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAG
GGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAATTGTAATACGACTCACTATAGGGCGAA
TTCTACTAAGGGGCAGGAAGACAGACTGGACGCGATGCGACAGACAAACGGTGTGATCCTACTGCCT
ACGGGCAGAGTTAAGGCCTCAACGCAGGATTTCAAGGAGGAAGCACGCGCACGAAAACAGCGGCACG
CGAGCCGAAATCTCGTAGCGGCGCACGGTTACGTCATACTGGTATAAGGACGATTAGGAATCAGAAG
GATTCGCGGCCATCGTGCATTTGTGCCCGTGAGCATCTGGGGAGCGCACCCTGCCAGACTTTCCTGTCG
GATGTCCGGCATATTACTCCTCGGGTAAGTGAACACCTAGTAGACTTGCTCAACAGACTCGTATGAAT
GGATATAGAAGTCCAAGGTTACCCCGGAGAAAATAGATCGAGTCATGCTTCATGGAAATTCTTATGAT
ATCCTGGTCTGTGGTTGTAAGTCTGATTAGGTACCAATCTCCTCCATGTTATGTCCGAGCGAATCAATC
ACCGAGCGTTGAGCTGTCACGATAGCAGGCTCGGTTATGAGCGGCTGTGCTGGCTCGGGATTTGCTTG
GCGCATTGCGGAAGTGCGCAATTAACGCTATCCGCGTCCAGTCATATCCCTGAATTGGTAAGCTATTA
GTAGTGGCGCTGGGAAACAGCGAGCTATGAAGAAAAACCGTGGGAACAAGAGCAGTCTAAGGCTCGC
AATGGCTAACGGCGATACTCAAAGGCACTACTCTTGGGGTGGCTTCCCGCCGAGAGCACAACTGATCT
AGGCCGTGATAGTGCAGGGCGTTTACCGTTGGGACAAAATCTACTAAACCACCGCCGAACACCCCATT
CTGCAGTGCTCAACGGAGGTTTAGGTAAAATCATTTCCGGTGGTGATCTATACCGGAAGTGCCCAAGT
GGGGGGTGCACAGGAGCACATGACACTCTGTATGATGGAACCGAATGTTCACGGAGGGGGGTTTTCG
CGAATCGGAGTTAGATTAACGGTCCCCAGCGTTATACTGAAGTAGCGGTTTTGGTAATTCGATGCGGT
GGGACCGCGAGAATATTTCTGAATCGTTGTAACTACTCCCATCTCAATGAATCCAGGTATTTAATCCAG
TATTAAGATTGAGGTGATAAGATATTGTTCTTAAGCGTGTTCCCAACTAATAACGGAACGGCTAAAAA
CCCAACGTCTTGGCCGCCCCCTCTGTGGCAATTGCTGTCTACGCTATCTAGTTGGAAGCTAAGTGCTCT
GCTTGATGACAGAAAACTAAGTTTAATTAGTGTACATAAGAGCGAATCGTCATCCTTCAGTCGATGCT
TCTATTATATTAGGCTGGTCCAAGTACCCAGGTTCGGAATGTAGGCTTTGGCGTTAACAAAATAGCTCG
TAGGTGCATACATTCTAATCGTATCGCGTTTCATTAAGGCTACGCGCGACCTGTTCAGCGGGATAGAG
AACCGGGCTCAGATGGTTGTGCAATGTAGAGAGGTCAAACCAGTAGTATACCTCTTGCCACCATTTAA
GGCATAAGAAATTATACCCCCCGCAAACGTGGACAGGAGACGAACCCGTCCTTCACGTTGTCACACAC
CGCGGAAAGTGATAGGGTGGGCTCGCCAACTATAATTGGTTCAGCTAAAATCTATACTAGAAATATGC
CAGATACCGTTACGCATCCACTGTCCAAATTCCGGGAGGCTAAATTTTAAGTGACGGGTAAATTAAAT
TTCGTTTTGATTTTACCAGGACCATCCTGATCGGCCGGAATCGGTGGTTAATCGGTTTTATAGGCTCCC
TGTCTAGTAAGGTAAGTGAAGCAGCCCCATTTGAGATGGAAAGGGGATATGCTCCGAGGGTACGTTGC
TTGGCGCTAAATAGGTGGTGTCACGACGTTGATCGGCCGCGCCCCTAGGACGAAGGACGGCCCGGCG
ATGGTAGGATAACCTCCAAGATTGCGTTAGGGGCGAGGGCTAAGTACCAGGTTCACAGGGTGGGGTCT
TGAGCTGTGGACATAAGGTTCCAAGCACACGGCTCACTAGTCTTCGGCGCGGGAGCTACGTGATCAGC
GATTCATTGTGCCACTTACATGCGGTAGCCAAGTTATGCGCGATTTCGGTCTTTAGAAGGAGACCCGA
ATACCGATCTGGTAGGTTTAGTATGACGTCGAAATCAAATCGCGGCATAGGCGGGACATTCTTGCAAT
TTATTGAATGCGCAAATATGCTCCAGCCTCCTGAAGAATAAACGCAATGATTTATCCGGACCCTTCCTT
CCTAATGTCCCTAGTGCTTCGCCCGGGAGAAGGGGTTACTCCTTAAGATTATTGTTCTGGATGCCTACA
TAGTGTGAAGGTCGCCTGAGTTATCGTTTGCTTCAATTCCAGTCATTCCTGCGTCGTGTAACACGCACC
GCGCCCTCTGCCAGATCAACAACTCCTAGGCTGATACGGGTGACTGTCTTACATGAATAGCAGAACAT
ATTATTAGATTATTGGACAATCAGGATTGCATCGACATTTTATGCCTGCAATTGAATCAACTGACGGCC
GAGTTCGCGCCATGGAAATTCGGTCTAGCTTATCTGTGCAAGCCAGTGGGGTGACTACGAATTGACTT
CCAAAGCTAGTTTCCTAACGTGATCTGAGCGGCAGGAACTTTTCTGCTACCGCTTGACGGACCTATGTA
TGCTGAGCGCGGATTGGCAGTGGCCACGCCGTACCATGACAGCTATATCACGTACCCAGCCTTAGCTA
TTTCTTGAGGTGCAATTACTGTGGCTGTACGATAGGATCAAGTAGCGTTTCTCCACGTTTCTCATAATC
CATCGGTGCGCGGGAACTGACGCTTTTGTTAGAGGCTGGTACGTATTACAGTCGTATCGGATACTGTTA
CTCTGTATAGTAGCGCAAATGATGGGTTGACACTAACTTTTGCAAGCACGACATAGTCGTTTAACGAA
CAATCGCTGGACGCGCCCGGTTAATCCTGGAGACCTGCAGCGCGGTGAGCCCTGTCGGCCGTTCGCGC
CGTGAGTGGTCATAGCACATTGACATGCGAAACACTTTAGCTAGTAAAAGGTACGTGCATTTTGTCCA
GGCATAACAAATCATCTCTTCCAATATTGCCACGTTGCACAAACTCGGGCACAGAATAATACCACAAC
GCCGTTCTCGGTAACTTGGTCTGGCTCGCTCGGTATTATGCGCGTTGTTGGGTAGCGAGCTCCCCAGTA
ACAAAAATACTAATCTGCCCGCGCCTTCCATCGGTCATCTGCGCAGCCATCACGTCTAGGAATTGGTCC
CGCATCACCAATTCGTAACTTGATCCCTATGGTACTCGGCGACTCAGCACCATTGTCTATACTGAAAGG
TCCATACAAAGCCTCTAAGATTGCGATGCATTTTCGATGGCATGGATTCTTTGGTCGCTTTGCTTGGCC



TATAATCATTTATGCTGAAACGACAATCGCTAGCCCGCTCTTTCTACCTGAGTACGCTAATAACAGCAA
GCGGGCGCAGCCTCCCAACTCCCCATGCGGAAGGCATGAAGATTACGGTGTAATAGTAATCGTGAAG
GAGCTAGGATGATGGGAACCGATTTTCAAGCCAACCTACGGGTCTCGAGTCGTCGCTATCTAGTTGTC
GCGGATAATGGGAGAGCTTGGTGTTTACCACTACAACATGACCGCGGCATTTAGGCTGAGATGCAATC
ACGAGCCCTTATAGCAGCGACTAAAATTGCCAAACTGATTAAGGGTTTCTAGCTGGTCGTCTATTAAA
TGCAATCAGGTACCCTGCTTACATACAGTGTCCGAGTATCTTTATTTTACTGGGACGCCTGCGGAAAGC
AGGGGGAGCACCGAGCAATTTCTAACTGTGAGTACTTGATGCACGTATTGCTCCGTCTCTAGCGTAAC
TTCGCGCGGCTCAAACTGGGTCCAAGCCTGCTCTGGTCGTCAGCTCAGCCAAGATGTTCAGAGAGCCT
GCTTGGTCATCGACCACACTTGCTAGCGAGCCCAAGGCGAGGGCAACGCCAGCCCCTTTGATGTTGCT
TCGTAGAGGCTGTGAAAACTACTCTCTTCCTATCAACTCTACACCGCTTCTCTATATCGGCCGAACGAA
CTCGCGAGCGGGACGAACAGGCTAATGCATGGCACATTATTCTCAGTGTGGATTGTGGTTTTCAAGTC
AAATGTAGAATCATTTAATAATCCTGTCCTCGACGTGCCTGTGCAATTTCGCGCTAAAATGATGCCGAG
CTGGTAACCCATCCGCAGATTATTAAGGCCTTGGCAATCTACTTCCGATTACGCGCCATAGGTTTTGTA
TAATACTTCTTGATTTCGTTTGCATTCTGCACATAGAACTCGAGCTAAGATGGGCGCCAGCTGAGAGAC
TAAGCCTTGCAGACAACAAAGAAGGGTACGTCCTCACCTCAGCAACATGACCTTGTGATATCCCACGG
GTTAAGGTGATAAGAATTATAGCGAAACTCAACTCCACATTGCCGTAGCGAGCCAATCCCGCTCCAAC
AGCGAGTAACGAAAATGGTAATCCAGCTCCAGGGTTATCGTCTTTAGTACCTGCACACATTCAGGGTC
CCCCGCACGCCGGTAGGCCCAGGGTACGATCTTTTGTGCATAACTGTAGGGGAGTCCTCGAAACAGGG
CTCGCTGAGACCACACCCATTGAACCTTGGGGAGGCCGTTAACATTCGAACAGGATCTGCAGCCGGTG
GGGTGACCGCAGGGATATGGTGTTTGAGTAGATGCCGCATTTTTGGCGCATCCTGGAACTCGTTAAAC
CACAAGAAGGACACTCGATTGTTCAGTGTTATGAGCGAGTGAAGCTCTTTAACAATCAGAACTATGTT
GTGATAAATCCCCCAATTTATAACCTATGAGAGGGACGTTGGTGTTGATGCAGTTTTGCCGTGTGCATA
TCCTAAGTACTGCTTATTTGCAATCTCATGCTAACAATCGTAGCGACAATCACTATCGCTCACCTCACC
AACACACCGCGGGGTGATGCATTACCGTGCCACCATCATGCACGGCCTTGCGTCGGGTCCAGGAGATT
TACAGAGCTACCCTGTGTTAGACCCTTCTTGGCTCTCGCATCGCTTTAGTCTACTGATCCCTCTAACATA
ATTTTCCCTCAGATAGACCCCTTGGTCTGCTGCTCATCATTCTGCAGAGCTAGGGTCTAAGGAGTAGCG
GATGCCCACATCGATTTTGGGCGTAACAGCGCCTAGGCCCTACTCATGCCCTCCTGGCAATGAATACA
CCGATTATCGTTTCGCCAGATACGAAACGAAAACGGCGTACATCGTATATCAACCACCAGCGCCGCGG
TGAGTGGCTGAGCGGAGATAGTCTCCATAAGTTGTCACAAACTTTGGACTTTAGGGTACGTTCCTCGA
AGGTACATCCCTCACGGGGGTCCCTACACCTCACAGGAGAAAATTTAGCGCAATCGTATGGAAGAGCC
GCTGTTTTTATTGGGCGCAAAACGCCCCGTACGTGTGTCGATAGACCACGCTTACCATGCAATCTAGG
ATAATCGAGGGGTCTAATGGAACCCCAATCTGTAAGACCGTATTTGAGGTGACTTGAGCTCCCCGCCA
TCGGGAGTGCTGAGAGCGATACGCATAAATCAACTACACAACTAACATCAGTATCCTCCGGGTTGACG
CATGAGGTGAAGTCGGTGCTGTGGCAAGTAACCACGCGTTCGTATACTAACCTTGATCCACATTTCAG
AGTTGCCCGATGCCGTGCGTCCGAGGCGGGCACGTGGTTCACTGACCTTACCTGTGTCTTTATTGTATG
TCGGCAAAAGCGGCTGTAGCGGGTCCACATTTTCACACGGGCTCTGTGGGATTCTCCGCGACCCATCG
GCTACTGTTTATGTTTCCACTCTTCATATTTCGAAGGGTATCTCAATTTCATCGGTAAAGCAGAATTGTC
CTATGGCGCGTATGTGGATTGGGTCATTTATTGAATGAAGTATCGGTACTAGCTCTGTTTGCGTCTGTA
CTCTAGACGTGGGCGAAGTTTCCTTTGAAAACTGCTTTCTTGTGTCAACAGCCCCGGTTAAGATATCTA
TAGAGATCAAATCCGACCATCTTCTTCCCAACATTTGAGTGTCTTCTCGGGCACTTCTCCCCTCACCAC
GGCATGACTCGCACGCTCCTTCGCTACCTTGGAGCGACACTGTTGCGTGAGACTTGTACCCTAGTGGAT
AGCGTAAGAAAAAAATTTCGTGACGAACGACGACGACCGTCATTGCATGGCCGATTCGCTATCTAATA
GTATTTCTTAGTTAGGATATAATACCACTGGGAAATCATCTTAGCCGAGTCATGGAACTTAACGCGTTC
TACAGTCGGGTTGGGTACGTGTCCGTCTCGACCAACCGTTCTGATGACGATTAGCCTCTAGTGTGTATC
GATTGTACTCAAAACAGACTGTTAATCCATTTAGGGTTCTTGGCTACACGCTTTGAGCTACAATCTATA
AAGTTGGCCTAACTGAGTCCGACCCAAGCGGCTGCTGTGTCCGATCTGCCCGGCGTTTGAAAGCCGGT
GGTGTCCACACGAACTTAAACGTTTATGTTGGGCCCGTGTCTTTGCTCATTCTTCAAGCGTAGGCTTGC
CACTGATATGCCACTAGTGAACGCCGGGCAGTTCCCTCTGCTCGCGTTATTGAATGGCCAACTCTCCCT
GGCCCCGGTATCCCATGATATTTGGTGCGACGAGAAAGGTGGCCTTGCGACTCAACGCTAGCATTTAT
TGAAGGCCATACTCGAATTTCAACGCCGTAATGTGACGTTTGTTCACTAACTTCATATGAAGGTTCTCA
TCCAGCTGTGTCGAACCGCCTTACGTGCTTAAATAAGCCGCGCGATTACTGTACTAAGGTCGTTGTCGG
CGCCAATGGAGAATCGAAAAAAAAGTAGTTGATCTGGTACCTAGAAAGCGATCTAACATTCAACTAG
CAATTCAGACACCGATGATTTACAAAAATACTTGCCCAACCCCGATAATCTTGATTTTCCGGTCTTTTC
CGACCACAAATCTGGGTGAATAGCACTTTAAAATACAGGGTTGAACTCGAAAAGGAGGCTGCACTGA
TACACCGGGCGTGCGTTGTTACTGTCTTCGGTAAATACGCGCGCGGACTTTAGGTAGACATCACGGAA
AAGTAAGAGGAATAAATGGGTAGCCGGTCCGGATGAAGGGCACTCGTTGTTTAAGAGTGCCTCCTTGG



GCTATCCAGAGTACCCAGTAGATACTCGACGAGGAGCATTCTGAGTCTCCGGATTCGGTTCCGTTGAA
ATTTACACTCGGTAATGGGCCGGACTATCATATCGAGTAGCGCCGAGTCTCATGCTCGATAGTTCCAAT
GGAAGAGTTGCAGCAAGCTAGGAACCCCGAAGCGCGATTCTATTTCCCATAACGTTGTAGCGGTACTG
CAATGCTCAGGCCTGCTCGTACTAACACGACGCGGCGTTACAGTTATTACTCGCGATTAGCGGGATAG
TAAGTCGGCCGTTCGCGAAACTCGGTTGGTGCGTGGCAAACCGGCCAGCACTACGGGATCAGGTATAC
TATCTCTCCCGCAATTTGGATCGGGAAGAAGCGTTGTTGCGCCCGACATGGGGTCAGTCGAGTTCTATC
AACGGGTTTTACTTTGAATTGGGTGTAACCCAATTTATGACTACTGAAGTCATGGCACGGACTGCCTTA
AGTATCTGAGGACTCAGCAATTCGTCGAATGGCATGTAAAATTCACTGATAAGAGACGCCCGTGTCTA
GAAACTGGTTTTGACTTTTACATATTACGGACTAGATTGCCCATCCAGGGTGCGTGCAGTACTGCTTGT
CTTCATAGATTACAACCTTCCTTAACACCAATCTAGTCTCCCACTTTATGCTTCTGGGCAGCCACATGG
ATAACGCCCCTCTAAAGCATCATTCAGCTGCTGCGTTTGATAGTAGACTGTAATGGCAGAGCGGGTAG
TGGTTTCCGCTGAGTCGCCGTGACCCACAATTCTTCCAGGCGATCAGACTTAATCGGAGGAACCGGGT
AGTCGTCGAGGCAAGTAAGGCCACACAGATAAAGTCCTTGGCCGGTCTTTGTTCAATCGGAATGTTCT
AGAACGGCGTAGGAGATCGATTTAGGGTGGCGCCGAATAGGACACTACAAGCAGGTGTGCTAGGACA
AGCCAGCGCCTTGTGCTTTCCTTTGTGATCAAGTGTGGGCACACATCCTTTTCTTCCTAAACTAGTTCTG
GGGGTTGACGACGTAGACGGTAAACTAGTGCGTATACAGGCTGAGTCATCCGGATAGTGTCTGGCCTA
GAATCCACTAACTAGGGTATTCTGGTAACCACCATTCAGCGCAGTGCCTAGGAATGCTGAAGGCTACC
CCTGACGAGACAACTTACCACTCCATCGCCGCTTTCGCGTACAACTACTCTACTCTGCATCGACAAGCT
TATGCGGGTTTGATCCAGATACAGCGACCCTCACAGAACGGCAATCTCAGACGGTAGGATCGGACATA
AGTAATTCCTTGGTTACCAATGGGCGTATTAGGGCTAAGGACCTAGTCCACAGCAACCCGCAGCTCTT
CCGTGCCAGCACGACTGTGGCCTCAGACAAAGGATTAGAGCGTGGTCCGTATGAGCCACCCCATTGAA
CACACCGTGATGGATAGAAGATAAGTAGCCCACATTCGTCTTTATAGAGTGACAGTAGTCGCTTAAGT
CGACAATGTTCCTGACGATAGGGTAACCGCAGGGTACGAAGCAAGAATAGAGCCCTAACGCTGGTAT
TTGGCAATAATAAAAGGGTCGAACGGCTCTGGTAACTCGGCTGAGGGAAGCCGAAGGCGCCGCTGAG
TTGAAGTCTCGTACTGTGACGCCAGCTCTAACCCGCGAACAAACAACACCGAACCAAAGCCACAGATG
CGAAGCCTTTTCCCACGTAAAGCGAGGCGCGTTGGATAATTTATACTTAACGTAGTTTAATCGGTCTGC
AGCCTTGCATTCCCCAGCGCGAACTACGTCACTTCTCTATCAATATGACCCGCACATGCCCTTGAAGAT
GAGATGAATGATTAGAGAGGGCGCATACTAACAGATTACAATCGAGCGCAACATAGGCTATTTCGTA
AGTTAGATTAATGGTAAATAGCTGGGAGTACTGCGAATCCACCGCGTGCTATGCGACCACGACAGGAA
GCATCGAAATAGTGACGGTTTTTAATAGTCGAGCTTAAAGCTAGTGCTCGAAATGACACGCTTCGTTG
TTCGGCTTGGTCCAAGCGACTACGACAGCGACTCTCAAAACTCTCTGCTGAAGAAGGCGGAGAGGTTA
CAGTCTCTAGCGTTGAGACGTTCCGCTAACGCCTTCATCTAACCATATTGACTAAGGGCGTCTCGTCGC
TTAAACCTCGCCCTGCCTAGCCGCATCCACTCACGCATATGGGCATCTAAGAAATTAGATAAACGATA
GATACCTCGCGATTCTCGGATGTACATTCCGATGTATCGAGTAGTCGCTGATTCCAACGGTAGTCCCCA
GCCATCGGCCAAGGTCTGACTATACTCGAGATTGAAGCTCTGCCAACGGTGGGGGCAATACATTGCTG
GCGATTTGGACTTCATATGGCAATGTATAACTCTTTTAGCGAAGGCTGTTAGTATGGCGGACTTTAAAA
GTCGGGTTTCGCCTGTGTATAATCGTGTCAGTGAAGGTGCGTATTGCGACACTGTTAAACATCTGGGGC
CCGGGACCCCCAAACAGTATACTTTAAGGATACTAAAACGCGTTATCGGGGGTCTTCCCCCTTTACCCT
AACGTATCTGGCTAAGAATCTAGTTTTGATGGCTAGTAGTTGTCAGTATTACTATATGCACTGTATGGC
ACGTCCTTTACATGCTAATGCCCCATAGTACGATGAATCTACAATGCACGGCTACGGTCGGCGGGCGG
GGAACACTTACGTAGAGCGTCCAATTTTATTGGCAGGTTCCAACTCTATCGGCGGCGTTTACGGTAAA
GCGCCTTTGCCGTAGCCGACTAGTGGGCTTAACAACGGCGTAGGTTACAAGTTGTCTTGGGTTTAGTGT
CCAGCTTCGACTTTGGTCCTAGTTCGATTATGAACACCCTCCCTCAGGGACCTTTTAAATACCCACGCG
TGATCTTTGTCTGCCCCCGGTACAATGTATTTCTGTGACCCTAAGAACGTAATTTGATCCCACAAGATG
CGAGCACTGAACCGCGCGGTTTCATTTAGGATTGGGTCGAGCTTTTCCCTAGTGACACGGGTCAAACA
TTAATCATACAACTAGGGTAGTAGCAAGTTGGCACCTGGTTTAATATGCGGTATCGTTCCCACCCGGA
CACTAGACCCGAGACCTTCTTAGTCAGTCAGAAGGAGAGCGAGACCTTAGTTCAGGTCTCGGTCCTGA
TGAGTCAGTACCAAAGGCTGATTTCAGCCGGAGGACACGTGGATCGGGGGTACTACGGTCGCTACAGT
GAATAACGCCGCACCTTTATATGGCAACTAAGCGGCCTTAACCGGCTCGTATCTGGCGCCGGACCTCG
AACTTGCGATTATGTGCGCCGTGAGGAGAACTCTCCTCCGGTCACGGTCGGTGATTTCTTACAACCGG
GCGGCCGGTGACTCTGGATAGCGTGCCCCTCTGGACTATTTCCATACCCTGAATATAAACCATAAGCG
CCGGCAAGCGGGTGATCATAGGGAGGATCAAAAGAACCGCACCCGGCCTTATCATTAGTCGTTTCAGA
TAGGGAATTGTAAACCCCTTCAAGGTTCGCGGTACCCTGAAGCCGATAACAATATCAATGCTCGAACT
ACTTACGTCAATCGTAATCTCCATTTGATGTCCTTCGTCAAGTATACGTCGGATATAGATAGGTCACTG
CGGCCAGACCGCAACTGGGAGTTTGAAGGTACAACTGTTGTGTGCAAGAAAGCTGAAGTCGCGCGCG
CTAACCAACATGCTCTTACCTTGGGCGGCCCCCTCTCGCGGATTGACCTGACATACTGAATGCTAACAG



CATGCCACGTTCGTAATTGAACTGCTACCGATACCTTCGTAACGCTAGATACGGTATTCTCTATTCTAC
TCACCAAAAGTATGTATCAGTGCGCGATAGGCATCGGCCTTCGATTGGCAAACGTTCCTAGCTGATTTT
CGTATGTTCATCGGGTACTAAAAGCCTCTGCGTGGAGGCGACATGACGCAACATACGGTATTTTGGCT
CTAACTGGTGGCAGGGTGTGCCCACTTTTATATCATTGTCATTTAAAGCCAAAGGTGAACGCCCTAGA
AAGAGAACGGTATGGCAGTCTTTGGGGTGCAACGAGGCCAGCGTAGGCACAAGCAAAATCAGTCGTC
CAATTAATATACTCGACGAAATATTGAGGGAAGCGCCAGCGCGTACCCATAAGCTATATGTCACGCCA
TGCACCATCGACATTAACACTCTCAACGTAATAGGTATATACAATTATCGACATTACGACATATCGGT
AAGATATCCGAGGTCCTCAGTAAGGGTGCCAGGCCCCTGGAGGTGAGCGCGATTATTCTCCGGGAAAA
TGACGACGGATATGAGAGAACACGATCGGATTGGGTTGCCTACCTGTCGTCTTTGAGCCGCATTCCCG
AGAATGCTCAAAGACCCTCTGTGCGGGCCTTGCCGGCCAGAACAGTCCCCTGGTTTAGAGAACATTTG
GTCGCGAAGGTGCAGGTTTGACAGTATCTCCATGTTAGGGCCAAGGACCTTCGTATGTATCCAGACTTT
CGCAGTCGCATTTCTTCCGATAGCAAAGCTCGTAAGAGGAATTATCTTGTGCGACCTCCGGCTGTAGA
GGAGCGTTCATCATGCCAAGAAACAAGGCGAATGTGTATGATACGTCGCGGGAGGAGAGGTGCCCAT
GTCACGTTTGTACGAAGTTGTACACGGTAATTATACTTGTTTATCCGAAACTAAGTTCGAAACCGGGG
GTAGCACCACCCTCCCATCGACTCAGAGGCAATTACAGACACACGTCGGGAAGTAGATTTGGTCTCTC
TAGTCATACGCGAGGTGGAAAGCCTGCTTACGCGCTGGCGTCTACCTCGTCAATACAAACCCTATTTG
GCCAGAACGGTATTGCTTGGTCATTCCGGCATCTGCGAGCAGCATTTGCGCGACGTCTATAGGAAGCG
GTTCGAATGAGCGATGCCATTAAAGTTACTTGTAGACCAGTACTACGTGTGGGGTATGCGGTAAATAC
GAATAGTCTAACCGGTATGGGGACCATTACGTGTCGGGAGCATCCGAAACAAAGAGATATCGAATAA
TCGCAGAATCGTAGGGAAGTTCGTGTAAAAGACATGGGCTGCTGTATACTTGTGTAGAACTCCACTTA
TATCTCCCAAGCCAACCGACATTGAACGCTAGACGGACGCACAGACCGGCCTATGTTCGCGCTCGATT
TGAACGAGCATCATTCTGTCCTCGCTGCCAAGGACGCACCAGTGGCGACGAACTTCAGCCGAAAGTAA
ACAGGTTACCAGCGGGCAGCCTTGATACTATGCCTGTACGTAGAACTTCCAGGCTAGCAGACAAGTTA
GACAAGTACAAGACCAGCTATGACTAGGCTTACACTCGGTTCTAATCCATGGCAGGAATTTGCTTATG
CGTAGAACTGAGAAACTGTCGCCCGCAGAGATTACTACTATTCAGCCCCTCACTAATACGCTACCCCG
TTAGAAATCCCAATTTTACTACAAAATCGATACCCTGGTTTCTGACTCCAACATCTCTTCGTCTACTGA
TTTCTGAAGCCCTTGCAAAGGGCTAGTATGGCATCTTTATATCAGTGGCGCAAGGCTTACCACTTATCG
CACTGCGACGATCGCGGGTACGCGCACCTTATGCTGACCGTTAAGTTAGATTAAACACAGTTTCGGGA
CCTTGAATGACGTTCGAGACCAACTTTAGCGAGTGTTTCTATAGGGTGGAGCTGAAACTTCTTTTAGCA
CTAGGTGGGTTACGTGCGCCAAATCAGCAATCATCTATGTAACAATACGGACATGAATCGTTTTGGGA
ACCCGTCTAAATTCAAGAGCAGGATGTCGCCTTCGACTCAAATCTCGGCACATTATGATTGGGTGCCA
CGCGTGCGTTCTGTGTTCAGAACTTTAGCTCTAGCTTAGCACAAATCAAAGGAGCTGGCCCCCCTAGGT
CTACTACCAATGGAATATACTGACGAGGCTGATGCGTATCCTTAACAATTGACAGGCGCGGGCGAGGA
ATAACGGGATTTCAGGATAGGGGATTTCCTCCTCTGCATCGAGTCCGCGCCAGTCAGCAAGACGAGCG
CTTAGAGAGAACTATTGCTGTCAACCCGATGCTTAAGTTAGCCGAGTGTAGCAGATACAGCCACCAAA
TAACACCGACGTCGCGAGTGCGTTCAATCTTTAATGATCATCAAGCACACAGAGAAACTACTTCGATC
TCCTCGTGACTGGAGGAGGGAGCTCGCGAGGACGACTAGTCATACGTCTGAATGTGCAGTGTAACTAC
GTAAAGACAGTGGGAGTTGAGTGGCCCTACCGTACTCTGCCGCATCGTAAAGCCGGGTTAGATAGACT
CCGCGATTGCCACCCAATGACCCATTTACCACGCCGGTTCGACTTGGTGCACTCTTATGCATACGGATT
GCCATGGTGACATTATATTGGAACCAATTGATATTCGTCTGCGAAAGCAGTAAGGGTTTGCAACGTCC
GATGCGACAGATCCCGCATAGTTGATTGTTGGGTCTCCACGATACGTTTCTCAACCAGGCACCTCCAA
AAAGAGTAAAAGAGCAATGTCCTCTTACGTGTGTAGTTAACAACTCGTATGTATCCGGGGGTCGGCAA
CCTGCATTTGAATATCGCAATGCGCGTGTCATTTTCTGCATCGTAGCACCGCCTTCTCGCTTTTTACGTA
TTGGCGTTGCCTCAAGACCAGTCCGTCAATTTTAAGGCGTGTTGGTTCTACCAGTTGCCTTTTGAACTG
TCGAGTGATAATAATGTACGAAAGTCGGGTCAGGGTTTTCCGCTAGCGCGATTAGGGTACCTAGGGTG
GTAACTCGTCTCAGGTGCCGTATCTGCAACGCCGTCGTGCGCGTCAAGGTTATGTCCGCTCATACATCT
AACTGAGCCCTGGTGTTTGTACATTATCACTCGGCATCTCACGAGAACGCCAACGAAAGGATTTCATA
ACGGTGTCTAGATGTCGGGGTTCCGCGGCACCTTAGGTGAATCAACTTTCGGAGTACTACCATTGAGTT
TCGATAGTTGGGAGAGGCGGGTCTGCGTCATTCGCCGAAGAACATGTCTCTATGTGCCTAAGTTGGGT
CTTCATCAGCGTCGATTAGGTGAAGAGAGGAGCTGGGTGCAAAGTCCGTTACGGACAGCCAAAAGAT
ACGTGCTACGCGCTGAGTAAATGGATAGAGCCGGGTTATGATAACCCCCAAAATTGGTGGATCTAAAT
TAGACTTATGTTCACCAGCTAGGCTTTCCCACCCCTGGCACAAAGTTGTATATCACAAGATATTGGCCT
GGTGTAGCTTTTGTTCTCCCGGTAAGAAAAGCCGCATATCTCACTTCTAGCGGCTGTTAATGTAAAGGT
GCTGCATGGAACAGAAGTTCGACCTTGTATACCGGCATTGATTTCGATATGAATTGTAGGCAGCCTTTA
AAGCTTTCCAGATATAGCATGTAGCAGTTGGACCCTGTGACGACTCTAAGCCACCGACTCAGCATCCA
GTAAAAATGCGCCTAGCCCACCAGTCGGTGTGTACCCGCGCTGTGCTACAAATTTTGTCGGTACCGCT



ACCTCCGTCCATCTGCATAGTTGGAGGTCTCTGAGGAATTAATAAGCTTTACTAGCGCTTCTTTATGAC
CCTACGTGACACAGGCCGCAGCGCCCAGGGATCTATACTCTCAGCTTTCGAGTTGGCGCCCCTGCTGA
GACCATCGTCATCAGGCAAATCGGATCGCACGTCAGCCTTTTTCCAAGAATCGCTCGGCTAAATGTAC
ATTGCAAAAGAGGGCGAAAGGGCTCTAAGCCATATAGTCCTGGCAAAGGGAGGCAAGGACGGAGGG
CGGCTGATAATCGTAATACCAAGCACAATGCGTTCGGAGCATGTTGGATCACGAATTGCCACTTCGTT
GACTCGGATGACTAATCCTTCACACGCAACCTCCATATGCGACTGAGGGCAATCAGTGCTGGCAATTA
TATTTCCCCTTCCGCACAGAATATCAACGATAGTACGTCATTGCGGCCGGTACAAGCTGTGTCAAACA
GCACGCTGCGAGGACGCGTTAACAGATGTGGTCCTACGGACGGATTGAATTTGTTCTAACTTCGGTAA
TGGAGTTTATTAACAATTCCCTTACGGAATATGCGCAAGAGTCCGTATCACTTGATTTAAAACTGAACA
CAGGTCGGCGCTTCTATGCGCCATAGGGGTTGTGCCTCCGAACTAAGAGCTGAGCCGTATTTGCGGAC
CTACCTGTGTAGGTGTGGGGCGGTCATCGTCCTACGCTGACGCACTCATGATGTGGCCCGCGACAAAG
ACGCATGCTCTATGTGGCCGATATCCGGAAGGTTTCCACGATAATCAATCTGTCGAGCCCTCCTTCTAG
AGCGTCCAAGGGCCCCATTGGCCCCATTGTAGAATCCAGCTATCCATGTCAGGATATTGATAAGACTA
TTGTCATGCCGAACATACCGAAGGTCGCTCGAACAGCCAGGGGGCAATCAGGAGGCAGGGGGCCCAA
ATGGCCACTAAGAGAGTTAACGGGAGAGACTGAGAACGGCTAGGTGATGGTACCGACCGTCTGTGGC
TCGCCCCTCTAGGATGCTTAGATTCTCCCGAGTGCGTTTGGGGCCGTAGCGTTGTCGATTTCCCGCCCA
GCGCGGGTCAAAATTGTACAAATCGCAATGAGGGGTTCCAGATGTTCAAAAGCTGTTCTTAGACCCTC
TGCTCGGTCTCTAATGCAGAGTTGAGAATTGCGTGACATTTCCTGTGCACAGCCAGCAGACCCGTACG
GGCCCCAGTTGCTTACGGGACGACCTTACCTCCATCCGATCAGGTCCGAGCCAGGTAACTTGATCCAC
ACACCCACGTCGAGCGTGGGGAACTCTAAGATCATCCATAAATAACAGGTCTATACTTTTTCTCCTTCG
TGATCGCAGACTGTCTGAGGTATCATGCCGTCCAATACAACGATGACCATGGCAGTCGCTCCGACAGG
GTAGGCTACTATTGGTAATCCTGACTACGAGCTTCGTCAGGGTGTTCAGTCTTAAAGTGGGCTGTCCTT
GGCACTTACGATGTCCATTGATCCGGTGGCGATTGGGTTGTACTGCGATGAAACCGTTCTTAACGTCGT
TCCGTTAATTCAGATCGTAGATGGGCGATTTGCCACAAGTCCGAGGGGTCCCGACTAAGAGAGTGGGG
GAGGAAGTCCCGTAGACGCGGTCTGATAAGAAGCGCGTAATATGTTGATAGCGATTTAAAACCCCTAA
GCTCATCGCCACGCGCACCAAGCCTGTTTTAGGACCGTTTAAATCTGCATGACTCGAAGGAGGTATTG
TGCTAACAGAGAAGTTTAGCGTCCGCTCTGTCCTCCAGTCTTCCGTCCAGTGGGGGAAAATTCCCCCTC
AGGAGTTAAATGTGCCGCAAGCGTCTTATCTCGCTTACGCGTCGGCGAACATCTCGAATCTAGTGGAT
TCATCATACAGATGTTTGACAATGCGTGTGAGGATGGCATTCGACCATGCACGTGGGAAGGGGCGGCC
GTTCAAACTATTATGGGCACGCAGTTCCAGAGGCGAAACCAGGCGCAGCCTATAGATGTCCTTGGCAT
TGAAGGCCGAGTCTATCTCCTCTACATAAATCACGTATAGAGAAGAGAGAGCAATTCCTTTCACAAGC
ATATCAGTACGCCTCAATCTCCATGTGATTCACTTTTGTGAGCGTATACTCAGTTCTTACCGGCCCACA
GAGGACTTGAACGCTCTTCATGGTGAGCTAGTCTTTTATAATATGATGTTTCTTACTCTAAGGCGCTCC
ATTATACGGTTCCAATACTAACTTCGATCTCGGACGGCCTATTTGTGAGTGTGCAGAGGCAGTAGTGTC
AAACCCAAGAAGTGAGCCCCGCGTTGCAATCTATCGAGATCTGCGCCTTTAGACGGACGACCGACCTG
GACGAGAACATTTAAAGCGCGATGGATCATCGTTCGGGACCAGTGGACTGCCAGGTTGATGCCTACCA
AAACCTTTGGAGGTTACATCGATGAGCTGAATCGGTAATAGATACTTAGTATCAAGCGTTCGGTCCAT
GGGACTCTAGTCCTGTATATCCGGCGCAGTAAACTACGCGAACGCAACTTACCCTCCTGCAGATGTCT
GTTTCCCTTAGACACGAACGTTACACCCCGATCGATATTTCGCATAACGTAATGAATATAGTGTAGTAA
ACGACGCTACTTTATGTGAGCACGTATAACAGCTCGTGGAACAAAAAGCAGCTAGGAGAAGCGTGAC
GTGGAGGGATGTCTAAAACCCGGGGTCGCCGCCGAGCGCCAGTAGAATACGCAGATGGTCGCCCGAA
CGTCGTGGGGGATACACTGTATATAACGCGGTACTATCAATGAACGCGACAATAATTGGATGCGTGTA
TCGAGAGCGCAGTTTGTTAATTCCTCAGGCGGCCACGAGAGGAACTCCGCTAAAGACTTGTACCGAGC
CGGGACTACTATTGGTAACGAGTCTGGAGAGTGACTGGTAGCACGGGGTAATAGCAGTTGCTTGTCTG
GCCCTTGATCCTGTCAACCCACAATCCGCTTCCTTGAAACCGATAGCGGTTTTAACTAGGACTATCAAA
CAAATCGTCCTCTATGGCGAATTCGAGCTCGGTACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATG
CAAGCTTGAGTATTCTATAGTCTCACCTAAATAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGT
GAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGT
GCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTG
TCGTGCCAGCTGCATTAATGAATCGGCCAACGCGAACCCCTTGCGGCCGCCCGGGCCGTCGACCAATT
CTCATGTTTGACAGCTTATCATCGAATTTCTGCCATTCATCCGCTTATTATCACTTATTCAGGCGTAGCA
ACCAGGCGTTTAAGGGCACCAATAACTGCCTTAAAAAAATTACGCCCCGCCCTGCCACTCATCGCAGT
ACTGTTGTAATTCATTAAGCATTCTGCCGACATGGAAGCCATCACAAACGGCATGATGAACCTGAATC
GCCAGCGGCATCAGCACCTTGTCGCCTTGCGTATAATATTTGCCCATGGTGAAAACGGGGGCGAAGAA
GTTGTCCATATTGGCCACGTTTAAATCAAAACTGGTGAAACTCACCCAGGGATTGGCTGAGACGAAAA
ACATATTCTCAATAAACCCTTTAGGGAAATAGGCCAGGTTTTCACCGTAACACGCCACATCTTGCGAA



TATATGTGTAGAAACTGCCGGAAATCGTCGTGGTATTCACTCCAGAGCGATGAAAACGTTTCAGTTTG
CTCATGGAAAACGGTGTAACAAGGGTGAACACTATCCCATATCACCAGCTCACCGTCTTTCATTGCCA
TACGAAATTCCGGATGAGCATTCATCAGGCGGGCAAGAATGTGAATAAAGGCCGGATAAAACTTGTG
CTTATTTTTCTTTACGGTCTTTAAAAAGGCCGTAATATCCAGCTGAACGGTCTGGTTATAGGTACATTG
AGCAACTGACTGAAATGCCTCAAAATGTTCTTTACGATGCCATTGGGATATATCAACGGTGGTATATC
CAGTGATTTTTTTCTCCATTTTAGCTTCCTTAGCTCCTGAAAATCTCGATAACTCAAAAAATACGCCCG
GTAGTGATCTTATTTCATTATGGTGAAAGTTGGAACCTCTTACGTGCCGATCAACGTCTCATTTTCGCC
AAAAGTTGGCCCAGGGCTTCCCGGTATCAACAGGGACACCAGGATTTATTTATTCTGCGAAGTGATCT
TCCGTCACAGGTATTTATTCGCGATAAGCTCATGGAGCGGCGTAACCGTCGCACAGGAAGGACAGAGA
AAGCGCGGATCTGGGAAGTGACGGACAGAACGGTCAGGACCTGGATTGGGGAGGCGGTTGCCGCCGC
TGCTGCTGACGGTGTGACGTTCTCTGTTCCGGTCACACCACATACGTTCCGCCATTCCTATGCGATGCA
CATGCTGTATGCCGGTATACCGCTGAAAGTTCTGCAAAGCCTGATGGGACATAAGTCCATCAGTTCAA
CGGAAGTCTACACGAAGGTTTTTGCGCTGGATGTGGCTGCCCGGCACCGGGTGCAGTTTGCGATGCCG
GAGTCTGATGCGGTTGCGATGCTGAAACAATTATCCTGAGAATAAATGCCTTGGCCTTTATATGGAAA
TGTGGAACTGAGTGGATATGCTGTTTTTGTCTGTTAAACAGAGAAGCTGGCTGTTATCCACTGAGAAG
CGAACGAAACAGTCGGGAAAATCTCCCATTATCGTAGAGATCCGCATTATTAATCTCAGGAGCCTGTG
TAGCGTTTATAGGAAGTAGTGTTCTGTCATGATGCCTGCAAGCGGTAACGAAAACGATTTGAATATGC
CTTCAGGAACAATAGAAATCTTCGTGCGGTGTTACGTTGAAGTGGAGCGGATTATGTCAGCAATGGAC
AGAACAACCTAATGAACACAGAACCATGATGTGGTCTGTCCTTTTACAGCCAGTAGTGCTCGCCGCAG
TCGAGCGACAGGGCGAAGCCCTCGAGCTGGTTGCCCTCGCCGCTGGGCTGGCGGCCGTCTATGGCCCT
GCAAACGCGCCAGAAACGCCGTCGAAGCCGTGTGCGAGACACCGCGGCCGGCCGCCGGCGTTGTGGA
TACCTCGCGGAAAACTTGGCCCTCACTGACAGATGAGGGGCGGACGTTGACACTTGAGGGGCCGACTC
ACCCGGCGCGGCGTTGACAGATGAGGGGCAGGCTCGATTTCGGCCGGCGACGTGGAGCTGGCCAGCC
TCGCAAATCGGCGAAAACGCCTGATTTTACGCGAGTTTCCCACAGATGATGTGGACAAGCCTGGGGAT
AAGTGCCCTGCGGTATTGACACTTGAGGGGCGCGACTACTGACAGATGAGGGGCGCGATCCTTGACAC
TTGAGGGGCAGAGTGCTGACAGATGAGGGGCGCACCTATTGACATTTGAGGGGCTGTCCACAGGCAG
AAAATCCAGCATTTGCAAGGGTTTCCGCCCGTTTTTCGGCCACCGCTAACCTGTCTTTTAACCTGCTTTT
AAACCAATATTTATAAACCTTGTTTTTAACCAGGGCTGCGCCCTGTGCGCGTGACCGCGCACGCCGAA
GGGGGGTGCCCCCCCTTCTCGAACCCTCCCGGTCGAGTGAGCGAGGAAGCACCAGGGAACAGCACTT
ATATATTCTGCTTACACACGATGCCTGAAAAAACTTCCCTTGGGGTTATCCACTTATCCACGGGGATAT
TTTTATAATTATTTTTTTTATAGTTTTTAGATCTTCTTTTTTAGAGCGCCTTGTAGGCCTTTATCCATGCT
GGTTCTAGAGAAGGTGTTGTGACAAATTGCCCTTTCAGTGTGACAAATCACCCTCAAATGACAGTCCT
GTCTGTGACAAATTGCCCTTAACCCTGTGACAAATTGCCCTCAGAAGAAGCTGTTTTTTCACAAAGTTA
TCCCTGCTTATTGACTCTTTTTTATTTAGTGTGACAATCTAAAAACTTGTCACACTTCACATGGATCTGT
CATGGCGGAAACAGCGGTTATCAATCACAAGAAACGTAAAAATAGCCCGCGAATCGTCCAGTCAAAC
GACCTCACTGAGGCGGCATATAGTCTCTCCCGGGATCAAAAACGTATGCTGTATCTGTTCGTTGACCA
GATCAGAAAATCTGATGGCACCCTACAGGAACATGACGGTATCTGCGAGATCCATGTTGCTAAATATG
CTGAAATATTCGGATTGACCTCTGCGGAAGCCAGTAAGGATATACGGCAGGCATTGAAGAGTTTCGCG
GGGAAGGAAGTGGTTTTTTATCGCCCTGAAGAGGATGCCGGCGATGAAAAAGGCTATGAATCTTTTCC
TTGGTTTATCAAACGTGCGCACAGTCCATCCAGAGGGCTTTACAGTGTACATATCAACCCATATCTCAT
TCCCTTCTTTATCGGGTTACAGAACCGGTTTACGCAGTTTCGGCTTAGTGAAACAAAAGAAATCACCA
ATCCGTATGCCATGCGTTTATACGAATCCCTGTGTCAGTATCGTAAGCCGGATGGCTCAGGCATCGTCT
CTCTGAAAATCGACTGGATCATAGAGCGTTACCAGCTGCCTCAAAGTTACCAGCGTATGCCTGACTTC
CGCCGCCGCTTCCTGCAGGTCTGTGTTAATGAGATCAACAGCAGAACTCCAATGCGCCTCTCATACATT
GAGAAAAAGAAAGGCCGCCAGACGACTCATATCGTATTTTCCTTCCGCGATATCACTTCCATGACGAC
AGGATAGTCTGAGGGTTATCTGTCACAGATTTGAGGGTGGTTCGTCACATTTGTTCTGACCTACTGAGG
GTAATTTGTCACAGTTTTGCTGTTTCCTTCAGCCTGCATGGATTTTCTCATACTTTTTGAACTGTAATTTT
TAAGGAAGCCAAATTTGAGGGCAGTTTGTCACAGTTGATTTCCTTCTCTTTCCCTTCGTCATGTGACCT
GATATCGGGGGTTAGTTCGTCATCATTGATGAGGGTTGATTATCACAGTTTATTACTCTGAATTGGCTA
TCCGCGTGTGTACCTCTACCTGGAGTTTTTCCCACGGTGGATATTTCTTCTTGCGCTGAGCGTAAGAGC
TATCTGACAGAACAGTTCTTCTTTGCTTCCTCGCCAGTTCGCTCGCTATGCTCGGTTACACGGCTGCGG
CGAGCATCACGTGCTATAAAAATAATTATAATTTAAATTTTTTAATATAAATATATAAATTAAAAATAG
AAAGTAAAAAAAGAAATTAAAGAAAAAATAGTTTTTGTTTTCCGAAGATGTAAAAGACTCTAGGGGG
ATCGCCAACAAATACTACCTTTTATCTTGCTCTTCCTGCTCTCAGGTATTAATGCCGAATTGTTTCATCT
TGTCTGTGTAGAAGACCACACACGAAAATCCTGTGATTTTACATTTTACTTATCGTTAATCGAATGTAT
ATCTATTTAATCTGCTTTTCTTGTCTAATAAATATATATGTAAAGTACGCTTTTTGTTGAAATTTTTTAA



ACCTTTGTTTATTTTTTTTTCTTCATTCCGTAACTCTTCTACCTTCTTTATTTACTTTCTAAAATCCAAAT
ACAAAACATAAAAATAAATAAACACAGAGTAAATTCCCAAATTATTCCATCATTAAAAGATACGAGG
CGCGTGTAAGTTACAGGCAAGCGATCCTAGTACACTCTATATTTTTTTATGCCTCGGTAATGATTTTCA
TTTTTTTTTTTCCACCTAGCGGATGACTCTTTTTTTTTCTTAGCGATTGGCATTATCACATAATGAATTAT
ACATTATATAAAGTAATGTGATTTCTTCGAAGAATATACTAAAAAATGAGCAGGCAAGATAAACGAA
GGCAAAGATGACAGAGCAGAAAGCCCTAGTAAAGCGTATTACAAATGAAACCAAGATTCAGATTGCG
ATCTCTTTAAAGGGTGGTCCCCTAGCGATAGAGCACTCGATCTTCCCAGAAAAAGAGGCAGAAGCAGT
AGCAGAACAGGCCACACAATCGCAAGTGATTAACGTCCACACAGGTATAGGGTTTCTGGACCATATGA
TACATGCTCTGGCCAAGCATTCCGGCTGGTCGCTAATCGTTGAGTGCATTGGTGACTTACACATAGACG
ACCATCACACCACTGAAGACTGCGGGATTGCTCTCGGTCAAGCTTTTAAAGAGGCCCTACTGGCGCGT
GGAGTAAAAAGGTTTGGATCAGGATTTGCGCCTTTGGATGAGGCACTTTCCAGAGCGGTGGTAGATCT
TTCGAACAGGCCGTACGCAGTTGTCGAACTTGGTTTGCAAAGGGAGAAAGTAGGAGATCTCTCTTGCG
AGATGATCCCGCATTTTCTTGAAAGCTTTGCAGAGGCTAGCAGAATTACCCTCCACGTTGATTGTCTGC
GAGGCAAGAATGATCATCACCGTAGTGAGAGTGCGTTCAAGGCTCTTGCGGTTGCCATAAGAGAAGCC
ACCTCGCCCAATGGTACCAACGATGTTCCCTCCACCAAAGGTGTTCTTATGTAGTTTTACACAGGAGTC
TGGACTTGAC 
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