








cUPRE-1 flanking sequences are required, addition of the KAR2
flanking sequences to cUPRE-1 restored high-affinity binding
(Fig. 3C). Insertion of the cUPRE-1 into a heterologous flanking
context (the ERO1 promoter) did not restore Hac1 i binding
(Fig. 3C), establishing that UPRE-1-specific flanking sequences
are required.

To identify the precise boundaries of flanking sequences
required for Hac1 i binding to the cUPRE-1, we started with
the cUPRE-1 embedded within heterologous ERO1 flanking
sequences and systematically substituted these sequences with
increasing portions of KAR2 sequences in the upstream and/or
downstream direction (Fig. 3D). Restoration of upstream or
downstream flanking sequences alone did not significantly
increase Hac1 i binding affinity to cUPRE-1 (Fig. 3D, top and
middle rows, respectively). By contrast, simultaneous addition of
both upstream and downstream KAR2 flanking sequences had a
strong effect on binding (Fig. 3D, Bottom row).

Addition of one nucleotide on either side of the cUPRE-1
increased affinity fivefold, and addition of two nucleotides on
either side of the core restored affinity to that measured for the
cUPRE-1 in its native KAR2 context (Fig. 3E). Inclusion of
additional KAR2 flanking sequence did not significantly alter
binding affinities, suggesting that the 12-bp sequence 5′-GGA-
CAGCGTGTC-3′ (hereafter termed the extended core UPRE-1,
or xcUPRE-1) is sufficient for Hac1 i binding. Further corrobora-
tion of the importance of these nucleotides comes from the

observation that single point mutations 2-bp upstream and down-
stream from the cUPRE-1 in the KAR2 promoter previously
caused a reduction in transcriptional activity (7, 9).

Systematic Mutation of xcUPRE-1 and UPRE-2 TargetMotifs Reveals Two
Distinct Target Motifs.Understanding precisely how xcUPRE-1 and
UPRE-2 differ requires a comprehensive map of individual nu-
cleotide preferences for each binding mode. To create such a map,
wemeasured concentration-dependent binding curves for systema-
tic substitutions of all possible nucleotides at each position within
both targets (Fig. 4A and SI Appendix, Table S2). In each case, we
performed 3–4 experimental replicates (SI Appendix, Figs. S4–S7)
and computed the average relative binding affinity for each sub-
stitution (Fig. 4A). From these relative affinities, we then com-
puted an average PSAM (Fig. 4B and SI Appendix, Tables S3
and S4 and Fig. S8) for each motif.

The relative nucleotide preferences for UPRE-2 derived from
these measurements agree well with those from our MITOMI
2.0 analysis (compare Fig. 4B and Fig. 2A). Taken together, these
results establish that the complete UPRE-2 is short, subtending
6–7 nucleotides, with little degeneracy tolerated at most posi-
tions. The UPRE-2 appears to be an imperfect palindrome: at-
tempts to create a more fully symmetric site by either adding a
5′ C (Fig. 4A) or by altering multiple nucleotides (SI Appendix,
Fig. S9) do not lead to statistically significant increases in binding
affinity. By contrast, mutations at nearly all positions within

A

B

Fig. 4. Maps of nucleotide binding preferences at each position within xcUPRE-1 and UPRE-2. (A) Measured relative binding affinities for all possible single
nucleotide substitutions at each position within both UPRE-2 (top, blue bars) and xcUPRE-1 (bottom, orange bars) sites. Values represent the average affinity
for each substitution relative to the previously reported canonical sequence (shown at top) measured over multiple replicates; errors reported are the standard
error on the mean. Canonical UPRE-2 and xcUPRE-1 sequences are from the ERO1 and KAR2 promoters, respectively. (B) Affinity Logos21 for UPRE-2 (left) and
xcUPRE-1 (right) PSAMs derived from relative affinities.
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xcUPRE-1 have significant effects on affinity, further confirming
that xcUPRE-1 subtends on the order of 11–12 bp (Fig. 4A
and B). In addition, the overall composition of the motif is dif-
ferent: xcUPRE-1 appears to be composed of two palindromic
dyad repeats (5′-G[A/C]CAC-3′) separated by a central degener-
ate nucleotide.

The absolute affinity for UPRE-2 in these experiments
was slightly higher than the absolute affinity for xcUPRE-1
(UPRE-2 Kd ¼ 497� 60 μM; xcUPRE-1 Kd ¼ 720� 80 μM)
(SI Appendix, Table S5). However, the range of affinities
measured for all UPRE-2 and xcUPRE-1 variants largely agree,
with the strongest binding measured to be 220� 30 μM and
360� 40 μM, respectively (SI Appendix, Table S5).

Prediction of Potential Genomic Targets Using xcUPRE-1 and UPRE-2
PSAMs. An advantage of PSAMs over position weight matrices
(PWMs) is that they allow de novo prediction of protein binding
affinities to arbitrary sequences. To test the performance of our
xcUPRE-1 and UPRE-2 PSAMs, we compared measured and
predicted Hac1 i binding affinities for a variety of genomic
UPREs, including those present within the ERO1, KAR2,
EUG1, LHS1, FKB2, SEC66, and PDI1 promoters (SI Appendix,
Fig. S10). Measured and predicted affinities showed relatively
strong agreement (r2 ¼ 0.64, p ¼ 0.03), confirming our ability
to accurately predict binding to novel sequences. Next, we calcu-
lated predicted binding affinities to all annotated promoters
within the yeast genome as well as to known UPR target genes
(14) (SI Appendix). Promoters predicted to be bound with high
affinity via UPRE-2-like binding were more likely to be present
within the original UPR-induced data set (14) (SI Appendix,
Table S6), with the top 20 hits including multiple known UPR
targets (ULI1, TRA1, SFB3, MCD4, SNF11, HNT1, and KIC1).
Known UPR target promoters included 10, 19, and 20 genes with
predicted affinities within the top 10% of the distribution for the
xcUPRE-1 PSAM alone, the UPRE-2 PSAM alone, or both
PSAMs, respectively.

To test the ability of binding affinities measured in vitro to
predict in vivo transcriptional response, we compared levels of
expression of green fluorescent protein (GFP) in two S. cerevisiae
strains following addition of dithiothreitol, which impairs the
formation of disulfide bonds and leads to induction of the UPR.
In one strain, GFP expression was driven by a synthetic promoter
containing four repeats of the full KAR2 UPRE-1 (14); in the
second strain, cUPRE-1 sequences were replaced by UPRE-2
sequences, resulting in higher measured in vitro affinities (SI
Appendix, Fig. S11). In both strains, basal GFP expression was
low and identical. Following induction of the UPR, GFP levels
in the strain containing the UPRE-2 substitutions were approxi-
mately twofold higher (SI Appendix, Fig. S11), establishing that
changes in affinity measured here predict target promoter activity
in vivo.

A Region Of Extended Homology N-Terminal to Basic Region Is
Required for Dual Site Recognition. Given that xcUPRE-1 and
UPRE-2 differ significantly both in their overall length and rela-
tive nucleotide compositions (Fig. 4A), recognition of each motif
must accommodate distinct arrangements of contacts between
Hac1 i and target site nucleotides. If this is the case, it should be
possible to create Hac1 i mutants that disrupt binding to one
site while largely preserving binding to the other. In the Maf
subfamily of bZIP transcription factors, a region of extended
homology positioned N-terminal to the basic DNA binding do-
main is critical for recognition of extended (13–14 nucleotide)
target sites (4). Phylogenetic alignment of Hac1 orthologs across
ascomycetes reveals a similar region of extended homology (SI
Appendix, Fig. S12), suggesting that these residues may be impor-
tant for DNA specificity.

To identify mutants with altered binding preferences, we used
a genetic screen to assess levels of binding via each mode. To do
so, we used error-prone PCR to generate a library of Hac1 i

constructs containing random mutations to the protein between
the N terminus and the first heptad repeat of the leucine zipper
(Fig. 5A and SI Appendix, Fig. S13). We transformed this library
into a yeast strain containing two synthetic promoters controlling
the expression of two fluorescent proteins. The first promoter
consists of four repeats of the KAR2 UPRE-1 motif driving
mApple expression, and the second consists of four repeats of
the UPRE-2 driving GFP expression (Fig. 5B). To generate the
4x-UPRE-2 promoter, we mutated two nucleotides within the
KAR2 UPRE-1 to create a UPRE-2 target site (Fig. 5B). Impor-
tantly, the PSAMs derived here (Fig. 4B and SI Appendix,
Tables S3 and S4) predict that these mutations are sufficient
to switch Hac1 i binding toward the UPRE-2 recognition mode
(SI Appendix, Fig. S14). To ensure that differences in fluorescence
intensity were due to changes in Hac1 i binding and not indirect
effects from other UPR components, we ectopically expressed
both wild-type Hac1 i and this mutant library using an estradiol-
inducible system (22) (SI Appendix, Fig. S15).

Using this approach, we identified multiple Hac1 i mutants
with altered levels of binding to either one or both target promo-
ters relative to wild-type constructs (Fig. 5C and SI Appendix,
Figs. S16 and S17). Reassuringly, constructs sharing a given mu-
tation displayed the same fluorescence phenotype (SI Appendix,
Fig. S17 and Tables S7 and S8). Most constructs with altered
binding retained the ability to recognize xcUPRE-1 even as
UPRE-2 recognition was impaired; this tendency could reflect
the fact the xcUPRE-1 recognition appears to take place via
both binding modes (SI Appendix, Fig. S14) or could simply be
due to the increased length and tolerance of degeneracy within
xcUPRE-1 (Fig. 4 A and B). Mutations in positively charged
arginines or lysines within the extended homology region or near
the N terminus of the basic DNA binding region preferentially
reduced UPRE-2 binding while maintaining xcUPRE-1 binding
(Fig. 5D). Interestingly, a single arginine within the basic region
plays a crucial role in xcUPRE-1 recognition (Fig. 5D). The
diversity of these binding phenotypes and their emergence from
individual mutations strongly argues that Hac1 i binds DNA via
distinct binding modes, with individual protein residues playing
different roles within each interaction.

An N-Terminal Truncation Mutant Lacking Extended Homology
Regions Binds UPRE-2-Like Sequences with Reduced Affinity. To
further probe this idea and test the notion that residues within
the Hac1 i extended homology region are required for UPRE-2
recognition, we created Hac1 i constructs with truncations at
different locations within the extended homology region and
mapped their xcUPRE-1 and UPRE-2 binding preferences using
microfluidic affinity analysis. One truncation mutant (N25) re-
tained three residues identified as being important for UPRE-2
binding, while the other truncation mutant (N35) lost these re-
sidues (Fig. 6A). Although comparisons between relative binding
affinities for nearly full-length (N10) Hac1 i and the N25 trunca-
tion mutant showed strong agreement (r2 ¼ 0.90; Fig. S18A),
similar comparisons between nearly full-length (N10) Hac1 i and
the N35 truncation mutant showed much weaker agreement
(r2 ¼ 0.40; SI Appendix, Fig. S18B), suggesting a change in bind-
ing preferences. Calculation of the difference in binding prefer-
ence relative to average xcUPRE-1 and UPRE-2 behaviors for
each construct reveals that although all constructs show similar
binding preferences for oligonucleotides containing xcUPRE-1
and single-site substitutions (Fig. 6B), the N35 construct shows
dramatically reduced binding for UPRE-2 and single-site substi-
tutions (Fig. 6C). In particular, the N35 UPRE-2 PSAM shows a
decreased tolerance for nucleotide substitutions at the 5′ end of
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the motif, suggesting a shift towards a more extended binding site
(Fig. 6C and SI Appendix, Fig. S19).

The N25 and N35 truncation mutants showed twofold and
10-fold decreases in overall binding affinities, respectively (SI
Appendix, Fig. S20). As a result, mapping N35 binding prefer-
ences required that experiments be performed at fourfold higher
DNA concentrations to accurately measure affinities. Compari-
sons between relative affinities measured for the N10 construct
at both concentrations showed good agreement (r2 ¼ 0.76;
Fig. S18C), signifying that changes in binding preferences do
not result merely from changes in experimental conditions. These
results lend additional support to the idea that residues within
the extended homology region are required for dual-mode bind-
ing of Hac1 i to target sites.

Discussion
Here, we show that Hac1 i binds two divergent DNA binding sites,
a compact 6- or 7-bp UPRE-2 site and a significantly longer 11-
or 12-bp xcUPRE-1 site. While the compact UPRE-2 appears to
be a slightly asymmetric half-site, the xcUPRE-consists of two
palindromic 5′-G[A/C]CAC-3′ dyad repeats separated by a cen-
tral bp that is relatively degenerate (Fig. 4A), with mutations at
this position having little effect on transcriptional activity (11).
These differences in both site length and nucleotide composition
suggest that Hac1 i must contact each site via distinct modes of
binding. In support of this hypothesis, mutational analysis reveals

that a region of extended homology N-terminal to the basic DNA
binding domain is required for Hac1 i dual site recognition, and
microfluidic affinity analysis confirms the importance of these
residues for UPRE-2 recognition. Based on these conclusions,
Hac1 i emerges as the first natural bZIP transcription factor
shown to operate in at least two different modes.

The idea that the xcUPRE-1 subtends 11–12 bp is supported
by multiple previous observations. Although necessary for UPR-
responsive transcriptional activation, the 7-bp cUPRE-1 was not
sufficient for activation, and mutations in flanking nucleotides
outside of this core motif caused severe reductions in reporter
assay activity (7, 9). Such a long recognition sequence may also
explain the prior failure of short word-based bioinformatic ana-
lysis of promoters to recover this motif from known UPR target
genes (15). Our results are therefore consistent with previous
observations and clarify our understanding of Hac1 i function.

Several arguments suggest that the binding observed here
reflects the behavior of Hac1 i alone and not of Hac1 i hetero-
dimers, as previously proposed (15). In our experiments, 6x-His
tagged Hac1 i was produced in an in vitro translation system that
was then flowed over a surface coated with anti-His antibodies,
effectively concentrating and purifying Hac1 i on-chip prior to
affinity measurements. We consider it likely that Hac1 i produced
in this manner exists as an equilibrium of monomeric and homo-
dimeric species. In addition, the shapes of the concentration-
dependent binding curves suggest that both xcUPRE-1 and

A

B C

D

Fig. 5. Mutations within the Hac1 i DNA binding domain and an N-terminal region of extended homology can disrupt two-mode binding. (A) N-terminal
region of Hac1 i protein sequence, including proposed extended homology region (orange), basic DNA binding region (pink), beginning of leucine zipper
region (blue), and region mutated via error-prone PCR (gray bar). (B) Top: Details of mutation of KAR2 UPRE-1 site to generate a UPRE-2 target site. Bottom:
Yeast strains used in flow cytometry assays contained (i) a reporter with mApple expression and driven by four repeats of the KAR2 UPRE-1, (ii) a reporter with
GFP expression driven by four repeats of UPRE-2 within KAR2 flanking sequences, and (iii) either wild-typeHAC1 i ormutant hac1 i under the control of the Gal1
promoter within an estradiol-inducible system. (C) Measured mean UPRE-1-driven (mApple) and UPRE-2-driven (GFP) intensities for wild-type Hac1 i (left) and
mutant Hac1 i (right) 4 h after addition of estradiol. Each individual point represents the mean fluorescence intensity in each channel for a population of
yeast cells grown from a single clone. (D) UPRE-1-driven (mApple) and UPRE-2 driven (GFP) intensities as a fraction of wild-type intensity for sequenced
Hac1 i populations sharing a given mutation; bars show average values for all populations with a specific mutation. Error bars display standard error on
the mean; measurements without error bars were derived from a single population.
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UPRE-2 motifs are bound by Hac1 i complexes with identical
stoichiometries: All curves in a given experiment asymptote to
an identical fluorescence intensity ratio, establishing that the
number of DNA molecules bound per labeled protein molecule
remains constant. The notion that Hac1 i binds as a homodimer is
further supported by detection of UPRE-2 binding in PBM ex-
periments employing Hac1 i proteins expressed in an Escherichia
coli system that does not contain potential orthologous binding
partners (16, 23). Moreover, gel shift assays performed in yeast
extracts showed indistinguishable shifts for Hac1 i bound to oli-
gonucleotides containing either xcUPRE-1 or UPRE-2 motifs
(15). Finally, the palindromic structure of the xcUPRE-1 target
site is consistent with expectations of homodimeric binding.

How does Hac1 i bind both long xcUPRE-1 and compact
UPRE-2 DNA target sites? Although most bZIP transcription
factors are thought to bind relatively compact binding sites (SI
Appendix, Fig. S21), Maf subfamily transcription factors recog-
nize unusually long motifs (13–14 bp) via an unconventional
conformation of the invariant arginine and asparagine residues
within the basic region of all bZIP proteins (4). Similarly, a crystal
structure of Pap1, a S. pombe bZIP transcription factor, com-
plexed with DNA demonstrated that Pap1 target site specificity
was also due to alternate positioning of these two residues (2). In
our genetic screen, none of the constructs with altered binding
affinities were found to have mutations in these invariant residues
(Fig. 5D and SI Appendix, Fig. S17 and Table S8), although such
mutations were found in colonies lacking fluorescence in either
channel (SI Appendix, Table S7). We therefore suggest that these

invariant residues could be required for recognition of both target
sites, with changes in their conformation leading to recognition of
one site or the other. Notably, the ability to recognize two closely
related sites via conformational shifts has previously been pro-
posed for a minimal bZIP construct (24). In a manner analogous
to the Maf proteins, we propose that the extended homology re-
gion could stabilize invariant bZIP residues in the conformation
required for UPRE-2 recognition. With the exception of MafG,
most bZIP crystal structures have been based on constructs trun-
cated to include only 1–9 nucleotides N-terminal to the basic
DNA binding region (4, 25–28) (SI Appendix, Fig. S22). It re-
mains to be seen whether N-terminal regions of extended homo-
logy facilitate binding of alternate sites by other bZIP proteins.

Several recent studies have noted plasticity in bZIP binding
preferences, although to date, this plasticity has been confined
to tolerance for binding multiple related sites of the same or very
similar lengths. A synthetic bZIP protein composed of the Gcn4
basic region fused to the C/EBP leucine zipper was shown to
bind with high affinity to both cognate and alternate sites, indi-
cating that protein architecture beyond the basic region can affect
binding preferences (24). In addition, a recent study employing
PBMs to characterize the DNA binding specificities of multiple
bZIP TFs noted that several proteins (Yap1, Yap3, and Sko1)
possessed the ability to bind closely related dyad repeat sites with
variable length (1–2 bp) spacers or extensions at either end (23).
This study also noted that the DNA binding domain for Hac1 i

shares multiple residues with the basic regions of bHLH proteins,

A

B

C

Fig. 6. Microfluidic affinity analysis of Hac1 i N-terminal truncation mutants. (A) Schematic showing truncation points for wild-type Hac1 i (N10) and mutants
either retaining (N25) or lacking (N35) three residues identified as being important for UPRE-2 binding in the genetic screen (red stars). (B) Differences in
measured relative binding preferences for N10 (red bars), N25 (pink bars), and N35 (blue bars) Hac1 i constructs as compared with average xcUPRE-1 binding
preferences (Fig. 4A, bottom, and SI Appendix, Table S3A) for KAR2 xcUPRE-1 and single-nucleotide substitutions. Shaded gray area shows standard deviation
from the mean for each oligonucleotide over three experimental replicates. (C) Differences in measured relative binding preferences for N10 (red bars), N25
(pink bars), and N35 (blue bars) Hac1 i constructs as compared with average UPRE-2 binding preferences (Fig. 4A, top and SI Appendix, Table S4A) for ERO1
UPRE-2 and single-nucleotide substitutions. Red bar indicates core UPRE-2 target site (as defined in Figs. 2 and 4); shaded gray area shows standard deviation
from the mean for each oligonucleotide over four experimental replicates.
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possibly explaining the similarity between UPRE-2 and bHLH
E-box target sites.

Our results have broad implications for experimental ap-
proaches to characterize transcription factor binding preferences.
Many current methods [e.g., PBMs (16, 29–31) and HiTS-FLIPS
(32)] entail measurements of binding interactions, which are
interpreted to yield relative preferences for particular nMer
(usually 8-mer) sequences. In these analyses, the strength of bind-
ing for a given oligonucleotide is assumed to result solely from
the presence or absence of a particular nMer sequence, without
consideration for sequence context. Here, we show that even
transcription factors thought to be simple in their DNA binding
properties can bind multiple target sites of very different lengths,
complicating attempts to identify target sites via ranked nMer
preferences. The MITOMI 2.0 technique presented here at-
tempts to avoid these pitfalls by applying a statistical mechanical
model to extract binding preferences. It is important to note,
however, that the size of the library that can be accommodated
within the devices is still too small for simultaneous detection of
binding to both Hac1 i motifs. The experiments presented here
were guided by our previous knowledge of Hac1 i regulatory tar-
gets, underscoring the importance of integrating both biophysical
and biological data to understand transcriptional regulation.

To what purpose does Hac1 i recognize multiple distinct sites?
For the glucocorticoid receptor, DNA sequences can act as allos-
teric ligands, inducing conformational changes to preferentially
recruit specific cellular co-factors with functional consequences
for transcriptional activation (33). A similar scenario may apply
to Hac1 i, and perhaps to other bZIP family members, although
additional studies will be required to determine whether changes
in protein conformation within the DNA binding domain can
propagate elsewhere within the protein. Alternatively, dual site
recognition could represent a snapshot in evolutionary time of a
transcriptional network rewiring event in progress. According to
this notion, it may have been advantageous to place an additional
set of target genes under Hac1 i control, perhaps as a handoff of
some other transcriptional program. In this light, it is interesting
to note that the Hac1 i-driven transcription program in S. cerevi-
siae has been split into multiple transcriptional branches in me-
tazoans, indicating evolutionary network plasticity.

Materials and Methods
DNA Library and Hac1 i Production. DNA libraries for MITOMI 2.0 experiments
were synthesized as described previously (18). Briefly, all possible 65,536
8-bp DNA sequences were assembled into a compact DNA library spread
over 1,457 oligonucleotides, each of which contained an identical 3 nt 5′
‘CGC’ clamp and an identical 14 nt 3′ universal sequence allowing hybridiza-
tion of a single Cy5-labeled primer (Fig. 1A). Following hybridization, all
sequences were extended using Klenow exo- (New England Biolabs). Prior
to printing, 8-mer libraries were dried down and resuspended to a final con-
centration of 1.25 μM in 3X SSC containing polyethylene glycol (PEG) (Fluka)
and D-(þ)-trehalose dihydrate (Fluka) to improve spot visibility and solubili-
zation. Libraries for measuring concentration-dependent binding behavior
were synthesized largely as described previously (18) with final preprinting
concentrations of 10 μM, 6.7 μM, 4.4 μM, 3.0 μM, 2.0 μM, 1.3 μM, 0.9 μM, and
0.4 μM. For truncation mutant experiments, final pre-printing concentrations
were 16 μM, 10.7 μM, 7.1 μM, 4.7 μM, 3.2 μM, 2.1 μM, 1.4 μM, and 0.94 μM;
each spot was printed twice to increase concentrations even further. Libraries
were printed on custom 2 0 0 × 3 0 0 Scientific SuperChip Epoxysilane (Thermo-
fisher) slides.

Linear expression templates for Hac1 proteins were created via a two-step
PCR amplification reaction, as described previously (18). In the first PCR
reaction, gene-specific primers were used to amplify gene templates and
add an upstream Kozak sequence and a C-terminal 6xHis tag. In the second

PCR reaction, universal primers were used to add an upstream T7 promoter, 3′
poly-A tail, and downstream T7 terminator. PCR-generated templates were
added to TNT T7 Quick Coupled in vitro transcription translation kits (rabbit
reticulocyte lysates, Promega) according to the manufacturer’s instructions in
the presence of BODIPY-labeled lysine tRNA (Fluorotect Green, Promega) to
produce fluorescently labeled protein.

Microfluidic Affinity Assays. Photolithography molds and microfluidic devices
were produced as described previously (17, 18). Microfluidic affinity assays
and data analysis were also performed largely as described previously (17,
18), with one modification. Cy5 intensities of printed slides can decrease
rapidly with time, rendering calibration curves linking intensities with DNA
concentration inaccurate. To sidestep this issue, wemeasured a single calibra-
tion curve within one day of an experiment assessing concentration-depen-
dent binding behavior for Hac1 i interacting with UPRE-2 variants. The Kd

values for these interactions were then used to determine the appropriate
conversion between intensity and DNA concentration in the experiments
shown in Figs. 2 and 3. All data from Figs. 4–6 were measured and calibrated
independently. Average xcUPRE-1 and UPRE-2 PSAMs were calculated by (i)
determining binding preferences (Ka) for wild-type and all single-substitu-
tion oligonucleotides relative to the most strongly bound xcUPRE-1-like or
UPRE-2-like oligonucleotide and (ii) computing the average relative affinity
over all replicates. Differences in binding preferences for Hac1 i truncation
mutants were calculated by subtracting measured relative binding affinities
(calculated relative to the most strongly bound oligonucleotides) from the
average relative binding affinities given in the xcUPRE-1 and UPRE-2 PSAMs
(SI Appendix, Tables S3 and S4).

Error-Prone PCR. The Hac1 i mutant library was created using error-prone PCR
(34), using a total of 48 cycles and 11 serial dilution steps (performed every
four cycles). All sequence alignments and phylogenetic alignments were
created using Geneious v4.8.2 (35).

Yeast Strains and Plasmids. Standard cloning and yeast techniques were used
for construction, transformation, and integration of the plasmid within strain
W303. The transcription reporters used here controlled expression of the
fluorescent proteins mApple and GFP via a crippled cyc1 promoter containing
four repeats of a 22-bp UPR-responsive cis element (xcUPRE-1 for mApple or
mUPRE-1 for GFP). The UPRE-2 reporter was generated by site directed mu-
tagenesis of 4xUPRE-1 (Fig. 5B and SI Appendix, Fig. S14). The xcUPRE-1-mAp-
ple was cloned into a single integration, HIS3-marked vector (pNH603), while
the mUPRE-1-GFP was cloned into a single integration, LEU2-marked vector
(pNH605).

Flow Cytometry. A dual reporter strain containing xcUPRE-1-mApple (inte-
grated in his3) and mUPRE-1-GFP (integrated in leu2) also expressed a
chimeric estradiol-responsive transcriptional activator with an N-terminal
activation domain derived fromMsn2 and a C-terminal DNA binding domain
from Gal4. This parent strain was then transformed with either wild-type
HAC1 i or the mutant hac1 i library (cloned into a single integration,
TRP1marked vector under the control of the GAL1 promoter). Cells were cul-
tured in 2x SDC at 30 °C in 96 well plates (2 mL) in an Innova plate shaker
at 900 rpm. After induction with estradiol (100 nM), cells were sampled after
4 h using a BD LSR-II equipped with a high throughput sampler, a 488 nm
150 mW laser, 532 nM 150 mW laser, FITC and PE-Texas red emission filters,
and FACS DIVA software. Flow cytometry data were analyzed using custom
software written in Python. Reported mean fluorescence intensities for mu-
tant strains were calculated via Gaussian fits to binned intensity distributions
for individual cells.
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SUPPLEMENTARY	  TABLES	  
	   	  
Table	  S1.	  	  fREDUCE	  results	  for	  6-‐,	  7-‐,	  and	  8-‐basepair	  motifs	  including	  0-‐3	  degenerate	  bases.	  	  Correlation	  refers	  
to	  the	  Pearson	  correlation	  coefficient	  between	  the	  number	  of	  occurrences	  of	  the	  motif	  and	  measured	  intensity	  
ratios;	  p-‐Value	  refers	  to	  the	  –log10	  value	  of	  the	  probability	  of	  this	  correlation.	  	  All	  motifs	  with	  a	  p-‐Value	  >	  100	  
are	  listed.	  
	  
6Mer	  Motifs	   	   	  
Motif	   Correlation	   p-‐Value	  
MCACGT	   0.69	   1441	  
ACACGT	   0.60	   898	  
ACGTGG	   0.27	   122	  
	   	   	  
7Mer	  Motifs	   	   	  
Motif	   Correlation	   p-‐Value	  
KMCACGT	   0.80	   2896	  
ACGTGTC	   0.70	   1539	  
ACGTGGC	   0.35	   226	  
ACACGWD	   0.19	   120	  
	   	   	  
8Mer	  Motifs	   	   	  
Motif	   Correlation	   p-‐Value	  
ACGTGKMC	   0.93	   11178	  
BGACACGT	   0.82	   3271	  
ACGTGTCC	   0.71	   1663	  
ACGTGTG	   0.40	   314	  
ACGTGGCC	   0.39	   281	  
GCCACGTR	   0.38	   515	  
RMCACGTR	   0.35	   556	  
VACACGTR	   0.33	   462	  
ACACGTR	   0.29	   300	  
ATCGTGTC	   0.28	   129	  
RACACGTG	   0.28	   313	  
TGMCACGA	   0.21	   191	  
GMCACGAT	   0.21	   167	  

	  
	  
	  



Table	  S2.	  	  Oligonucleotide	  sequences	  used	  for	  measurements	  of	  concentration-‐dependent	  binding	  to	  map	  
nucleotide	  preferences	  within	  xcUPRE-‐1	  and	  UPRE-‐2	  target	  sites	  for	  genomic	  UPRE	  variants.	  
	  
Name Sequence 
full UPRE-1   CGCAATTGCGATACGGGACAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 0A CGCAATTGCGATACGAGACAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 0C CGCAATTGCGATACGCGACAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 0T CGCAATTGCGATACGTGACAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 1A CGCAATTGCGATACGGAACAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 1C CGCAATTGCGATACGGCACAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 1T CGCAATTGCGATACGGTACAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 2C CGCAATTGCGATACGGGCCAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 2G CGCAATTGCGATACGGGGCAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 2T CGCAATTGCGATACGGGTCAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 3A CGCAATTGCGATACGGGAAAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 3G CGCAATTGCGATACGGGAGAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 3T CGCAATTGCGATACGGGATAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 4C CGCAATTGCGATACGGGACCGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 4G CGCAATTGCGATACGGGACGGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 4T CGCAATTGCGATACGGGACTGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 5A CGCAATTGCGATACGGGACAACGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 5C CGCAATTGCGATACGGGACACCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 5T CGCAATTGCGATACGGGACATCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 6A CGCAATTGCGATACGGGACAGAGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 6G CGCAATTGCGATACGGGACAGGGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 6T CGCAATTGCGATACGGGACAGTGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 7A CGCAATTGCGATACGGGACAGCATGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 7C CGCAATTGCGATACGGGACAGCCTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 7T CGCAATTGCGATACGGGACAGCTTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 8A CGCAATTGCGATACGGGACAGCGAGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 8C CGCAATTGCGATACGGGACAGCGCGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 8G CGCAATTGCGATACGGGACAGCGGGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 9A CGCAATTGCGATACGGGACAGCGTATCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 9C CGCAATTGCGATACGGGACAGCGTCTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 9T CGCAATTGCGATACGGGACAGCGTTTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 10A CGCAATTGCGATACGGGACAGCGTGACGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 10C CGCAATTGCGATACGGGACAGCGTGCCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 10G CGCAATTGCGATACGGGACAGCGTGGCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 11A CGCAATTGCGATACGGGACAGCGTGTAGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 11G CGCAATTGCGATACGGGACAGCGTGTGGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 11T CGCAATTGCGATACGGGACAGCGTGTTGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 12A CGCAATTGCGATACGGGACAGCGTGTCATAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 12C CGCAATTGCGATACGGGACAGCGTGTCCTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 12T CGCAATTGCGATACGGGACAGCGTGTCTTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 1A and 11A CGCAATTGCGATACGGAACAGCGTGTAGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 2C and 10C CGCAATTGCGATACGGGCCAGCGTGCCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 3A and 9A CGCAATTGCGATACGGGAAAGCGTATCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 4C and 8C  CGCAATTGCGATACGGGACCGCGCGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 5A and 7A CGCAATTGCGATACGGGACAACATGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-1 sub 3A and 4C CGCAATTGCGATACGGGAACGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 CGCAATTGCGAACTGGACTACGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 0A CGCAATTGCGAACTGGAATACGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 0G CGCAATTGCGAACTGGAGTACGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 0T CGCAATTGCGAACTGGATTACGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 1A CGCAATTGCGAACTGGACAACGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 1C CGCAATTGCGAACTGGACCACGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 1G CGCAATTGCGAACTGGACGACGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 2C CGCAATTGCGAACTGGACTCCGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 



full UPRE-2 sub 2G CGCAATTGCGAACTGGACTGCGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 2T CGCAATTGCGAACTGGACTTCGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 3A CGCAATTGCGAACTGGACTAAGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 3G CGCAATTGCGAACTGGACTAGGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 3T CGCAATTGCGAACTGGACTATGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 4A CGCAATTGCGAACTGGACTACATGTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 4C CGCAATTGCGAACTGGACTACCTGTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 4T CGCAATTGCGAACTGGACTACTTGTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 5A CGCAATTGCGAACTGGACTACGAGTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 5C CGCAATTGCGAACTGGACTACGCGTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 5G CGCAATTGCGAACTGGACTACGGGTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 6A CGCAATTGCGAACTGGACTACGTATCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 6C CGCAATTGCGAACTGGACTACGTCTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 6T CGCAATTGCGAACTGGACTACGTTTCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 7A CGCAATTGCGAACTGGACTACGTGACTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 7C CGCAATTGCGAACTGGACTACGTGCCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 7G CGCAATTGCGAACTGGACTACGTGGCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 8A CGCAATTGCGAACTGGACTACGTGTATGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 8G CGCAATTGCGAACTGGACTACGTGTGTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 8T CGCAATTGCGAACTGGACTACGTGTTTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 9A CGCAATTGCGAACTGGACTACGTGTCAGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 9C CGCAATTGCGAACTGGACTACGTGTCCGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 9G CGCAATTGCGAACTGGACTACGTGTCGGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 1C and 8A CGCAATTGCGAACTGGACCACGTGTATGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 2C and 7C CGCAATTGCGAACTGGACTCCGTGCCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 3A and 6A CGCAATTGCGAACTGGACTAAGTATCTGAAACTTCCTCTCCGGCGGTATGAC 
full UPRE-2 sub 4A and 5G CGCAATTGCGAACTGGACTACAGGTCTGAAACTTCCTCTCCGGCGGTATGAC 
supersymmetric full UPRE-1 
v1 

CGCAATTGCGATACGCGACACCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 
supersymmetric full UPRE-1 
v2 

CGCAATTGCGATACGGGACAGCCTGTCCTAACTTCCTCTCCGGCGGTATGAC 
supersymmetric full UPRE-2 
v1 

CGCAATTGCGAACTGGAACACGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 
supersymmetric full UPRE-2 
v2 

CGCAATTGCGAACTGGGACACGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 
supersymmetric full UPRE-2 
v3 

CGCAATTGCGAACTGGACTACGTAGCTGAAACTTCCTCTCCGGCGGTATGAC 
KAR2 CGCAATTGCGCAACTGGACAGCGTGTCGAAACTTCCTCTCCGGCGGTATGAC 
LHS1 CGCAATTGCCTTTTATAACAGCGTGTTCGATCTTCCTCTCCGGCGGTATGAC 
EUG1 CGCAATTGCTTCAAAGGCACGCGTGTCCTTTCTTCCTCTCCGGCGGTATGAC 
PDI1 CGCAATTGCCCTGTCGGGCGGCGCCTCTTTTCTTCCTCTCCGGCGGTATGAC 
FKB2 CGCAATTGCCATTACTGCCAGCGCATCTTCACTTCCTCTCCGGCGGTATGAC 
ERO1 CGCAATTGCGATACGGAGTACGTGTCATAAACTTCCTCTCCGGCGGTATGAC 
SEC66 CGCAATTGCTTTTAGGAACACGTCTAAAAGTCTTCCTCTCCGGCGGTATGAC 

	  
	  
	  



Table	  S3.	  	  xcUPRE-‐1	  PSAM	  (calculated	  by	  averaging	  relative	  binding	  preferences	  over	  3	  independent	  
experiments).	  
	  
Position	   A	   C	   G	   T	  

1	   0.73	   0.54	   0.81	   1	  
2	   0.87	   0.36	   1	   0.92	  
3	   1	   0.59	   0.19	   0.23	  
4	   0.16	   1	   0.12	   0.23	  
5	   1	   0.16	   0.14	   0.32	  
6	   0.49	   1	   0.57	   0.23	  
7	   0.74	   1	   0.84	   0.19	  
8	   0.33	   0.49	   1	   0.32	  
9	   0.32	   0.28	   0.26	   1	  

10	   0.29	   0.1	   1	   0.15	  
11	   0.23	   0.3	   1	   0.85	  
12	   0.28	   1	   0.31	   0.63	  
13	   0.67	   1	   0.43	   0.57	  

	  
Table	  S4.	  	  UPRE-‐2	  PSAM	  (calculated	  by	  averaging	  relative	  binding	  preferences	  over	  4	  independent	  
experiments).	  
	  
Position	   A	   C	   G	   T	  

1	   0.77	   1	   0.78	   0.93	  
2	   0.97	   0.91	   0.69	   1	  
3	   1	   0.36	   0.38	   0.19	  
4	   0.07	   1	   0.18	   0.13	  
5	   0.04	   0.11	   1	   0.04	  
6	   0.02	   0.07	   0.02	   1	  
7	   0.2	   0.08	   1	   0.11	  
8	   0.15	   0.16	   0.85	   1	  
9	   0.38	   1	   0.38	   0.65	  

10	   1	   0.98	   0.61	   0.92	  
	  	  



Table	  S5.	  	  Measured	  affinities	  for	  all	  96	  oligonucleotide	  sequences	  including	  single-‐	  and	  double-‐nucleotide	  
substitutions	  within	  xcUPRE-‐1,	  UPRE-‐2,	  and	  natural	  variants.	  
	  
Sequence	   Kd	   Error	  
CGCAATTGCGATACGGGACAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 0.71	   0.08	  
CGCAATTGCGATACGAGACAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 0.78	   0.10	  
CGCAATTGCGATACGCGACAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 1.15	   0.14	  
CGCAATTGCGATACGTGACAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 0.67	   0.08	  
CGCAATTGCGATACGGAACAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 1.07	   0.12	  
CGCAATTGCGATACGGCACAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 1.53	   0.25	  
CGCAATTGCGATACGGTACAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 1.43	   0.19	  
CGCAATTGCGATACGGGCCAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 0.96	   0.12	  
CGCAATTGCGATACGGGGCAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 3.91	   1.01	  
CGCAATTGCGATACGGGTCAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 2.44	   0.58	  
CGCAATTGCGATACGGGAAAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 4.15	   1.13	  
CGCAATTGCGATACGGGAGAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 5.42	   3.26	  
CGCAATTGCGATACGGGATAGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 2.82	   0.48	  
CGCAATTGCGATACGGGACCGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 4.15	   1.35	  
CGCAATTGCGATACGGGACGGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 3.39	   0.68	  
CGCAATTGCGATACGGGACTGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 1.49	   0.23	  
CGCAATTGCGATACGGGACAACGTGTCGTAACTTCCTCTCCGGCGGTATGAC 1.21	   0.14	  
CGCAATTGCGATACGGGACACCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 0.53	   0.06	  
CGCAATTGCGATACGGGACATCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 2.26	   0.36	  
CGCAATTGCGATACGGGACAGAGTGTCGTAACTTCCTCTCCGGCGGTATGAC 1.18	   0.16	  
CGCAATTGCGATACGGGACAGGGTGTCGTAACTTCCTCTCCGGCGGTATGAC 2.94	   0.44	  
CGCAATTGCGATACGGGACAGTGTGTCGTAACTTCCTCTCCGGCGGTATGAC 4.76	   1.28	  
CGCAATTGCGATACGGGACAGCATGTCGTAACTTCCTCTCCGGCGGTATGAC 2.76	   0.41	  
CGCAATTGCGATACGGGACAGCCTGTCGTAACTTCCTCTCCGGCGGTATGAC 1.95	   0.30	  
CGCAATTGCGATACGGGACAGCTTGTCGTAACTTCCTCTCCGGCGGTATGAC 2.46	   0.41	  
CGCAATTGCGATACGGGACAGCGAGTCGTAACTTCCTCTCCGGCGGTATGAC 1.92	   0.36	  
CGCAATTGCGATACGGGACAGCGCGTCGTAACTTCCTCTCCGGCGGTATGAC 2.49	   0.43	  
CGCAATTGCGATACGGGACAGCGGGTCGTAACTTCCTCTCCGGCGGTATGAC 2.99	   0.76	  
CGCAATTGCGATACGGGACAGCGTATCGTAACTTCCTCTCCGGCGGTATGAC 4.40	   1.20	  
CGCAATTGCGATACGGGACAGCGTCTCGTAACTTCCTCTCCGGCGGTATGAC 9.10	   6.38	  
CGCAATTGCGATACGGGACAGCGTTTCGTAACTTCCTCTCCGGCGGTATGAC 8.56	   4.18	  
CGCAATTGCGATACGGGACAGCGTGACGTAACTTCCTCTCCGGCGGTATGAC 2.83	   0.72	  
CGCAATTGCGATACGGGACAGCGTGCCGTAACTTCCTCTCCGGCGGTATGAC 7.73	   3.33	  
CGCAATTGCGATACGGGACAGCGTGGCGTAACTTCCTCTCCGGCGGTATGAC 0.92	   0.12	  
CGCAATTGCGATACGGGACAGCGTGTAGTAACTTCCTCTCCGGCGGTATGAC 4.23	   1.10	  
CGCAATTGCGATACGGGACAGCGTGTGGTAACTTCCTCTCCGGCGGTATGAC 1.97	   0.42	  
CGCAATTGCGATACGGGACAGCGTGTTGTAACTTCCTCTCCGGCGGTATGAC 1.34	   0.17	  
CGCAATTGCGATACGGGACAGCGTGTCATAACTTCCTCTCCGGCGGTATGAC 0.47	   0.06	  
CGCAATTGCGATACGGGACAGCGTGTCCTAACTTCCTCTCCGGCGGTATGAC 0.36	   0.04	  
CGCAATTGCGATACGGGACAGCGTGTCTTAACTTCCTCTCCGGCGGTATGAC 0.89	   0.11	  
CGCAATTGCGATACGGAACAGCGTGTAGTAACTTCCTCTCCGGCGGTATGAC 3.02	   0.57	  
CGCAATTGCGATACGGGCCAGCGTGCCGTAACTTCCTCTCCGGCGGTATGAC 5.71	   2.37	  
CGCAATTGCGATACGGGAAAGCGTATCGTAACTTCCTCTCCGGCGGTATGAC 16.42	   14.17	  
CGCAATTGCGATACGGGACCGCGCGTCGTAACTTCCTCTCCGGCGGTATGAC 14.90	   15.12	  
CGCAATTGCGATACGGGACAACATGTCGTAACTTCCTCTCCGGCGGTATGAC 5.39	   1.59	  
CGCAATTGCGATACGGGAACGCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 2.09	   0.39	  
CGCAATTGCGAACTGGACTACGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 0.49	   0.05	  
CGCAATTGCGAACTGGAATACGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 0.47	   0.05	  
CGCAATTGCGAACTGGAGTACGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 0.46	   0.05	  
CGCAATTGCGAACTGGATTACGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 0.42	   0.05	  
CGCAATTGCGAACTGGACAACGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 0.49	   0.05	  
CGCAATTGCGAACTGGACCACGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 0.49	   0.05	  
CGCAATTGCGAACTGGACGACGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 0.75	   0.08	  
CGCAATTGCGAACTGGACTCCGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 1.13	   0.13	  
CGCAATTGCGAACTGGACTGCGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 1.76	   0.30	  
CGCAATTGCGAACTGGACTTCGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 2.08	   0.31	  
CGCAATTGCGAACTGGACTAAGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 5.40	   2.18	  



CGCAATTGCGAACTGGACTAGGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 1.84	   0.27	  
CGCAATTGCGAACTGGACTATGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 3.36	   0.96	  
CGCAATTGCGAACTGGACTACATGTCTGAAACTTCCTCTCCGGCGGTATGAC 10.98	   6.52	  
CGCAATTGCGAACTGGACTACCTGTCTGAAACTTCCTCTCCGGCGGTATGAC 4.09	   1.44	  
CGCAATTGCGAACTGGACTACTTGTCTGAAACTTCCTCTCCGGCGGTATGAC 14.37	   9.56	  
CGCAATTGCGAACTGGACTACGAGTCTGAAACTTCCTCTCCGGCGGTATGAC 18.15	   26.24	  
CGCAATTGCGAACTGGACTACGCGTCTGAAACTTCCTCTCCGGCGGTATGAC 13.75	   11.08	  
CGCAATTGCGAACTGGACTACGGGTCTGAAACTTCCTCTCCGGCGGTATGAC 28.55	   65.14	  
CGCAATTGCGAACTGGACTACGTATCTGAAACTTCCTCTCCGGCGGTATGAC 3.76	   0.99	  
CGCAATTGCGAACTGGACTACGTCTCTGAAACTTCCTCTCCGGCGGTATGAC 14.67	   17.94	  
CGCAATTGCGAACTGGACTACGTTTCTGAAACTTCCTCTCCGGCGGTATGAC 4.63	   1.54	  
CGCAATTGCGAACTGGACTACGTGACTGAAACTTCCTCTCCGGCGGTATGAC 4.21	   1.72	  
CGCAATTGCGAACTGGACTACGTGCCTGAAACTTCCTCTCCGGCGGTATGAC 9.49	   6.34	  
CGCAATTGCGAACTGGACTACGTGGCTGAAACTTCCTCTCCGGCGGTATGAC 0.66	   0.07	  
CGCAATTGCGAACTGGACTACGTGTATGAAACTTCCTCTCCGGCGGTATGAC 1.48	   0.17	  
CGCAATTGCGAACTGGACTACGTGTGTGAAACTTCCTCTCCGGCGGTATGAC 1.30	   0.16	  
CGCAATTGCGAACTGGACTACGTGTTTGAAACTTCCTCTCCGGCGGTATGAC 0.74	   0.08	  
CGCAATTGCGAACTGGACTACGTGTCAGAAACTTCCTCTCCGGCGGTATGAC 0.52	   0.05	  
CGCAATTGCGAACTGGACTACGTGTCCGAAACTTCCTCTCCGGCGGTATGAC 0.59	   0.07	  
CGCAATTGCGAACTGGACTACGTGTCGGAAACTTCCTCTCCGGCGGTATGAC 0.67	   0.07	  
CGCAATTGCGAACTGGACCACGTGTATGAAACTTCCTCTCCGGCGGTATGAC 0.85	   0.09	  
CGCAATTGCGAACTGGACTCCGTGCCTGAAACTTCCTCTCCGGCGGTATGAC 4.61	   1.34	  
CGCAATTGCGAACTGGACTAAGTATCTGAAACTTCCTCTCCGGCGGTATGAC 5.93	   1.57	  
CGCAATTGCGAACTGGACTACAGGTCTGAAACTTCCTCTCCGGCGGTATGAC 3.95	   1.05	  
CGCAATTGCGATACGCGACACCGTGTCGTAACTTCCTCTCCGGCGGTATGAC 0.82	   0.09	  
CGCAATTGCGATACGGGACAGCCTGTCCTAACTTCCTCTCCGGCGGTATGAC 0.65	   0.07	  
CGCAATTGCGAACTGGAACACGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 0.52	   0.05	  
CGCAATTGCGAACTGGGACACGTGTCTGAAACTTCCTCTCCGGCGGTATGAC 0.44	   0.04	  
CGCAATTGCGAACTGGACTACGTAGCTGAAACTTCCTCTCCGGCGGTATGAC 1.06	   0.14	  
CGCAATTGCGCAACTGGACAGCGTGTCGAAACTTCCTCTCCGGCGGTATGAC 0.51	   0.05	  
CGCAATTGCCTTTTATAACAGCGTGTTCGATCTTCCTCTCCGGCGGTATGAC 1.41	   0.23	  
CGCAATTGCTTCAAAGGCACGCGTGTCCTTTCTTCCTCTCCGGCGGTATGAC 0.69	   0.07	  
CGCAATTGCCCTGTCGGGCGGCGCCTCTTTTCTTCCTCTCCGGCGGTATGAC 1.75	   0.34	  
CGCAATTGCCATTACTGCCAGCGCATCTTCACTTCCTCTCCGGCGGTATGAC 1.50	   0.21	  
CGCAATTGCGATACGGAGTACGTGTCATAAACTTCCTCTCCGGCGGTATGAC 0.54	   0.06	  
CGCAATTGCTTTTAGGAACACGTCTAAAAGTCTTCCTCTCCGGCGGTATGAC 1.71	   0.26	  
	  
	  



Table	  S6.	  	  Top	  predicted	  genomic	  targets	  for	  UPRE-‐2	  binding.	  	  ‘UPRE-‐1	  score’	  is	  the	  predicted	  affinity	  for	  
xcUPRE-‐1	  binding;	  ‘UPRE-‐2	  score’	  is	  the	  predicted	  affinity	  for	  UPRE-‐2	  binding;	  ‘UPR	  target’	  indicates	  whether	  or	  
not	  the	  gene	  is	  considered	  to	  be	  a	  known	  UPR	  target1.	  
	  
Systematic	  Name	   Standard	  Name	   UPRE-‐1	  Score	   UPRE-‐2	  Score	   UPR	  Target?	  
YFR026C	   ULI1	   0.54	   3.09	   Y	  

	  YJL158C	   CIS3	   0.63	   2.85	   N	  
YMR194C-‐A	   NA	   0.56	   2.85	   N	  
YMR195W	   ICY1	   0.59	   2.79	   N	  
YHR099W	   TRA1	   0.44	   2.73	   Y	  
YHR098C	   SFB3	   0.44	   2.72	   Y	  
YDR281C	   PHM6	   0.50	   2.66	   N	  
YGR146C-‐A	   NA	   0.58	   2.48	   N	  
YJR145C	   RPS4A	   0.45	   2.44	   N	  
YKL165C	   MCD4	   0.58	   2.42	   Y	  
YJR146W	   NA	   0.44	   2.41	   N	  
YKL015W	   PUT3	   0.24	   2.32	   N	  
YKL016C	   ATP7	   0.24	   2.32	   N	  
YGL045W	   RIM8	   0.49	   2.31	   N	  
YDR073W	   SNF11	   0.48	   2.28	   Y	  
YPL019C	   VTC3	   0.44	   2.27	   N	  
YPL018W	   CTF19	   0.44	   2.27	   N	  
YDL124W	   NA	   0.46	   2.27	   N	  
YDL125C	   HNT1	   0.46	   2.27	   Y	  
YHR102W	   KIC1	   0.38	   2.26	   Y	  
YHR101C	   BIG1	   0.38	   2.26	   N	  
YJR009C	   TDH2	   0.45	   2.16	   Y	  
YMR011W	   HXT2	   0.38	   2.16	   N	  
YMR250W	   GAD1	   0.51	   2.16	   N	  
YJL101C	   GSH1	   0.65	   2.16	   N	  
YPL240C	   HSP82	   0.68	   2.15	   N	  
YNL097C	   PHO23	   0.36	   2.15	   N	  
YLR300W	   EXG1	   0.54	   2.14	   N	  
YMR083W	   ADH3	   0.43	   2.11	   N	  
YDR072C	   IPT1	   0.43	   2.10	   N	  
YNR060W	   FRE4	   0.46	   2.10	   N	  
YDR233C	   RTN1	   0.41	   2.08	   N	  
YDR234W	   LYS4	   0.41	   2.08	   N	  
YGR161W-‐C	   NA	   0.65	   2.07	   N	  
YGR161C	   RTS3	   0.65	   2.07	   N	  
YMR291W	   NA	   0.47	   2.06	   N	  
YER001W	   MNN1	   0.47	   2.06	   Y	  
YML083C	   NA	   0.53	   2.06	   N	  
YJR115W	   NA	   0.75	   2.06	   N	  
YGR041W	   BUD9	   0.47	   2.05	   N	  
YOR099W	   KTR1	   0.51	   2.04	   Y	  
YOR098C	   NUP1	   0.51	   2.04	   N	  
YNR050C	   LYS9	   0.50	   2.04	   N	  
YML088W	   UFO1	   0.50	   2.03	   N	  
YDR208W	   MSS4	   0.45	   2.03	   N	  
YDR207C	   UME6	   0.45	   2.03	   N	  
YOR344C	   TYE7	   1.09	   2.02	   N	  
YCL054W	   SPB1	   0.38	   2.01	   N	  
YML082W	   NA	   0.52	   2.01	   Y	  
	  



Table	  S7.	  	  Sequenced	  clones	  from	  populations	  with	  either:	  (1)	  mApple	  and	  GFP	  fluorescence	  intensity	  levels	  
similar	  to	  those	  of	  wild-‐type	  populations,	  or	  (2)	  no	  measurable	  fluorescence	  intensity	  above	  background	  levels	  
in	  either	  channel.	  
	  
Phenotype	   Colony	  #	   Mutation(s)	   Notes	  
Fully	  induced	   1	   S10C	   Mutation	  N-‐terminal	  to	  EH	  region	  
Fully	  induced	   2	   None	   	  
Fully	  induced	   3	   None	   	  
Fully	  induced	   4	   None	   	  
Fully	  induced	   5	   None	   	  
Fully	  induced	   6	   None	   	  
Fully	  induced	   7	   None	   	  
Fully	  induced	   8	   None	   	  
Fully	  induced	   9	   None	   	  
Fully	  induced	   10	   None	   	  
Fully	  induced	   11	   None	   	  
No	  fluorescence	   1	   I18N,	  L47S,	  K59I	   L47	  is	  conserved	  across	  multiple	  bZIP	  subfamilies	  (Fig.	  S17)	  
No	  fluorescence	   2	   K33N,	  E39V,	  R51G,	  S46X	   R51	  is	  an	  invariant	  bZIP	  residue	  
No	  fluorescence	   3	   Premature	  stop	   	  
No	  fluorescence	   4	   Premature	  stop	   	  
No	  fluorescence	   5	   Q13L,	  R51G,	  frameshift	   	  
No	  fluorescence	   6	   T25S,	  A53V	   A53	  is	  an	  invariant	  bZIP	  residue	  
No	  fluorescence	   7	   K33M,	  E39V,	  R51G,	  S66C	   R51	  is	  an	  invariant	  bZIP	  residue	  
No	  fluorescence	   8	   R29S,	  N49S	   R49	  is	  an	  invariant	  bZIP	  residue	  
No	  fluorescence	   9	   K30E,	  A53T	   A53	  is	  an	  invariant	  bZIP	  residue	  
No	  fluorescence	   10	   frameshift	   	  
	  



Table	  S8.	  	  Sequenced	  clones	  with	  altered	  DNA	  binding	  affinities.	  	  Mutants	  with	  multiple	  mutations	  were	  
categorized	  either	  by	  a	  single	  mutation	  (if	  they	  possessed	  only	  one	  mutation	  likely	  to	  alter	  DNA	  binding	  
affinity)	  or	  by	  multiple	  mutations	  (if	  it	  was	  difficult	  to	  determine	  the	  residue	  responsible	  for	  altered	  binding).	  
	  
#	  Wells	   Mutation(s)	   Classification	  

10	   K33E	   K33E/M	  
10	   E44G	   E44G	  
8	   R42W	   R42W	  
5	   R31S	   R31S/G	  
5	   S10G,	  S14P,	  T20S,	  E44G	   E44G	  
4	   R45C	   R45S/C	  
3	   R29W,	  E39V	   R29W+E39V	  
2	   S12P,	  K38E	   K38E	  
2	   R48S	   R48S	  
2	   N21I,	  R48S	   R48S	  
2	   S10N,	  Q13L,	  L16V,	  N21D,	  Q40R	   Q40L/R	  
2	   F22Y,	  K33M,	  K35I	   K33E/M	  
1	   N11Y,	  N21D,	  R48S	   R48S	  
1	   E44G,	  H63L	   E44G	  
1	   S10E,	  Q13L,	  L16V,	  N21D,	  Q40R	   Q40L/R	  
1	   Q40L,	  L47S	   Q40L/R	  
1	   R29G,	  S56N	   R29G+S56N	  
1	   R31G	   R31S/G	  
1	   E39V	   E39V	  
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Figure	  S1.	  	  Hac1i	  MITOMI	  2.0	  binding	  data.	  (A)	  Measured	  fluorescence	  intensity	  ratios	  as	  a	  function	  of	  
oligonucleotide	  sequence.	  (B)	  Scatter	  plot	  comparing	  replicate	  measurements	  within	  experiments	  (experiment	  
#1	  (red)	  r2	  =	  0.73;	  experiment	  #2	  (gray)	  r2	  =	  0.77).	  (C)	  Scatter	  plot	  comparing	  replicate	  measurements	  between	  
experiments	  performed	  several	  days	  apart	  (r2	  =	  0.51).	  
	  



	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  S2.	  	  MITOMI	  2.0	  results	  for	  6-‐	  and	  8-‐bp	  motifs.	  (A)	  6-‐bp	  motif	  results,	  including	  returned	  fREDUCE	  
sequence	  (left),	  MatrixREDUCE	  PSAM	  (middle),	  and	  agreement	  between	  measured	  intensity	  ratios	  and	  
predicted	  binding	  based	  on	  the	  6-‐bp	  PSAM	  (right).	  (B)	  8-‐bp	  motif	  results.	  
	  
	  



	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  S3.	  	  Experimental	  replicates	  confirm	  a	  lack	  of	  binding	  to	  any	  cUPRE-‐1	  variant	  embedded	  within	  non-‐
genomic	  MITOMI	  library	  sequence.	  (A)	  Alternate	  versions	  of	  the	  cUPRE-‐1	  motif	  previously	  reported	  in	  the	  
literature	  (UPRE-‐1	  v1	  and	  UPRE-‐1	  v2).	  	  (B)	  Two	  experimental	  replicates	  showing	  measured	  fluorescence	  
intensity	  ratios	  (grey	  circles)	  as	  a	  function	  of	  soluble	  DNA	  concentration	  for	  4	  cUPRE-‐1	  variants	  (orange	  box)	  
embedded	  within	  random	  sequence	  (grey).	  



	  
	  







	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  S4.	  	  Concentration-‐dependent	  binding	  behavior	  for	  systematic	  mutations	  within	  xcUPRE-‐1	  motif.	  	  For	  
each	  oligonucleotide,	  measured	  fluorescence	  intensity	  ratios	  (DNA/Protein,	  red	  circles)	  are	  plotted	  as	  a	  
function	  of	  soluble	  DNA	  concentration.	  	  Solid	  red	  lines	  show	  global	  fits	  to	  a	  single-‐site	  binding	  model.	  



	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  S5.	  Relative	  nucleotide	  preferences	  derived	  from	  measurements	  of	  concentration-‐dependent	  binding	  
assessing	  the	  effects	  of	  single-‐nucleotide	  substitutions	  at	  each	  position	  within	  the	  xcUPRE-‐1.	  	  All	  values	  are	  
normalized	  relative	  to	  the	  measured	  binding	  affinity	  for	  the	  wild-‐type	  xcUPRE-‐1	  sequence;	  three	  experimental	  
replicates	  using	  libraries	  synthesized	  on	  different	  days	  and	  printed	  on	  different	  days	  are	  shown.	  	  In	  each	  case,	  
error	  bars	  represent	  the	  error	  returned	  by	  from	  global	  fits	  to	  a	  single-‐site	  binding	  model.	  
	  







	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  S6.	  	  Concentration-‐dependent	  binding	  behavior	  for	  systematic	  mutations	  within	  the	  UPRE-‐2	  target	  site.	  	  
For	  each	  oligonucleotide,	  measured	  fluorescence	  intensity	  ratios	  (DNA/Protein,	  red	  circles)	  are	  plotted	  as	  a	  
function	  of	  soluble	  DNA	  concentration.	  	  Solid	  red	  lines	  show	  global	  fits	  to	  a	  single-‐site	  binding	  model.	  



	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  S7.	  Relative	  nucleotide	  preferences	  derived	  from	  measurements	  of	  concentration-‐dependent	  binding	  
assessing	  the	  effects	  of	  single-‐nucleotide	  substitutions	  at	  each	  position	  within	  the	  UPRE-‐2.	  	  All	  values	  are	  
normalized	  relative	  to	  the	  measured	  binding	  affinity	  for	  the	  wild-‐type	  UPRE-‐2	  sequence;	  experiments	  #1	  and	  
#2	  were	  performed	  using	  the	  same	  oligonucleotide	  library	  and	  print.	  	  Error	  bars	  represent	  the	  error	  returned	  
from	  global	  fits	  to	  a	  single-‐site	  binding	  model.	  
	  



	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  S8.	  	  PSAMs	  constructed	  from	  measured	  relative	  binding	  affinities	  for	  both	  xcUPRE-‐1	  (left)	  and	  UPRE-‐2	  
(right)	  motifs.	  



	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  S9.	  Creating	  a	  “supersymmetric”	  UPRE-‐2	  binding	  site	  has	  little	  effect	  on	  measured	  UPRE-‐2	  binding	  
affinities.	  	  Attempts	  to	  increase	  binding	  site	  symmetry	  by	  mutating	  either	  2	  or	  3	  residues	  at	  the	  5’	  end	  of	  the	  
motif	  do	  not	  produce	  statistically	  significant	  changes	  in	  binding	  affinity	  (middle	  two	  columns,	  5’-‐
AACACGTGTCTG-‐3’	  and	  5’-‐GACACGTGTGTG-‐3’).	  	  Attempts	  to	  increase	  binding	  site	  symmetry	  by	  mutating	  
residues	  at	  the	  3’	  end	  of	  the	  motif	  disrupt	  binding	  and	  reduce	  affinity	  ~	  2.5-‐fold,	  similar	  to	  the	  additive	  effects	  
from	  	  each	  mutation	  individually	  (rightmost	  column,	  5’-‐ACTACGTAGCTG-‐3’).	  



	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  S10.	  	  Measured	  and	  predicted	  relative	  affinities	  for	  xcUPRE-‐1,	  UPRE-‐2,	  and	  7	  known	  genomic	  UPREs	  
(ERO1,	  KAR2,	  EUG1,	  LHS1,	  FKB2,	  SEC66,	  and	  PDI1).	  	  (A)	  Relative	  binding	  affinities,	  as	  averaged	  from	  4	  
independent	  experiments.	  	  In	  each	  case,	  affinities	  are	  normalized	  relative	  to	  the	  UPRE-‐2	  binding	  affinity;	  error	  
bars	  represent	  the	  standard	  error	  on	  the	  mean.	  (B)	  Genomic	  sequences	  for	  known	  UPREs	  within	  different	  S.	  
cerevisiae	  promoters,	  shown	  alongside	  xcUPRE-‐1	  and	  UPRE-‐2	  embedded	  within	  random	  flanking	  sequences.	  	  
(C)	  Comparison	  between	  relative	  measured	  affinities	  and	  PSAM-‐predicted	  affinities	  for	  each	  genomic	  UPRE	  (r2	  
=	  0.64,	  p	  =	  0.03).	  	  Predicted	  affinities	  are	  the	  sum	  of	  the	  predicted	  affinities	  for	  both	  xcUPRE-‐1	  and	  UPRE-‐2	  
binding.	  



	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  S11.	  	  Small	  changes	  in	  in	  vitro	  affinity	  affect	  levels	  of	  Hac1i-‐driven	  expression	  in	  vivo.	  (A)	  Fluorescence	  
intensity	  ratios	  as	  a	  function	  of	  soluble	  DNA	  concentration	  for	  both	  UPRE-‐1	  (orange	  box)	  and	  UPRE-‐2	  (blue	  box)	  
motifs	  embedded	  within	  KAR2	  promoter	  flanking	  sequence.	  (B)	  Schematic	  representation	  of	  constructs	  used	  in	  
reporter	  activity	  assays	  containing	  4x	  repeats	  of	  either	  the	  canonical	  KAR2	  UPRE-‐1	  (orange)	  or	  a	  mutated	  
version	  of	  the	  motif	  designed	  to	  match	  the	  UPRE-‐2	  (blue).	  	  (C)	  FITC	  intensity	  as	  a	  function	  of	  time	  for	  three	  
experimental	  replicates	  showing	  reporter	  gene	  expression	  driven	  by	  the	  4x	  UPRE-‐2	  promoter	  (blue)	  and	  the	  4x	  
UPRE-‐1	  promoter	  (orange).	  	  
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Figure	  S12.	  	  Phylogenetic	  alignment	  of	  the	  region	  N-‐terminal	  to	  the	  basic	  DNA	  binding	  domain	  across	  multiple	  
ascomycetes,	  including	  proposed	  extended	  homology	  region	  (orange),	  basic	  DNA	  binding	  region	  (pink),	  and	  
beginning	  of	  leucine	  zipper	  region	  (blue).	  	  	  
	  



	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  S13.	  Sequencing	  results	  for	  23	  individual	  clones	  from	  the	  Hac1i	  mutant	  library	  used	  within	  the	  genetic	  
screen.	  (A)	  Histogram	  showing	  the	  distribution	  of	  constructs	  containing	  between	  0	  and	  7	  mutated	  nucleotides;	  
no	  constructs	  had	  greater	  than	  7	  nucleotide	  mutations.	  (B)	  Histogram	  showing	  the	  distribution	  of	  constructs	  
containing	  between	  0	  and	  6	  amino	  acid	  substitutions;	  no	  constructs	  had	  greater	  than	  6	  amino	  acid	  
substitutions.	  (C)	  Pie	  chart	  showing	  the	  distribution	  of	  constructs	  containing	  0-‐4	  mutations	  and	  premature	  stop	  
codons.	  (D)	  Protein	  sequence	  alignment	  showing	  details	  of	  the	  mutated	  region	  and	  the	  distribution	  of	  
sequenced	  mutations	  within	  this	  region.	  
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Figure	  S14.	  PSAMs	  predict	  that	  mutating	  2	  nucleotides	  within	  the	  full	  22-‐bp	  KAR2	  UPRE-‐1	  can	  switch	  Hac1i	  
binding	  from	  being	  driven	  by	  both	  xcUPRE-‐1	  and	  UPRE-‐2	  recognition	  to	  being	  driven	  primarily	  by	  UPRE-‐2	  
recognition.	  (A)	  Mutating	  2	  nucleotides	  (black)	  within	  the	  22-‐bp	  KAR2	  UPRE-‐1	  (top,	  orange	  and	  black	  text)	  
creates	  a	  UPRE-‐2	  site	  (bottom,	  blue	  and	  black	  text).	  (B)	  xcUPRE-‐1	  and	  UPRE-‐2	  PSAMs	  used	  to	  predict	  binding	  
affinities	  driven	  by	  each	  mode	  (from	  Fig.	  4B).	  (C)	  Predicted	  affinities	  for	  xcUPRE-‐1	  and	  UPRE-‐2	  PSAMs	  binding	  
to	  either	  4	  repeats	  of	  the	  KAR2	  UPRE-‐1	  site	  (orange	  bars)	  or	  4	  repeats	  of	  the	  mutated	  KAR2	  sequence	  
containing	  the	  UPRE-‐2	  site	  (blue	  bars).	  	  
	  



	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  S15.	  	  Estradiol-‐inducible	  ectopic	  expression	  system	  used	  for	  Hac1i	  expression	  within	  dual	  reporter	  assay.	  	  
Spliced	  Hac1	  (Hac1i)	  constructs	  are	  placed	  under	  the	  control	  of	  the	  Gal1	  promoter.	  	  Transfection	  with	  an	  
additional	  plasmid	  encoding	  a	  chimeric	  protein	  composed	  of	  the	  ligand	  binding	  domain	  of	  the	  estradiol	  
receptor	  (red)	  linked	  to	  both	  the	  Gal4	  DNA	  binding	  domain	  (blue)	  and	  the	  Msn2	  activation	  domain	  (green)	  
permits	  dose-‐dependent	  induction	  of	  Hac1i	  expression	  upon	  treatment	  with	  estradiol	  (red	  diamond).	  
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Figure	  S16.	  	  Flow	  cytometry	  data	  from	  the	  genetic	  screen	  designed	  to	  distinguish	  between	  xcUPRE-‐1	  and	  
UPRE-‐2	  binding	  modes.	  	  (A)	  Dual	  reporter	  constructs.	  	  mApple	  expression	  is	  driven	  by	  4	  repeats	  of	  the	  22-‐bp	  
KAR2	  UPRE-‐1;	  GFP	  expression	  is	  driven	  by	  4	  repeats	  of	  a	  mutated	  version	  of	  this	  motif	  designed	  to	  create	  a	  
UPRE-‐2	  target	  site.	  (B)	  Example	  data	  from	  wells	  measured	  via	  flow	  cytometry.	  	  Histograms	  of	  GFP	  intensities	  
are	  shown	  on	  the	  left;	  histograms	  of	  mApple	  intensities	  are	  shown	  on	  the	  right.	  	  In	  each	  case,	  grey	  histograms	  
show	  fluorescence	  counts	  in	  the	  absence	  of	  estradiol	  (no	  Hac1i	  expression),	  while	  red	  and	  green	  histrograms	  
show	  fluorescence	  counts	  4	  hours	  after	  addition	  of	  estradiol	  to	  induce	  expression	  of	  Hac1i.	  	  All	  fluorescence	  
intensities	  are	  normalized	  by	  measured	  side	  scatter	  values.	  	  Top	  row:	  wild-‐type	  construct;	  middle	  row:	  R42S	  
construct	  with	  large	  reduction	  in	  GFP	  (UPRE-‐2	  binding);	  bottom	  row:	  R54W	  construct	  with	  low	  affinities	  for	  
both	  motifs,	  but	  a	  slight	  preference	  for	  UPRE-‐2	  binding.	  
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Figure	  S17.	  	  Measured	  UPRE-‐1-‐driven	  mApple	  intensities	  and	  UPRE-‐2-‐driven	  GFP	  intensities	  for	  yeast	  strains	  
containing	  specific	  mutations	  within	  the	  Hac1i	  extended	  homology	  region	  and	  basic	  DNA	  binding	  domain.	  	  Each	  
point	  represents	  the	  mean	  intensity	  measured	  for	  a	  population	  of	  yeast	  cells	  grown	  from	  a	  single	  colony;	  mean	  
intensity	  levels	  were	  calculated	  via	  Gaussian	  fits	  to	  binned	  intensities	  in	  each	  channel.	  
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Figure	  S18.	  	  Comparisons	  between	  relative	  affinity	  profiles	  measured	  for	  Hac1i	  truncation	  mutants	  with	  DNA	  
printed	  at	  1	  of	  2	  concentrations.	  	  (A)	  Measured	  relative	  binding	  affinities	  for	  all	  oligonucleotides	  with	  
detectable	  binding	  for	  the	  N10	  construct	  vs	  the	  N25	  construct,	  both	  with	  DNA	  printed	  at	  the	  standard	  
concentration.	  	  (B)	  Measured	  relative	  affinities	  for	  the	  N10	  construct	  (with	  DNA	  printed	  at	  the	  standard	  
concentration)	  vs	  the	  N35	  construct	  (with	  DNA	  printed	  at	  4-‐fold	  higher	  concentration).	  	  (C)	  Measured	  relative	  
affinities	  for	  the	  N10	  construct	  (with	  DNA	  printed	  at	  the	  standard	  DNA	  concentration)	  vs	  the	  N10	  construct	  
(with	  DNA	  printed	  at	  4-‐fold	  the	  standard	  concentration).	  	  	  
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Figure	  S19.	  	  Measured	  absolute	  affinities	  for	  all	  oligonucleotides	  with	  Kd	  <	  30	  µM	  for	  N10,	  N25,	  and	  N35	  
constructs.	  Red	  circles	  show	  measured	  affinities	  for	  individual	  oligonucleotides;	  gray	  boxes	  signify	  median	  
measured	  affinities.	  	  The	  lower	  limit	  for	  accurate	  affinity	  resolution	  for	  MITOMI	  is	  ~	  15	  µM16;	  affinities	  
measured	  below	  this	  limit	  (large	  grey	  box)	  can	  be	  considered	  bound	  at	  the	  level	  of	  random	  sequence.	  
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Figure	  S20.	  xcUPRE-‐1	  and	  UPRE-‐2	  PSAMs	  for	  N10,	  N25,	  and	  N35	  truncation	  mutant	  constructs	  (shown	  in	  Fig.	  
6A).	  	  Red	  arrows	  highlight	  increased	  preferences	  for	  flanking	  nucleotides	  for	  the	  N35	  construct,	  suggesting	  an	  
extended	  binding	  site.	  
	  



	  
	  
Figure	  S21.	  	  Alignment	  of	  bZIP	  family	  transcription	  factors	  for	  multiple	  subfamilies	  showing	  basic	  region	  
(orange	  box),	  leucine	  zipper	  region	  (blue	  box),	  and	  any	  potential	  regions	  of	  extended	  homology	  N-‐terminal	  to	  
the	  basic	  DNA	  binding	  domain	  (black	  boxes).	  	  Known	  DNA	  target	  sites	  are	  shown	  at	  right.	  
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Figure	  S22.	  	  Protein	  alignment	  showing	  N-‐terminal	  truncation	  points	  for	  constructs	  used	  in	  the	  crystal	  
structures	  for	  MafG2,	  CREB3,	  C/EBPα4,	  and	  Gcn45,6,	  respectively.	  
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