FM pulsing can be implemented by a simple
circuit of three genes (rsbW, rsbV, and sigB), with
input from a phosphatase complex. This system
provides a fundamental signal-processing capabil-
ity to bacterial cells, enabling them to convert
steady “DC” inputs into pulsatile, predominantly
“AC” outputs. Noise plays a key functional role
in this signal processing system (3). The 6 cir-
cuit conserves its core architecture in diverse
bacteria (7), and other alternative sigma factors
similarly feature both posttranslational regulation
by anti-sigma factors and autoregulatory feed-
back. Thus, related stochastic pulse modulation
schemes are likely employed more generally in
bacteria (10). The relatively slow time scale of 6®
pulses (Fig. 1E) could confer advantages in re-
sponding to unpredictable environments and main-
taining a broad, but dynamic, distribution of states
in the population through bet-hedging (25, 26).
Given the negative effect of ¢® activation on
growth rate in some conditions, even under energy
stress (27), these results suggest that cells balance
the benefits and costs of ” activation dynami-
cally. It will be interesting to see whether other
dynamic encoding schemes are similarly imple-
mented by relatively simple circuit modules.
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Transgenerational Epigenetic
Instability Is a Source of
Novel Methylation Variants

Robert J. Schmitz,>? Matthew D. Schultz,*3 Mathew G. Lewsey,> Ronan C. O’Malley,’
Mark A. Urich,? Ondrej Libiger,* Nicholas J. Schork,* Joseph R. Ecker’-?°*

Epigenetic information, which may affect an organism’s phenotype, can be stored and stably
inherited in the form of cytosine DNA methylation. Changes in DNA methylation can produce
meiotically stable epialleles that affect transcription and morphology, but the rates of spontaneous
gain or loss of DNA methylation are unknown. We examined spontaneously occurring variation
in DNA methylation in Arabidopsis thaliana plants propagated by single-seed descent for 30
generations. We identified 114,287 CG single methylation polymorphisms and 2485 CG differentially
methylated regions (DMRs), both of which show patterns of divergence compared with the ancestral
state. Thus, transgenerational epigenetic variation in DNA methylation may generate new allelic
states that alter transcription, providing a mechanism for phenotypic diversity in the absence of

genetic mutation.

ytosine methylation is a DNA base mod-

ification with roles in development and

disease in animals as well as in silencing
transposons and repetitive sequences in plants
and fungi (/). In plants, CG methylation is com-
monly found within gene bodies (2—5), whereas
non-CG methylation, CHG and CHH (where H
is A, C, or T), is enriched in transposons and re-
petitive sequences (/). The RNA-directed DNA
methylation (RADM) pathway targets both CG
and non-CG sites for methylation and is com-

monly associated with transcriptional silencing
(6). This pathway can also target and silence
protein-coding genes, giving rise to epigenetic al-
leles or so-called epialleles that can be heritable
through mitosis and/or meiosis (7, §) and can be
dependent on the methylation of a single CG di-
nucleotide (9).

Two meiotically heritable epialleles result-
ing in morphological variation are the peloric
(Linaria vulgaris) and colorless non-ripening
(Solanum lycopersicum) loci (10, 11). Both show

spontaneous epigenetic silencing events within
their respective populations (10, 12). However, the
frequency at which such spontaneous meiotically
heritable epialleles naturally arise in populations
is unknown. Although epiallelic variation has been
identified between genetically diverse populations
within Arabidopsis thaliana (13), it is unclear
whether these identified epialleles are due to
underlying genetic variation. Epialleles have al-
so been artificially generated after mutagenesis
or because of mutations in the cellular com-
ponents required for the maintenance of DNA
methylation (/4-16).

An A. thaliana (Columbia-0) population, the
MA lines, derived by single-seed descent for 30
generations (/7) was used to examine the extent
of naturally occurring variation in DNA methyla-
tion and the frequency at which spontaneous epi-
alleles emerge over time. We used the MethylC-Seq
method (3) to determine the whole-genome base
resolution DNA methylomes for three ancestral
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MA lines (numbers 1, 12, and 19) and five
descendant MA lines (numbers 29, 49, 59, 69,
and 119) (fig. S1). We refer to lines 1, 12, and 19
as ancestors throughout this study, although
they are not direct ancestors because they are
three generations removed from the original
founder line (fig. S1). These specific descendant
lines were selected because their genomes have
been sequenced and they have a known level of
spontaneous mutation (/8). Biological replicates
(sibling plants) for each leaf methylome were
sequenced to an average of ~34-fold coverage,
which allowed for an average per line exami-
nation of 39,897,093 (96.35%) uniquely mapped
cytosines and 5,307,077 (98.39%) uniquely mapped
CGs (table S1).

A total of 1,730,761 CGs were methylated
(mCGs) in at least one MA line (Fig. 1A), and
about 91% of the covered mCGs were invar-
iably methylated across all eight lines (19). The
variable mCGs revealed a set of 114,287 high-
confidence CG single methylation polymorphisms
(SMPs) that showed a consensus of the meth-
ylation status of CG dinucleotides between bi-
ological replicates (Fig. 1A). Next, a reference
MA founder DNA methylome was created by
pooling the completely conserved mCG site
calls for all ancestral MA lines and used to de-
termine the frequency of discordant CG-SMP
sites within the descendant population (Fig. 1B).
Within the descendant lines, ~1.62% of the CG
methylome shows susceptibility to dynamic ac-
quisitions and losses of mCGs over time (table
S2). On average, ~66,000 methylated CG-SMPs
(mCG-SMPs) were identified for each ances-
tral and descendant line (fig. S2). Although the
total number of mCG-SMPs was similar be-
tween all lines, the conservation of these poly-
morphisms among and between ancestral and
descendant populations was different (Fig. 1C
and table S3). A pairwise comparison of both
populations for methylation conservation, esti-
mated by global similarity of mCG-SMP sites
(19), revealed that all of the ancestral lines are
highly similar (table S4). Descendant lines showed
greater similarity in CG-SMPs methylation sta-
tus to ancestral lines than to other descendant
lines (table S4).

We calculated an estimate of the epimutation
rate per generation in this population by using
linear regression and TREE PUZZLE, which re-
vealed 704 and 2876 methylation changes each
generation, respectively (79). We estimated a lower
bound of the epimutation rate with the linear
regression results, which revealed 4.46 x 10~
methylation polymorphisms per CG site per gen-
eration (P < 0.0000216) (table S5). This finding
contrasts with the previously reported spontane-
ous genetic mutation rate of 7 x 10~° base sub-
stitutions per site per generation for these same
MA lines (/8). The TREE PUZZLE analysis re-
vealed higher estimated epimutation rates in earlier
generations (/9). One possible source of this var-
iation could be due to seed age, storage, and/or
selection for seed survival. Therefore, although

21 OCTOBER 2011

DNA methylation is predominantly static over
relatively long periods of time, changes in cyto-
sine methylation do occur and at a frequency
greater than that of mutation observed at the
DNA sequence level.

By using CG-SMPs derived from both an-
cestral and descendant populations, we carried
out a genome-wide analysis of differentially meth-
ylated regions (DMRs) and identified 2485 CG-
DMRs that ranged in size from 11 to 1110 base
pairs (bp) (Fig. 2A and table S6). Hierarchical
clustering of CG-DMRs in this population, cal-
culated solely on the basis of the methylation
density, revealed that the ancestral lines segregate
as an independent cluster from the descendant
lines (Fig. 2B and fig. S3). Multivariate distance-
based regression (MDMR) (20, 21) confirmed
this finding, indicating a statistically significant
(P < 0.00005) association between ancestor or
descendant status and methylation density of the
CG-DMR profiles. The ancestor or descendant
status explained 47% of the variance in the dis-
similarity in methylation density of CG-DMRs
between pairs of samples, indicating that, over
time, there is a divergence of DNA methylation
patterns in both formation and elimination of CG-
DMRs. Furthermore, the genome-wide locations
of these CG-DMRs were not uniformly distributed
(P <220 x 109, because 60.5% (1504/2485)

were found in genic regions compared with 3.3%
(82/2485) and 36.2% (899/2485) located in in-
tergenic regions and transposons, respectively
(Fig. 2B).

Next, we performed a genome-wide survey
for nonCG-DMRs and uncovered a total of 284
among all eight lines (table S7). In general, the
nonCG-DMRs were largely localized to inter-
genic regions (141/284) of the genome, because
only 57/284 overlapped with genes and 86/284
overlapped with transposons. The size ranges of
the nonCG-DMRs were similar to those of the
CG-DMRs because the vast majority occurred in
smaller segments of the genome (10 to 682 bp).
Therefore, variation in DNA methylation ap-
pears to occur in all three methylation sequence
contexts.

CG methylation is present within gene bodies
and is enriched toward the 3’ end (2—5), whereas
CG and nonCG methylation is associated with
heterochromatin, transposons, and repetitive se-
quences (/). In agreement with these findings, we
observed that the 3’ portion of genes contained
the greatest source of CG-DMRs and that the
majority of nonCG-DMRs were enriched out-
side of the gene bodies (Fig. 2C). Furthermore,
we observed a ~twofold depletion of CG-DMRs
in exons compared with introns (Fig. 2D). The
genome-wide distributions of CG-SMPs, CG-DMRs,

A B Total SMPs ,
. o 0 Discordant
Atdg14570 in the delsc:tgnr:jant 1587% 1 yescendant line
popuiatio 1.14% m 1 Discordant
SHPSHP 7o M descendant lines
»; 1repl % 2 Discordant
S 15 FSB% 0.21% B 4o ccendant lines
§ 19 rep2 0.05% W 3 Discordant
s 1% ﬁggé 27 M descendant lines
29 repl o 4 Discordant
*3 3,8 FSB? 0.02% .descendant lines
S| 49 rep2 5 Discordant
o o,
=l 23 ngé Total unmethylated 0.01% M yescendant lines
§ gg repl CG dinucleotides Total
re f o,
afi9 reB? in the genome 82.70% M unmethylated CG
119 rep2

Ancestor vs Descendant

Descendant vs Descendant

0 20000 50000
# of dissimilar SMPs

Fig. 1. Epigenetic variation of CG-SMPs. (A) An example of a CG-SMP. Gold lines indicate CG methyl-
ation, maroon rectangle indicates the untranslated regions, and green rectangles indicated exons. (B) A
breakdown of the methylation distribution of CG dinucleotides among all samples. (C) A heatmap indi-
cating the number of CG-SMPs that differ between two samples (table S3).
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and nonCG-DMRs were depleted in hetero-
chromatic regions in the genome (Fig. 2, E
and F). These depletions were mostly observed at
the pericentromeres and centromeres (Fig. 2, E
and F, and figs. S4 and S5). CG-DMRs are
enriched in transposons located in euchromatin
but depleted in transposons present near the
centromere. Because the centromeric regions of
the genome contain the highest density of DNA
methylation (Fig. 2, E and F), these observations
combined with the observations that CG-DMRs
are enriched in intron sequences may indicate
that DNA methylation that is associated with nu-
cleosomes (22) (i.e., exons or tightly packaged
chromatin in the pericentromeres and centro-
meres) may be maintained at a higher fidelity
and that DNA methylation not associated with
nucleosomes may undergo greater epigenetic
drift.

A genome-wide screen for DMRs simulta-
neously occurring in all three methylation sequence
contexts (C-DMRs are CG, CHG, and CHH)
was performed to assess the extent of epiallelic
variation that is characteristic of RADM across
the MA population. In total, 72 C-DMRs were
identified, of which functional categorization
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revealed that two-thirds overlapped with trans-
poson and intergenic sequences whereas about
one-third overlapped with gene bodies and pro-
moters (Fig. 3A and table S8). To determine
whether transposition-induced methylation could
potentially give rise to the methylated C-DMRs
(mC-DMRs) (23), genomic DNA encompassing
all C-DMRs was amplified and compared in all
ancestral and descendant lines. In every case,
the observed amplicon size was identical for
all MA lines and was equal to the expected size
of the locus (table S8), indicating that these
C-DMRs are unlinked to cis-genetic variation
located within 500 bp, a distance that would be
expected to reveal methylation induced by trans-
poson insertions at these loci (23). Additionally,
none of the genetic variants identified by genome
resequencing of this population (/8) overlapped
with any of these C-DMRs. Lastly, restriction
enzyme digestion and Southern blot analyses
were performed to rule out the possibility that
copy number variants were the cause of spon-
taneous epiallele formation, as is the case for the
PAI epialleles (24). In all cases examined, the ob-
served hybridization pattern and gene copy num-
ber were identical for each of the MA lines
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D
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©
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£
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505
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(fig. S6). Therefore, we conclude that the 72
C-DMRs represent a set of spontaneously occur-
ring epialleles within the MA lines, because they
were not associated with any genetic variation.

By using a set of C-DMRs that exhibited
an identical methylation status (fig. S7), we de-
termined the frequency of discordance of the
ancestral state with the descendant lines and found
that 29 of the C-DMRs were highly variable (>1
descendant line was discordant with the ances-
tral state) (Fig. 3B). C-DMRs discordant in only
one of the five descendant lines were the most
frequent class, but there was an unexpectedly
high number of C-DMRs (63%) that were dis-
cordant in more than one descendant (Fig. 3B).
Within the set of 576 C-DMRs identified (eight
lines by 72 C-DMRs), 7 were discordant between
the biological replicates (table S8). These data
suggest that, although many C-DMRs represent
the formation of spontaneous epialleles, a small
subset may reflect the presence of “hotspots”
(metastable epialleles).

We sequenced small RNA (smRNA) pop-
ulations for all eight lines and found that
smRNAs [represented as RPKCMs (reads per
kilobase of each C-DMR per million reads) in
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Fig. 2. CG-DMRs diverge over time and are enriched in
gene bodies. (A) Example CG-DMR present in an unmeth-
ylated state in both replicates of line 69. (B) A heatmap
representation of a two-dimensional hierarchical cluster-
ing based on DMRs. Columns represent samples. Rows
indicate DMRs. The column to the left of the heatmap
indicates the genomic location of the DMR (blue, gene
body; gold, transposon; gray, intergenic; red, transposon

in gene body). (C) The average distribution of CG-DMRs
(red) and nonCG-DMRs (blue) across gene bodies (from the start of the 5’ UTR to the end of the 3’ UTR, including 500 bp up- and downstream). (D) CG gene-
body DMRs are specifically depleted in exons. (E) Genome-wide distributions of mCG (red), CG-SMPs (green), and CG-DMRs (blue) across chromosome I. (F)
Genome-wide distributions of methylated nonCGs (mnonCG, red) and nonCG-DMRs (green) across chromosome I. The centromere is indicated by the pink
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Fig. 3. Epiallelic variation at protein-coding loci is associated with transcrip-
tional variation. (A) Classification of C-DMRs and their genomic locations. (B)
The number of descendant lines discordant with the ancestral C-DMR state
and the C-DMR methylation status. The black portions of the bar indicate the
descendant C-DMRs that became methylated, whereas the white portions
indicate regions that became unmethylated, compared with the ancestral pop-
ulation. (C) The 24-nt smRNA levels are associated with increasing methyla-
tion density. The 24-nt smRNA RPKCMs for all 576 C-DMRs (8 MA lines by

72 C-DMRs) were ranked and binned into 10% quantiles, and then the aver-
age mC densities were plotted. (D) A representative C-DMR at At5g24240 in
which both biological replicates of descendant line 59 were unmethylated. (E)
gRT-PCR analysis of At5g24240 reveals >50-fold increase in mRNA abundance
in unmethylated line 59. Error bars indicate SEM. (F) The 24-nt SmRNAs are
enriched specifically in the MA lines that are transcriptionally silenced in (E)
for the At5g24240 locus with the exception of line 59, which is abundantly
expressed in (E).

tables S9 to 12] were associated with an in- 60
crease in the average methylation density of
C-DMRs (Fig. 3C). Furthermore, this association
resembled a binary switch, because the most
densely methylated C-DMRs contained abun-
dant 24-nucleotide (nt) smRNAs (Fig. 3C).

Of the eight previously documented plant
epialleles resulting in phenotypic variation, all af-
fected transcriptional output of the differentially
methylated locus (9-71, 23—28). mRNA abun-
dance was measured in all eight lines with quan-
titative reverse transcription polymerase chain
reaction (qQRT-PCR) at eight C-DMRs that over-
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in mRNA abundance, respectively, and with the
presence of 24-nt smRNAs at each silenced epi-
allele (Fig. 3, D to F, and fig. S8). These find-
ings reveal that changes in epiallelic state can

met1

ddc rdd Col-0

Fig. 4. Methylation status of all 72 epialleles in methylation and demethylation mutant backgrounds.
Most of the epialleles become unmethylated in met1-3, whereas a smaller number become remeth-

lead to major effects on transcriptional output
(fig. S9).

We also observed that the methylation sta-
tus of one C-DMR resulted in alternative pro-
moter usage of ACTIN RELATED PROTEIN 9
(At5g43500) (fig. S10C). The loss of DNA meth-
ylation within the 5’ untranslated region (UTR)
of the At5g43500.1 isoform led to an increase in

21 OCTOBER 2011

ylated in the DNA demethylase triple mutant rdd.

mRNA expression, whereas expression of iso-
form At5g43500.2, with a transcriptional start
site located further downstream, was unaffected
(fig. S10, D and E).

Although epialleles can have major impacts
on phenotypic diversity, until now their identi-

fication was not trivial. Even more puzzling is
the origin of “pure” alleles, which are defined
by their formation in the absence of any genetic
variation in cis or trans (8). One route to epi-
allele formation may be the failure to correctly
maintain the proper methylation status through-
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out epigenetic reprogramming that occurs post-
fertilization (29, 30). It is noteworthy that 63 of
the 72 C-DMRs overlap with regions previously
shown to have altered methylation patterns in
methylation enzyme mutants (Fig. 4) (3). Of the
14 C-DMRs that overlap with genes, 5 become
reexpressed in met/-3 and 1 transcript becomes
silenced in rdd (3). These results suggest that a
failure to faithfully maintain genome-wide meth-
ylation patterns by MET! and/or RDD is likely
one source of spontaneous epiallele formation.
Regardless of their origin, the majority of epi-
alleles identified in this study are meiotically sta-
ble and heritable across many generations in this
population. Understanding the basis for such trans-
generational instability and the mechanism(s)
that trigger and/or release these epiallelic states
will be of great importance for future studies.
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Computation-Guided Backbone
Grafting of a Discontinuous Motif
onto a Protein Scaffold

Mihai L. Azoitei,** Bruno E. Correia,"** Yih-En Andrew Ban,l’r Chris Carrico,*3
Oleksandr Kalyuzhniy,* Lei Chen,* Alexandria Schroeter,* Po-Ssu Huang,* Jason S. McLellan,*
Peter D. Kwong,* David Baker,™* Roland K. Strong,® William R. Schief¢"%

The manipulation of protein backbone structure to control interaction and function is a
challenge for protein engineering. We integrated computational design with experimental selection
for grafting the backbone and side chains of a two-segment HIV gp120 epitope, targeted by the
cross-neutralizing antibody b12, onto an unrelated scaffold protein. The final scaffolds bound b12 with
high specificity and with affinity similar to that of gp120, and crystallographic analysis of a scaffold
bound to b12 revealed high structural mimicry of the gp120-b12 complex structure. The method

can be generalized to design other functional proteins through backbone grafting.

omputational protein design tests our

understanding of protein structure and

folding and provides valuable reagents
for biomedical and biochemical research; long-
term goals include the design of field- or clinic-
ready biosensors (/), enzymes (2), therapeutics (3),
and vaccines (4, 5). A major limitation has been
an inability to manipulate backbone structure;
most computational protein design has involved
sequence design on predetermined backbone struc-
tures or with minor backbone movement (/-5).
Accurate backbone remodeling presents a sub-
stantial challenge for computational methods
owing to limited conformational sampling and
imperfect energy functions (6).

Novel recognition modules (7), inhibitors (8, 9),
enzymes (2), and immunogens (4, 3, 10, 11) have
been designed by grafting functional constel-
lations of side chains onto protein scaffolds of
predefined backbone structure. In all cases, the
restriction to using predetermined scaffold back-
bone structures limited the complexity of the
functional motifs that could be transplanted. For
example, the de novo enzymes could accommo-
date grafting of only three or four catalytic groups,
whereas many natural enzymes have six or more
(12), and the immunogens were limited to con-
tinuous (single-segment) epitopes even though
most antibody epitopes are discontinuous (involv-
ing two or more antigen segments) (13, /4).

To address the challenge of incorporating back-
bone flexibility modeling into grafting design, we
developed a hybrid computational-experimental
method for grafting the backbone and side chains
of functional motifs onto scaffolds (Fig. 1). We
tested this method by grafting a discontinuous
HIV gp120 epitope, targeted by the broadly neu-
tralizing monoclonal antibody b12 (/5), onto
an unrelated scaffold. b12 binds to a conserved
epitope within the CD4-binding site (CD4bs) of
gp120 (/6), an area of great interest for vaccine
design. We focused on transplantation of two
segments from gp120: residues 365 to 372, known
as the CD4b (CD4 binding) loop (17), and resi-
dues 472 to 476, known as the ODe (outer domain
exit) loop (76). The bl12-gpl120 interaction in-
volves six or seven backbone segments on gp120
(16), but 60% of the buried surface area on gp120
lies on the CD4b and ODe loops, and a Rosetta
energy calculation (/8) suggested that these two
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