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Computational Techniques
Overview of Anti-bZIP Design Using CLASSY

CLASSY is a computational design procedure for optimizing the stability of a particular structural
state as a function of sequence, under an arbitrary number of constraints. It is compatible with many types of
potential functions. Any linear analytical function of sequence variables can be constrained; examples
include energy gaps towards other structures, or properties such as amino-acid composition or
hydrophobicity.

CLASSY is based on two components: cluster expansion (CE) and integer linear programming (ILP)
optimization. CE provides a way to express the energy of a sequence adopting a particular backbone
structure as an algebraic function of the sequence itself”®. The formal basis of the technique is briefly
described in the next section, but two properties of a cluster expansion are important for CLASSY: (1) it
makes the evaluation of sequence energies many orders of magnitude faster than with direct structural
methods, and (2) its simple functional form renders a new set of computational approaches applicable to
protein design. We used CE in conjunction with ILP as a way to incorporate information about undesired

states into design calculations.

Theory of Cluster Expansion

We have previously shown that the conformational energy of a protein sequence in a specified fold,
defined numerically using structural calculations and optimization, can be expressed as a direct function of
sequence using the method of cluster expansionzg’ ¥ For completeness, we briefly describe this method

here. Let E (6) be the energy of sequence & in a given backbone fold (subscript min stands for
minimization over side-chain degrees of freedom). Let & = {0'1,...,0'N }, where o, is a discrete variable
representing the amino acid at the i-th position of the sequence. For simplicity, and without loss of
generality, assume that in our design problem there are M amino-acid possibilities at each position and o,

(6) as a cluster expansion of the form:
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where ¢(si,i) is a binary function that evaluates as 1 if site si is occupied with amino-acid i and zero

otherwise. The summations are over sites and amino-acid identities. A collection of sites is referred to as a



cluster, and a cluster populated by a given set of amino acids is a cluster function (CF). Terms J are the
effective contributions of each cluster function to the overall energy (effective cluster interactions, or ECI).
The three terms shown correspond to the constant, point and pair cluster-function contributions. If the
expansion is written out in its entirety (i.e. up to the N-tuple cluster functions), then by virtue of having
exactly the same number of ECI as possible sequences (M"), it is exact. If the expansion is truncated at a

given point, an approximation of E_. can be derived by fitting the ECI to minimize the error between CE-

estimated energies and structure-derived energies for a training set of sequence-energy pairs. Once this
procedure is carried out, the process of estimating the energy of a sequence adopting the specified structure

. . . . 28
is made many orders of magnitude more efficient *.

bZIP Models
To model parallel dimeric coiled coils, we employed two variants of the energy function HP/S/C that was
previously shown to perform well in predicting human bZIP interaction specificity®®. This function evaluates
the relative stability of coiled-coil dimers primarily as a function of the amino acids at a, d, e and g
positions, based on predicted structures of coiled-coil complexes. One of the key features of model HP/S/C
is that core a-a’ and d-d’ terms derived from structure-based calculations are replaced with statistical
weights from a machine-learning algorithrn%. These terms can alternatively be replaced by experimentally
determined thermodynamic coupling energies. However, these were only available for 15 amino-acid pairs
at a-a’ at the time of our earlier study39, and using them gave inferior performance. Since then, Vinson and
co-workers have measured coupling energies for 55 amino-acid pairs at a-a’%. Additionally, we recognized
that almost all of the improvement upon replacing d-d’ interactions with statistical weights can be attributed
to Leu-Leu pairs, which are modelled as only slightly favourable in structure-based approaches, contrary to
experimental data. As a result of these findings, we developed model HP/S/Cv. Structure-based a-a’
interactions were replaced with a-a’ coupling energies for 55 amino-acid combinations; the d-d’ interaction
for Leu-Leu was replaced with -2 kcal/mol (no experimental value is available), and the resulting model
was expanded using CE. Because effective self contributions from our structural models and experimental
coupling energies may be on different scales, point ECI values for the a position were adjusted such that 100
folding free energies measured by Acharya et al. were predicted optimally (in the least squares sense) by the
overall CE model — see Supplementary Fig. 10.

As a way to account for pair-wise interactions in the reference state, both variant models used in this
study ignored the energy of intra-chain side-chain interactions in the final predicted structure (see reference

%) Note, however, that because the process of placing side chains for structure prediction does take into



account all side-chain interactions, intra-chain interactions do make indirect contributions to the final

energy, and corresponding ECI do emerge in cluster expansion.

Integer Linear Programming

Kingsford et al. have shown that the problem of finding the lowest-energy rotamer-based side-chain
packing arrangement, in the context of protein design, can be expressed and solved as an ILP ! Given that
CE provides the energies of the desired and undesired states as analytical functions of sequence, we
introduced a similar approach for handling specificity in design. With notation as in Kingsford er al. *', we
represent the sequence space in our problem of designing a peptide of length p as an undirected p-partite
graph with node set V =V, U...UV . Set V, contains one node for each amino-acid possibility at position i.

S
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For each state S, each node u € V, is assigned a weight E corresponding to its contribution to the energy of

that state. If S is a heterodimer state (i.e. a state in which the design is complexed with a protein of fixed
sequence), this individual contribution is simply the sum of the point ECI corresponding to u and pair ECI

corresponding to pairs between u and all amino acids of the partner sequence. If S is the designedesign

homodimer state, then E°

uu

is the sum of point ECI corresponding to u# and pair ECI of u and its image on the

opposite chain. The edges of the graph D = {u,v): ueV,andveV, i# jJ are assigned weights E° . If Sis a

uv*

heterodimer state, then E’ is the ECI of the corresponding intra-chain pair cluster function. If S is the

designedesign homodimer state, then additional contributions to E’ come from the ECI between u and the
image of v as well as v and the image of u. Given these definitions, the energy of the design sequence in any

state S can be expressed as £° = Z E’x, + Z E’ x, , where binary variables x,, and x, determine which

uu” " uu
ueV u,veD

nodes and edges the sequence involves. Thus, the problem of optimizing the energy of state S can be

expressed as an ILP seeking to minimize &£°, under the constraint that the chosen nodes and edges
correspond to one another. Further, because gaps between different states are also linear functions of

decision variables x, and x,

., arbitrary gap constraints can also be incorporated. Finally, any additional
function of these decision variables, such as a PSSM score, can also be incorporated. With T as the target
state and U; representing undesired states, the ILP we used in this study is (where V\V; stands for the set

difference between V and V)):
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Here k is the number of undesired states, gc; is the gap constraint for i-th state, pssmc is the PSSM
constraint and W, is the PSSM weight corresponding to node u. We solved such ILPs with the glpsol tool
from the GNU Linear Programming Kit (http://www.gnu.org/software/glpk/). Because of the simplicity of
sequence-based expressions obtained through CE, solutions to these ILPs with as many as 46 undesired
states were generally obtained within 1-5 minutes on a single 2.7 GHz CPU.

Note that although everything was formulated in this instance for energy functions that are pair-wise
decomposable at the sequence level, in principle this approach can be easily generalized for higher-order
terms. Clearly, the CE methodology is already capable of taking higher-order interactions into account,
should there be a need **. The ILP formulation can be extended to handle higher-order terms by introducing

additional decision variables. For example, x,, would be 1 if there is a triplet interaction between nodes u,

v, and w. Constraints for these new decision variables would also have to be imposed to ensure that higher-
order interactions occur only between those nodes that are chosen (e.g. in this case x,,, x,, and x,,, are 1).
Note that these higher-order decision variables would have to be introduced only for those clusters of sites
that do, in fact, participate in higher-order interactions. This allows the complexity of the ILP problem to
grow naturally with the size of the system (i.e. the number of variables and constraints grows linearly with

the number of interactions in the system).

PSSM Constraint

To constrain CLASSY designs to favour a leucine-zipper fold, we derived heptad position-specific
amino-acid frequencies from the multi-species alignment of 432 bZIP leucine zippers described above.
These frequencies were then used to score all of the sequences in the alignment (taking into account only a,

d, e and g positions), from which a length-normalized score distribution was derived. Based on this



distribution, a cutoff value of 0.247 was imposed in CLASSY such that all of the designed sequences had a
PSSM score of at least 0.247. Although this is a stringent cutoff, with 84% of native sequences scoring
below it, the sequence space remaining is still large. For example, for a six-heptad design sequence, where a,
d, e and g positions are varied and 10 amino acids are allowed per position, the total sequence space is 10**,
whereas after applying the PSSM cutoff of 0.247 it is still ~10" (calculated by convolving score

distributions at individual positions to obtain the final distribution of scores and integrating it from 0.247

up).

Choosing b, ¢ and f Positions
Positions a, d, e and g are assumed to encode most of the interaction specificity of the designed
peptideslg’ 0 Thus, we chose the identities of the b, ¢ and f positions such that they were appropriate for the

already selected a, d, e, and g positions, given what is observed in the multi-species dataset of 432 bZIP

sequences referenced above. Thus, for each b, ¢, and f position b; we sought to optimize P@i|a1,...,an ),

where a;...a, are the identities of the selected a, d, e, and g positions. We expressed this quantity in terms of

probabilities we could measure from the dataset:

B P(bi’al’w’a”)_P(al|bi,a2,...,a”).P(bi,az,...,a,,)
P(bi|al,...,a,,) = P(al,...,a,,) - P(al,___,an)

P(a1 |bl. , az,...,an)~ P(a2 b., a3,...,an)~ P(a
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n
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The last step assumes that the pre-selected amino-acid decoration at positions a, d, e, and g represents well

the natively observed decorations at these positions (i.e. probability P(ak|b,.) measured in the adeg context

of the designed peptide and the probability averaged over all native contexts is the same). Quantity

P(al,...,a”) is hard to estimate, but it is constant with respect to b, ¢ and f and is therefore not important.
Conditional probabilities P(a k|bl. ) can be easily measured from the native bZIP dataset, and for each b, ¢ and

f position the amino acid that optimizes the above probability can be found. Using this approach, we were
able to obtain b, ¢, f decorations of natural content and distribution. However, we found that infrequently
this procedure resulted in sequences with large charge and/or helix propensity (mostly due to the fact that
the pre-selected a, d, e, and g amino acids already had high values of charge or helix propensity). Thus, we
expressed the problem of finding the optimal b, ¢ and f combination according to the above equation as an
ILP (by taking the logarithm of the probability it can be decomposed into a sum of pre-computed probability

logarithms) and incorporated constraints on total charge, charge content (number of charged residues) and



helix propensity. For each property, the range of acceptable values was defined as g+ o, where ¢ and o
are the mean and standard deviation of the corresponding property in the native bZIP dataset. In a few
instances this resulted in no solutions (i.e. the selected a, d, e or g were already outside of the range for one

of the properties) and for these cases more liberal intervals were allowed (either 4 t1.50 or u*20).

Finally, because we wanted to rely on UV absorbance for determining concentration, we imposed the
additional constraint that the b, ¢, f positions contain at least one Y or W residue (unless there was one

already present at a, d, e or g).

Uncovering Specificity-encoding Features

We analyzed the 8 designs determined to be most specific using the arrays to identify specificity-
encoding features. First, we compared each designetarget complex with the corresponding designeundesired
heterocomplexes. For each such comparison, we computed the contribution of each amino acid in the i-th
position of the design sequence (aa;) to the overall stability and specificity. This was done by computing the
interaction of aa; with the region of the target peptide from i-7 to i+7 (one heptad N- and C-terminal to aa;)
as well as the interaction of aa; with the same region of the undesired partner. The first value corresponded
to the stability contribution of aa; and the difference between the two was the specificity contribution. To
further isolate specificity determinants, this difference was decomposed into contributions from different
positions on the target sequence and the corresponding positions on the undesired partner sequence.

We performed a similar analysis to elucidate features encoding specificity against the designedesign
homodimer, except the contribution of each amino acid aa; to specificity was considered as the difference
between interaction of aa; with the residue opposing it in the target sequence and its interaction with itself in
the design homodimer. The same analysis was repeated for pairs of amino acids at all position pairs (i and j)

of the design sequence.

Dividing Human bZIPs into 20 Families

Human bZIPs were divided into 20 families based on the evolutionary analysis of Amoutzias ef al. H
with the exception of including CHOP and ZF as individual families, and condensing OASIS and OASISb
into a single family based on the similarity of their interaction profiles * The phylogenetic tree of human
bZIPs shown in Supplementary Fig. 13 was made using only the leucine-zipper regions and was constructed
with the PHYLIP (http://evolution.genetics.washington.edu/phylip.html) package using the Neighbour-
Joining algorithm and the Jones-Taylor-Thornton (JTT) model of amino-acid replacements. TreeDyn

(http://www.treedyn.org/) was used to visualize and annotate the tree.



How Many Unique anti-bZIP Profiles Are There?

Fig. 3A shows that our CLASSY designs exhibit many novel interaction profiles when binding
human bZIPs, while the sequence diversity used to generate these profiles is rather limited (Fig. 3C). This
suggests that there may be a very large number of different interaction profiles, of which our 48 designs
have revealed only a very small portion. But how large is this number? To answer this question with high
confidence we need either an extremely large number of designs and measurements or an extremely accurate
model. At present, neither is available. However, if we have a good idea of a model’s prediction accuracy
and use this model to calculate the number of unique profiles that exist, we can then estimate a lower bound
on the true number of profiles. Here, we used model HP/S/Cv for this purpose. Several steps were taken to
ensure that our estimates were always below the true number of profiles.

The interaction profile of a peptide was defined as a binary vector indicating whether the peptide
interacts (1) or does not interact (0) with each human bZIP. If two binary vectors are equal, the profiles are
equivalent. In reality, there is a lot of space between such vectors, because interaction strength also plays a
role in defining a profile. This is one way that we underestimated the total number of possible profiles. We
also defined these vectors at the family level rather than the protein level — again, a significant underestimate
of the real size of the profile space. We considered 19 out of the 20 families (due to difficulties assessing
model performance on the ATF3 family), giving a total of 524,288 possible unique profiles. The following
procedure was followed:

Compute the total number of unique profiles predicted by HP/S/Cv. For each human bZIP coiled coil P; we
defined a computational energy cutoff c¢; to optimally discriminate interactions and non-interactions in the
human bZIP interaction dataset (experimental interactions/non-interactions taken from Fong ef al. *°). To
increase prediction confidence, we introduced a buffer parameter b, such that energy scores above c;+b were
considered non-interactions, below ¢; — b were considered interactions, and scores between ¢; — b and c¢;+b
were not considered as either (b was set to 3 kcal/mol by optimizing performance on the human bZIP
interaction dataset). This parameter increases prediction confidence but reduces the number of peptides that
can give rise to a profile, further reducing our final estimate. Next, we generated 1,000 random binary
profile vectors and ran CLASSY to find the most stable sequence consistent with each profile (e.g. its
interaction stability with each of the 40 bZIPs from the 19 considered families is either below c; — b or above
¢i+b in accordance to the profile). The bZIP PSSM constraint was applied. Out of these 1,000 cases, 5
produced a solution. Given that there are a total of 524,288 possible binary profiles, this translates into
~2,600 unique profiles that can be achieved in design.

Estimate prediction rates. The rates of true positive (TP), true negative (TN), false positive (FP) and false
negative (FN) predictions were estimated from anti-bZIP*bZIP interaction data. Performance is expected to

be worse than for the humanehuman dataset for several reasons. First, the process of design tends to



exacerbate errors in an energy function. Second, because designed sequences are different from native bZIPs
in systematic ways, the ranges of HP/S/Cv scores for anti-bZIP+bZIP and bZIP+bZIP interactions will also
be different, making cutoffs derived from the bZIPebZIP dataset less applicable to anti-bZIPbZIP
interactions. Thus, although the prediction rates for the humanehuman interactions were TP = 0.84, TN =
0.91, FP =0.16, FN = 0.09, they were worse for the anti-bZIP+bZIP interactions: TP = 0.39, TN = 0.94, FP
= 0.61, FN = 0.06. The drastic difference between the two performance rates is a result of over-training
optimal cutoffs to the case of humanchuman interactions, but since the most important goal here is not to
over-estimate the performance rate, this approach is still valid. The performance predicting relative
stabilities of two complexes of anti-bZIPsbZIP is much better than this.

Given two predicted distinct profiles, find the probability that they are in fact the same. This probability, ps,
is a product of the probabilities that each individual element of the profile (interaction or non-interaction
with each human bZIP) is the same. Formally,

ps=(TN-TN + FN -FN)* - (TN - FP+ FN -TP)* -(TP-FN + FP-TN)* - (TP -TP + FP - FP)”,

where 00, 0z, zo, and zz are the number of corresponding profile elements that are both 1, 0 and 1, 1 and 0,
or both 0, respectively. Probability ps was estimated to be 2.0-10™ by averaging over 1,000 pairs of
randomly generated profiles.

Calculate the probability distribution of the true number of profiles. We predicted that there exist ~2,600
unique profiles. The first one we consider is certainly unique. The second one is predicted to be unique, but
it is actually unique with probability 1 — ps. The third one is also predicted to be unique, but it is truly
different from the first and the second with probability (1 — ps)z. In general, if P(k, n) is the probability of
having k unique profiles after considering n predicted unique profiles, then we can give the recursive
definition P(k,n)=P(k,n—1)-k- ps+P(k—1,n—1)-(1- ps)k_1 . Using this we generated the probability
distribution of the true number of profiles after considering 2,600 profiles. This distribution had a sharp peak
around 1,900 profiles and quickly fell to essentially zero before and after that (integral between 1,785 and
1950 is 0.9999). Based on this, there should exist at least ~1,900 unique peptideshuman bZIP interaction

profiles, and probably there are many more.

A Picture of Multi-state Energy Phase Space

Specificity-sweep calculations predict that designs selected solely for optimal binding to the target
are often not specific, and are especially prone to homodimerization (see Supplementary Fig. 2A). Many
specificity problems can be eliminated by sacrificing relatively small amounts of stability (Supplementary
Fig. 2C). However, it is not clear how severe the specificity constraint is and how much it restricts the

choice of sequences. We investigated this in a simplified case where designedesign homodimers are the only



competing state. We constructed a 2D histogram of the entire design sequence space for several design
problems, looking at the distribution of designetarget energies versus designedesign energies. In such a
histogram, each 2D bin corresponds to energy ranges for the designedesign and the designetarget complexes
and contains the number of sequences that satisfy these ranges.

If each amino acid at each site made an independent contribution to the total energy, this histogram
could be built by convolving the 2D energy histograms of each individual site. However, amino acids at
different sites interact with each other. To address this, we used the fact that amino acids more than a heptad
apart do not interact in our CE energy expressions. As in the case for independent site contributions, sites
were considered one-by-one and their histograms were convolved with the running total. However, at each
step energy contributions from both single-residue and pair-wise interactions with residues in the preceding
heptad were incorporated. In order to account for the pair-wise terms appropriately, individual histograms
were maintained for each unique sequence combination in the preceding heptad. To limit memory usage,
only 9 amino acids were considered at each site for this purpose. Note that because positions b, ¢ and f were
not explicitly considered in our models, there were a total of 9* = 6,561 possible heptad sequences and 6,561
running total histograms needed to be kept at each stage. In the last step these 6,561 histograms were added
to produce the final 2D histogram.

The results for ATF-2 and MafG are shown in Supplementary Fig. 12 (other bZIPs produced similar
results). The dashed lines show where the designedesign and designetarget energies are equal. Clearly, most
stable sequences are even more stable as homodimers (i.e. are below the line; note log scale), indicating that
destabilization of the design homodimer is an extremely severe constraint that limits sequence space by

many orders of magnitude.

Experimental Characterization

Jun family constructs

The following peptides were used for the Jun family, which have more uniform length than those previously
constructed by Newman & Keating4.

cJun

MSYYHHHHHHL EST SL YKKAGSGSRKLERI ARL EEKVKTL KAQNSEL ASTANM. REQVAQL KQKVIVNHLE,
JunB

MSYYHHHHHHL EST SL YKKAGSGSRKL ERI ARL EDKVKTLKAENAGL SSTAGL L REQVAQLKQKVIVNHLE,
JunD

MSYYHHHHHHL EST SL YKKAGSGSGSRKLERI SRLEEKVKTLKSQNTELASTASL L REQVAQLKQKVIVNHLE

Data Analysis



Scanned images of slides were analyzed using the program Digital Genome (Molecularware). For
each probe the scan at the highest PMT voltage that did not show saturation was used for analysis. The
signal in the red channel from the Alexa Fluor 633 hydrazide was used to identify the location of spots. The
median signal and median background for each spot was determined, and signal less background for each
spot was calculated. Missed spots and artifacts were manually flagged and removed from analysis; these
represented less than 0.1% of all spots. For each pair of adjacent sub-arrays probed with the same labeled
peptide, the average of 8 measurements for each protein on the surface was calculated and defined as a.
These values are reported in Supplementary Tables 3 — 5.

Two other quantities were used in analyses. Because a small number of probes showed high
background, a corrected fluorescence signal was defined as F = a - a, with @ the median of all signals
measured using a common probe. The maximum of this quantity for a given probe was designated F,.x. The
quantity —log(F/Fp.x) was used in Fig. 2, Fig. 3A, and Supplementary Figures 1 and 14 to indicate relative
array signal differences.

To distinguish signal from noise, and thus put an approximate lower bound on the signal required as

(a—a)
| Bl

again the median of a, N is the number of unique printed proteins, and N

, where a is

evidence for an interaction, we defined the quantity Saray as S,,,,, (a)=

is the number of proteins

a<d

producing a below the median. N and N__. excluded other designed peptides on the surface when the

a<a
solution probe was itself a designed peptide. Samay is a Z-score-like quantity, where the distribution of signals
below the median was assumed to be primarily noise-driven and thus was used to correct stronger signals.
Saray values are also provided in Supplementary Tables 3 — 5.

For the purpose of estimating the number of designs that homodimerize, and how many designs
interacted with their target, the following criterion was used: A and B were judged to give signal above
background, and thus to interact, if they produced an S,y score above 2.5 either when A was on the surface
and B was the probe or when B was on the surface and A was the probe. This cutoff was chosen based on

reported homodimerization of bZIP families as well as our solution measurements of stability* %,

Interaction-Profile Clustering
An interaction profile was defined using —log(F/Fy.x) scores derived from microarrays, and profiles
were clustered using Eucledian distance as the dissimilarity metric. Average linkage clustering was

performed using the linkage command in Matlab 6.5.



Circular Dichroism

Circular dichroism (CD) spectra were measured on AVIV 400 and 202 spectrometers in 12.5 mM
potassium phosphate (pH 7.4)/150 mM KCI/0.25 mM EDTA/IM GuHCI/1 mM DTT. All mixtures of
peptides were incubated at room temperature for several hours before measurement. Wavelength scans were
performed at 40 uM total peptide concentration and measured at 25 °C in a 1-mm cuvette. Scans were
monitored from 280 nm to 195 nm in 1 nm steps averaging for 5 seconds at each wavelength. Three scans
for each sample were averaged. Thermal unfolding curves were performed at 4 uM total peptide
concentration and measured in a 1-cm cuvette. Melting curves were determined by monitoring ellipticity at
222 nm with an averaging time of 30 seconds, an equilibration time of 1.5 minutes, and a scan rate of 2
°C/min. All samples were measured from 0 °C to 85 °C unless otherwise noted. All thermal denaturations
were reversible. T, values were estimated by fitting thermal denaturation data to a monomer-dimer
equilibrium, assuming no change in heat capacity upon folding. Specifically, we fit the derivative of the CD

signal with respect to temperature to the equation:

=A
dar RT

AH{l 1}
dexp| —| ———||+1
d(signal) AH (AHF 1} RI|T, T

- exp|

Here A, AH, and T,, were fitting parameters, with AH and T,, corresponding to the change in enthalpy upon
folding and the apparent melting temperature, respectively. We fit the derivative of the CD signal to reduce
the reliance of the fit on pre- and post-transition baselines *. For two-species mixtures AB, the difference
between the melting curve of the AB mix and the average of melting curves of A and B (Sag.a) was
calculated and treated as the signal for the purposes of fitting the above equation. No fitting was performed
for mixtures where Sap.a-p Was positive at any point during the unfolding transition (i.e. the signal from the
average was stronger than the signal from the mixture), as it was not clear which species was being melted.
Those mixtures with Sag.a.5 > 0 over the entire temperature range were assumed to show no evidence of
interaction. Fitting was performed using the non-linear least squares method in Matlab 6.0. The 95%

confidence intervals resulting from the fits are reported in Supplementary Table 2.

Comparing CD and Array-based Stability Ordering

Relative stability orders established by CD and microarray were compared conservatively. The
arrays were only used to judge relative stabilities when two interactions involved the same solution probe
interacting with partners on the same array surface. CD ranks were determined by visual inspection of

thermal melts, with cases where the order was not clearly obvious being assigned the same rank. Array ranks



for interactions sharing a common probe were established based on the S,., measure, with ranks differing
by only one unit in normalized S,y considered the same. All possible pair-wise comparisons of CD and

array ranks were made, a total of 41 comparisons, 35 of which gave the same order by CD and microarray.

Array Results were Highly Reproducible

The array measurements were highly reproducible over replicate experiments and a range of
concentrations, as shown in Supplementary Fig. 14. The complete array data (averaged background-
corrected signals as well as S,y scores) are given in Supplementary Tables 3, 4, 5 and 6. Proteins listed in
columns were fluorescently labelled and used in solution as probes against proteins on the surface, which are
listed in rows. All protein probes were at 160 nM unless otherwise noted. Duplicates are labelled.
Supplementary Tables 3, 4, and 5 contain values from experiments in rounds 1, 2, and 3 respectively.

Supplementary Table 6 contains experimentally determined S,y scores for 33 human proteins.

Supplementary Discussion
Beyond bZIPs: Requirements for Applying CLASSY to Other Systems

There are a variety of reasons that we selected bZIP transcription factors for this study. They comprise
a biologically important class of proteins for which questions of interaction specificity are central to
function. But also, interaction specificity is probably better understood for the bZIPs than for any other
protein complex, and convenient properties of these proteins facilitate modelling and measurement. To what
extent can CLASSY be applied to other problems in molecular recognition? To answer this it is important to
distinguish between limitations that arise from CLASSY itself — of which there are few — and limitations
that arise from our understanding of specificity in other protein complexes. The systematic study of protein
interaction specificity is a new, expanding research area. There are already several complexes amenable to
study using CLASSY, and this number will increase with advances in experimental screening technologies
and computational modelling.

Below we outline three requirements that must be met to apply CLASSY to a specificity design
problem. For each, we comment on how the bZIPs satisfy the requirement and discuss prospects for other

complexes.

1. Application of CLASSY requires that sets of desired and competing states be defined.

To address interaction specificity explicitly, one must define the universe of relevant complexes. For
many problems, competing states of particular interest can be identified as those that share structural and

evolutionary similarity with the target. In our bZIP application, the competitors were other bZIPs. These can



be detected easily by sequence similarity. Many related interaction specificity problems can be posed. In the
design of peptides to activate specific integrins, the competitors would be other integrins; in the design of
specific PDZ domains the competitors would be undesired protein C-terminal peptides; in the design of BH3
peptides that bind specific Bcl-2 family members, the competitors would be other Bcl-2 proteins. Although
criterion 2 (below) may not yet be satisfied for these examples, at least one prior example of a successful
design calculation in each of these cases illustrates progress in modelling and highlights the types of
applications where CLASSY may prove fruitful'" '* . Similar examples can be constructed for any set of
paralogous interaction domains; zinc-finger and homeodomain transcription factors as well as SH2, SH3 and

PDZ domains are discussed below.

2. A scoring function must provide information about the relative stabilities of the states under

consideration.

Specificity can be designed using CLASSY only if a model captures information about the relative
favourability of different states. CLASSY can use many types of scoring functions. Physical/structure-based
models and empirical/statistical models are equally compatible with the requirements of the method. The
only formal requirement is that the scoring function be expressed as a linear function of sequence variables
(not necessarily limited to amino-acid pair terms). We have demonstrated that cluster expansion can
accomplish this for complex structure-based energy functions and for several different protein folds™ #- 3%,
Cluster expansion can in theory also be applied directly to large experimental datasets, where available, to
generate a predictive expression in the appropriate computational form.

In designing anti-bZIPs, we took advantage of experiments that elucidated some of the determinants of
interaction specificity; we captured these in a hybrid structure-based/experiment-based model, which was
tested using available peptide array data*® *°. Specificity-scoring functions published for other protein
domains can now be tested using CLASSY. For example, models based on fitting residue interactions to
experimental data have been developed for PDZ domains and zinc fingers. Such scoring functions typically
have the functional form required for CLASSY" * ** **_ Scoring functions based on structural modelling
have the greatest potential to be general. RosettaDesign has been used for many applications, including the
design of specific protein-protein interactions® *°. Other structure-based specificity models have been tested
for PDZ'?, SH2* and SH3*" *® domains. Structure-based models have also shown good performance for
several transcription factor families*%. Physical structure-based models face significant challenges, in
particular capturing side-chain and backbone relaxation that can impact specificity. But as new methods for

modelling structural relaxation are developed (and several groups report progress in this area 36,53, 34

), there
are no obvious barriers to employing them in conjunction with CLASSY. In fact, we recently demonstrated

that cluster expansion works well when applied to models that incorporate backbone flexibility””. Finally,



structural approaches that use atom-based or residue-based statistical potentials can give good predictions of
binding energies and can capture some interaction specificity trends®” > *°; such models may prove
especially useful for negative design.

How good do the scoring functions need to be? Our bZIP scoring functions, while capable of
distinguishing strong interactions from non-interactions, do not provide quantitative predictions of relative
stability (they do not correlate strongly with experimental AAG estimates). Models can likely be effective for
use in CLASSY if they (1) accurately capture some key specificity determinants and (2) are not under-
defined. A model is under-defined if it has many missing or inappropriate weights; these can allow the
design optimization calculations to proceed into non-sensible regions of sequence space. In our bZIP study,
the experiments of Vinson and colleagues provided valuable data contributing to (1), though these
experiments did not comprehensively assess all possible specificity determinants'® % To address (2), we
used structural modelling to impose a physically realistic description of all amino-acid interactions that were
not defined by experiments. A similar combined approach is likely to be appropriate for other domains. For
example, for PDZ domains and zinc fingers, a small set of weights derived from experiments seem to predict
much of the observed specificity3’ . But structural modelling may be required to provide reasonable (even if
not highly accurate) estimates for the many amino-acid interactions that are not constrained by experiments.
Also important for addressing (2) is the ability of CLASSY to incorporate sequence property constraints
(e.g. the PSSM constraint used in this study), which can be used to ensure that only the sequence space that
is reasonably well described by the underlying model is considered in design.

Finally, energy gaps in CLASSY can be chosen according to the estimated accuracy of the
underlying energy function. Thus, if errors in predicted energies are known to be large, the user can choose
to impose large energy gaps as constraints, ensuring that any designs returned are predicted to have a
significant preference for the desired state over others (at the risk of finding either no solutions or only
poorly stable solutions).

In summary, while we do not yet know if breakthroughs in predicting specificity will come primarily
from improvements in modelling or from fitting to large experimental data sets, this likely does not matter in
terms of applying CLASSY. Designing specific PDZ/SH2/SH3 domains or specific PDZ/SH2/SH3 ligands,
or zinc-finger transcription factors with specialized binding profiles, are already good candidate applications

for testing this method more broadly.

3. An experimental assay appropriate for testing the specificity of the proteins under study is required.

It is impossible to know the quality of the scoring function, or the quality of CLASSY designs, without

experiments that report on interaction specificity. Assessing specificity profiles generally involves testing



many possible complexes. For the bZIPs, we took advantage of a previously validated peptide microarray
assay4. Similar large data sets exist for SH2, SH3, PTB, and PDZ domains, as well as for many transcription

2, 57-61
factors® "¢

. Exciting advances using SPOT arrays, protein microarrays, protein-binding DNA arrays,
phage-display/phage ELISA, protein complementation assays and plate-based fluorescence assays expand
the possibilities in this area, and suggest that many moderately sized binary complexes will be amenable to

.1 K
analysis 33963,

CLASSY Introduces Negative Design Using Familiar bZIP Features

CLASSY designs employed a range of strategies to achieve specificity, but some trends were
evident. Designs optimized for stability alone often had a and d positions with medium-to-large
hydrophobic residues®, and CLASSY initially improved specificity by maintaining these cores and
modulating electrostatic g-e’ interactions in early iterations of the specificity sweeps (see Fig. 1C for
definitions of coiled-coil heptad positions; a prime indicates a residue on the opposite helix). To achieve
greater specificity (A), at a greater price in stability, CLASSY introduced core substitutions such as pairing
of Ile with Ala (e.g. to destabilize homodimers using Ala-Ala pairs). The sequences selected for testing
typically included additional elements, such as charged amino acids in core positions. Such interactions
imparted large amounts of specificity but were also predicted to be quite destabilizing. They were chosen for
analysis because we judged specificity to be relatively more important; generic strategies such as ACID
extensions could be used to improve stability if necessary64.

Our 8 most specific designs exhibit canonical bZIP specificity determinants (Supplementary Fig.
15A): there is a strong preference for Asn at an a position to be paired with Asn at the opposing a’, and
electrostatic complementarity is exploited at g-e’ positionslg’ 2, Interestingly, a less recognized
complementarity between g-a’ positions is predicted to make a comparable, if not larger, contribution to
specificity; this feature was extensively used in our designs (Supplementary Fig. 15A)%. A strong preference
for Leu-Leu over all other amino-acid pairs at d-d’ positions was also exploited®®. Finally, our model
predicts that interactions between a and d’ can contribute significantly to specificity. In particular, a beta-
branched residue at an a position strongly prefers a non-beta branched residue at the next d position of the

opposing strand. Similar effects have been noted in anti-parallel coiled coils®".

Off-target Interactions May Form via Structures That Were Not Modelled
In our computational modelling, we considered only parallel coiled-coil dimer structures with a
unique axial alignment of helices. For the designs that bound to their targets, it is likely that the interaction

occurred as modelled because the designs were restrained to have leucine zipper-like sequences, frequently



retained buried Asn and Lys residues to favour dimers over other oligomers, and retained paired Asn
residues at a-a’ positions to favour particular parallel alignments 67- 68 These features were selected
automatically by CLASSY in most cases, and where they were not present in all candidate designs, we
imposed a bias for such solutions when choosing examples for experimental testing. Further supporting the
formation of dimers, interactions of designs with their targets were observed to occur irrespective of which
peptide was printed on the array and which was labelled in solution, which is unlikely for some alternate
stoichiometries.

When unexpected designeoff-target interactions occurred, it is less clear what the structures of those
complexes were. In several instances, we suspect that the complex formed was not one that was modelled as
an undesired state. For example, the strong interaction between anti-SMAF-2 and ATF-4 (Supplementary
Fig. 1) was predicted to be very unfavourable relative to anti-SMAF-2eMafG (Supplementary Fig. 16A-B).
However, because the SMAF family has an Asn in a different heptad than most human bZIPs, the alignment
used to model anti-SMAF-2 paired with ATF-4 left two asparagines at a positions unpaired (see
Supplementary Fig. 16A). Asn residues have a strong preference to occur in pairs in coiled-coil dimers 2
and it is unlikely that the anti-SMAF-2¢ATF-4 interaction would occur in this way. More likely, the
complex would adopt a shifted axial alignment (though this is also predicted to be unfavourable,
Supplementary Fig. 16C), an anti-parallel helix orientation, or some other structure. Anti-BACH2-2, which
showed strong homo-association on the array, illustrates another case where the complex formed may not be
the one that was modelled as an undesired state. Anti-BACH-2 homodimer was predicted to be much less
stable than anti-BACH-2°BACH]1. However, although anti-BACH-2 has very strong anti-homodimerization
features, they are heavily concentrated in the first two N-terminal heptads (see Supplementary Fig. 17). It is
likely that this portion of the homodimer simply does not fold, and the rest of the sequence forms a stable
association. Of course, if such problems can be anticipated, additional constraints can be incorporated into

CLASSY, where alternative alignments, coiled-coil lengths and orientations can be explicitly considered.



Supplementary Figures
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Supplementary Figure 1 Array measurements characterizing all 48 designs. Designs are in columns. Human bZIPs on the arrays
are in rows. Family names are in blue, with families separated by blue lines. Shown as a heat map are interaction —log(F/F,..)
scores (see section Data analysis), with lower scores (darker color) indicating stronger interactions. The ‘“homodimer” row
indicates the interaction of each design in solution with itself on the array, relative to the strongest interaction of that design with
other partners on the array. The “relative stability” row indicates the interaction of each surface-attached design with its target in

solution, relative to the target’s strongest interaction (either the design or one of 33 human bZIPs on the same array). Green boxes
indicate intended targets.
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Supplementary Figure 2 A global view of specificity sweeps with each human bZIP coiled coil as a target. In each row, the
protein indicated at left is the target. The first column contains the score of the optimal designetarget complex, whereas each
subsequent column contains the energy gaps between the designetarget complex and the corresponding designecompetitor
complex, including the design homodimer in the second column. A positive energy gap corresponds to designetarget being more
favorable than designecompetitor. The color bar gives the energy scale. (A), (B), (C) and (D) correspond to designs from different
stages of specificity sweeps. In (A) the design producing the most stable complex for each target was used to compute energies
(first iteration). In (B) up to 1% of the stability score was sacrificed to gain specificity. In (C) up to 5% of stability was sacrificed
and in (D) the most specific designs were considered. In (E) and (F) the specificity data are summarized as a function of
decreasing stability. (E) shows the proportion of anti-human designs for which the designedesign homodimer has a gap of less
than 6 kcal/mol, and (F) shows the proportion of designs predicted to compete with a non-target-family human bZIP by the same
criterion. Energies were computed using model HP/S/Cv.
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Supplementary Figure 3 Solution characterization of anti-ATF2 by CD. Format and presentation is the same as in Fig. 2B-E for
anti-SMAF. The target protein is ATF-7 (which is in the same family as ATF-2) (in A and B), the closest off-target competitor is
p21SNFT (in C), and the bZIP related to the target by sequence is cJun (in D). T,, values are given in Supplementary Table 2.
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Supplementary Figure 4 Solution characterization of anti-ATF4 by CD. Format and presentation is the same as in Fig. 2B-E for
anti-SMAF. The target protein is ATF-4 (in A and B), the closest off-target competitor is Fos (in C), and the bZIP related to the
target by sequence is ATF-3 (in D). T,, values are given in Supplementary Table 2.
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Supplementary Figure 5 Solution characterization of anti-LMAF by CD. Format and presentation is the same as in Fig. 2B-E for
anti-SMAF. The target protein is cMaf (in A and B), the closest off-target competitor is Fra2 (in C), and the bZIP related to the
target by sequence is MafG (in D). Ty, values are given in Supplementary Table 2.
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Supplementary Figure 6 Solution characterization of anti-JUN by CD. Format and presentation is the same as in Fig. 2B-E for
anti-SMAF. The target protein is cJun (in A and B), the closest off-target competitor is CHOP (in C), and the bZIP related to the
target by sequence is ATF-7 (in D). T,, values are given in Supplementary Table 2.
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Supplementary Figure 7 Solution characterization of anti-FOS by CD. Format and presentation is the same as in Fig. 2B-E for
anti-SMAF. The target protein is Fos (in A and B), closest off-target competitor is BACHI (in C), and bZIP related to the target
by sequence is ATF-3 (in D). T,, values are given in Supplementary Table 2.
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Supplementary Figure 8 Solution characterization of anti-ZF by CD. Format and presentation is the same as in Fig. 2B-E for
anti-SMAF. The target protein is ZF (in A and B), closest off-target competitor is NFE2 (in C), and the bZIP related to the target
by sequence is XBP-1 (in D). T, values are given in Supplementary Table 2.
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Supplementary Figure 9 Specificity sweep (A) and biased specificity sweep (B) diagrams for the design of a peptide to bind the
leucine-zipper region of ZF. Green dots correspond to the designetarget complex and red bars to the designedesign complex. Blue
bars in A) correspond to the energy of the designeXBP-1 complex, which contrary to the prediction of the model showed evidence
of strong interaction on the microarray. As a way of addressing this issue, a biased specificity sweep was conducted for ZF, where
the gap between the energies of the design®ZF and design*XBP-1 complexes was shifted by 19 kcal/mol. This is shown in (B)
with blue bars corresponding to the actual model-predicted designeXBP-1 energy, while the black bars are the energies used in the
biased specificity sweep. Whereas in the regular specificity sweep there is no competition with the designeXBP-1 state, due to its
incorrectly predicted high energy, in the biased specificity sweep this competition is imposed. This procedure generated a
successful, highly specific design: anti-ZF.
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measured by Vinson and co-workers™. R for the final fit is 0.83.
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Supplementary Figure 11 The performance of cluster-expanded versions of models HP/S/Ca and HP/S/Cv (panels A and B,
respectively) on a randomly generated set of 10,000 sequences not present in the training set. Root mean square deviations
between CE-predicted and structure-based energies are 2.4 and 2.6 kcal/mol for HP/S/Ca and HP/S/Cv, respectively. The cluster
expansions contain 2,544 ECI for HP/S/Ca and 2,470 ECI for HP/S/Cv.
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Supplementary Figure 12 2D energy histograms of two states — the designetarget state and the designedesign homodimer state.
Color represents the total number of possible sequences in each bin (bin sizes are ~1 kcal/mol). The targets are ATF-2 and MafG
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designetarget energy, sequences with high homodimerization propensity will be obtained in these examples. The specificity sweep
procedure run with only one disfavoured state (designedesign) locates the top boundary of this phase space.
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Supplementary Figure 13 Phylogentic tree constructed using the leucine-zipper regions

of all human bZIP proteins. Protein

names are in black and family names are in blue. Green dots indicate the 33 proteins used in the experiments in this study. The

scale refers to amino-acid replacements per site.
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Supplementary Figure 14 Reproducibility of protein-microarray measurements of design interactions probed in duplicate in (A)
and at different concentrations in (B) (probe concentration in nM is shown as part of the probe name in the top row and is 160 nM

where not indicated). Data are displayed in the same format as for Supplementary Fig. 1.
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Supplementary Figure 15 Common specificity mechanisms in successful designed peptides. A) Specificity features used for
discriminating between designetarget and designeoff-target interactions. The design is in black, the target in red and the undesired
partner in gray. Amino acids listed with single-letter codes are the residues comprising the specificity pattern. Slashes delineate
subgroups of residues, with corresponding subgroups delineated similarly at the interacting position. & designates hydrophobic
residues Ile, Val or Leu and P stands for beta-branched residues Ile or Val. In the last row, the a-d’ interaction is between an a
residue and the more C-terminal d’ residue on the opposite helix. B) Specificity features commonly used in designed peptides to
disfavor the designedesign homodimer, using the same notation.

Supplementary Figure 16 Helical-wheel diagrams for anti-SMAF-2 complexes with ATF-4 and MafG. (A) The anti-SMAF-
2¢ATF-4 complex is predicted to be much weaker than the anti-SMAF-2¢MafG complex shown in (B), in large part due to the
misaligned asparagines at a positions in anti-SMAF-2¢ATF-4. (C) A different alignment of anti-SMAF-2¢ATF-4, where the
asparagines match up, may be more favorable, although it is not predicted to be much stronger computationally. Diagrams made
with DrawCoil 1.0 (http://www.gevorggrigoryan.com/drawcoil/).



Supplementary Figure 17 Helical-wheel diagrams of the anti-BACH-2 homodimer complex, shown in (A), and the anti-BACH-
2¢BACHI1 complex shown in (B). The strong anti-homodimerization features of anti-BACH-2 are concentrated at the N-terminus
of the sequence, leaving open the possibility that this portion simply does not fold, while the remainder of the coiled coil forms a
stable complex. Diagrams made with DrawCoil 1.0 (http://www.gevorggrigoryan.com/drawcoil/).



Supplementary Tables

Supplementary Table 1 All designed sequences tested. For each design, listed in columns are: the name of the design, the name
of the bZIP target for that design, the family of the target bZIP, the round of design/testing in which this sequence was produced,
the count of attempts to design a partner for the given target, the energy function used and the designed sequence. Note that
designs are named after the family of the target rather than the individual protein. There were three rounds of experiments.
Attempts are different than rounds because not all targets were attempted in the first (or second) rounds. An attempt involved
testing one or two designs (in one case, three) for each target considered in a set of experiments. When the first experimental
attempt to identify a specific design was unsuccessful, alternative solutions from the specificity sweep were selected for testing in
subsequent rounds (constituting further attempts). In a few cases, listed in the footnotes, these additional designs were created
with a modified procedure aimed at addressing experimentally identified shortcomings of previous designs.

Design name Target Family Round Attempt Method Design sequence

f gabcdef gabcdef gabcdef gabcdef gabcdef gabcdef gabcdef gabc

anti-C/EBP-2 C/EBPa  C/EBP 2 1 HP/S/Ca  FENVTHEFI LATLENENAKL RRLEAKLERELARL RNEVAW.

anti-C/EBP C/EBPa  C/EBP 3 2 HP/S/Cv  AENQYVEDL| QVLEKENARLKKEVQRLVRELSYFRRR AELA
anti-C/EBP-3 C/EBPa  C/EBP 3 2 HP/S/Cv. AENQBVED | AKKEDENAH.KNEVKTLI NELETLRKKI EYLA
anti-C/EBPy C/EBPy C/EBPy 2 1 HP/S/Ca  NDLDAYEREAEKL EKKNEVLRNRLAAL ENELATL RCEVASMKCEL (B
anti-C/EBPy-2 C/EBPy C/EBPY 2 1 HP/S/Cv. RDLQWVERE! QBLEKKNESLKKKI ASLENELATLKQE AYFKRELAY
anti-CHOP CHOP  CHOP 3 1 HP/S/Cv DRLAVKENRVAVLKNENAKLRN | ANLKDRI AYFRRELAYLELEEEQ A
anti-CREB CREB CREB 2 1 HP/S/Cv. QLVAQLRSKVEQL VNRNQAL KNKLEYLRCE! AETEQ

anti-CREB-2 CREB CREB 3 2 HP/S/CV!T  NKVEQLKNKVEQL KNRNAAL KNDLARLEREl AYAEE

anti-CREB-3 CREB CREB 3 2 HP/S/CV!T QKVESLKQKI EELKQRKAQLKNDI ANLEKE! AYAET

anti-OASIS CREB3  OASIS 2 1 HP/S/Cv QKVEQL KNKVEQKL KENESL ENKVAEL KNRNEYLKNKI ENLI NDI TNLENDVAR
anti-OASIS-2 CREB3 = OASIS 2 1 HP/S/Cv QKVAEL KNRVAVKL NRNEQL KNKVEEL KNRNAYL KNEL ATL ENEVARL ENDVAE
anti-OASIS-3 CREB3 OASIS 3 2 HP/S/CVST  QKVAQLKNRVAYKLKENAKLEN VARLENDNANLEKDI ANLEKDI ANLERDVAR
anti-OASIS-4 CREB3  OASIS 3 2 HP/S/CVST  QKVAQLKN | AKKEDENAVL ENLVAVL ENENAYL EKEL ARLERDI ARAERDVKV
anti-ATF6 ATF-6 ATF6 3 1 HP/S/Cv  EKI QELKRRLAYFRRENATLKNDNATLENEL ASVEAENEAL RK

anti-ZF-2 ZF zZF 2 1 HP/S/Cv QKI AYLRDR AAL KAENEAL RAKNEAL RSKI EEL KKEKEEL RDKI AQKKDR
anti-ZF zZF ZF 3 2 HP/S/CV®  NLVAQLENEVASLENENETLKKKNLHKKDLI AYLEKEl ANLRKKI EE
anti-XBP1-2 XBP-1 XBP1 2 1 HP/S/Ca  SKYDALRN\KLEALKNRNAQLRKENEQRLEFAVL EVRNEVL

anti-XBP1 XBP-1 XBP1 2 1 HP/S/Cv QK EYLKDKI AEL KDRNAVKRSENAQL RQAVATL EQKNEEL
anti-E4BP4-2 E4BP4  E4BP4 2 1 HP/S/Ca  QKRQELKCRLAVLENDNARLKNDLAQLEVEEAYI E

anti-E4BP4 E4BP4  E4BP4 2 1 HP/S/Cv. NKNNVKKNRLAVL ENENATL RNEL AW RLEL AAVE

anti-E4BP4-3 E4BP4 E4BP4 3 2 HP/S/CV®T EKNQELKNRLAVL ENDNAAL RNDLARLEREl AYME

anti-ATF2-2 ATF-2 ATF2 1 1 HP/S/Ca  QKLQTLRDLLAVLENRNGELKQLRGHL KDL LKYLEDEL ATLEKE
anti-ATF2-3 ATF-2 ATF2 2 2 HP/S/Cv  STVEELLRAI QEL EKRNAEL KNRKEEL KNLVAH_RQEL AAHKYE
anti-ATF2 ATF-2 ATF2 3 3 HP/S/Cv NTVKELKNY! QEL EERNAEL KNLKEH_KFAKAEL EFEL AAHKFE
anti-ATF2-4 ATF-7 ATF2 3 3 HP/S/Cv QKVEELKNKI AEL ENRNAVKKNRVAH_KCEI AYLKDEL AAHEFE

anti-JUN cdun JUN 1 1 HP/S/Ca S| AATLENDLARLENENARLEKD ANLERDLAKLEREEAYF

anti-FOS Fos FOS 1 1 HP/S/Ca  NEKEELKSKKAELRNR EQ KQKREQLKQKI ANLRKEl EAYK

anti-ATF3 ATF-3 ATF3 1 1 HP/S/Ca  ELTDELKNKKEALRKDNAALLNELASLENE! ANLEKE! AYFK

anti-ATF3-2 ATF-3 ATF3 1 1 HP/S/Ca  NETEQLI NKKECLKNDNAAL EKDAASLEKE! ANLEKEl AYFK

anti-ATF3-3 ATF-3 ATF3 3 3 HP/S/CV7 N LASLENKKEELKKLNAH_LKE! ENLEKEl ANLEKEl AYFK

anti-ATF4 ATF-4 ATF4 2 1 HP/S/Cv KR AYLRKKI AALKKDNANLEKD ANLENE! ERLI KEl KTLENEVASHEQ
anti-ATF4-2 ATF-4 ATF4 2 1 HP/S/Cv ARNAYLRKKI ARLKKDNLQLERDEQNLEKI | ANLRDEI ARLENEVASHEQ
anti-BATF p21SNFT  BATF 2 1 HP/S/Ca  NELESLENKKEEL KNRNEEL KQKREQL KQKLAAL RNKL DAYKNRL
anti-BATF-2 p21SNFT  BATF 3 2 HP/S/Cv. NDI ENLKDKI EEL KQRKEELKQKI EYLKQKI EALRQKLAALKQR A
anti-BATF-3 p21SNFT  BATF 3 2 HP/S/Cv  EKI EELKDKI AELRSRNAAL RNKI EALKCKLEALRQKI EYLKDR A
anti-PAR HLF PAR 3 1 HP/S/Cv NRLQELENKNEVLEKRKAEL RNEVATLECEL AAHRYELAAl EKEl A
anti-SMAF-2 MafG SMAF 1 1 HP/S/Ca  KE EYLEKE ERLKDLREH KQDNAAHRQELNAL R EEAKLEF| LAHLLST
anti-SMAF-3 MafG SMAF 1 1 HP/S/Ca  KE ERLEKE KTLI NLLTTLRQDNAAHRKEAAAL EKEEANLERDI Q\LLRY
anti-SMAF MafG SMAF 2 2 HP/S/Cv KBl ANLEKE! ASLEKKVAVLKCRNAAHKCEVAAL RKEI AYVEDE! QYVEDE
anti-LMAF-2 cMaf LMAF 3 1 HP/S/Cv. NKNETLKN NARLRNDVARLKNR ARLKDDI ENVEDE QYLE
anti-LMAF-3 cMaf LMAF 3 1 HP/S/Cv LENAQ KKBEl AQLRKEVAQLKCKI EELKNDNARVERE! QYLE

anti-LMAF cMaf LMAF 3 1 HP/S/Ca KDl ANLKKEl AHLKNDLCRLES| RERLKFDI LNHECEEYALE

anti-NFE2 NFE2 NFE2 1 1 HP/S/Ca  QKRQQLKQKLAALRRDI ENLQDE! AYKEDE! ANLKDKI EQLLS
anti-NFE2-2 NFE2 NFE2 3 2 HP/S/Cv QKI ESLKDKLANKRDKI ALLRSEVASFEKE! AYLEKEl ANLEN
anti-NFE2-3 NFE2 NFE2 3 2 HP/S/CV* EKI EYLKDKLAHKRNEVAQL RKEVTHKVDEL TSLENEVAQLLK
anti-BACH-2 BACH1  BACH 2 1 HP/S/Ca  QKREELKSRKAYLRKEl ANLKKDI LNLLDDLVAHEFELVTL

anti-BACH BACH1 = BACH 2 1 HP/S/Cv QK QVLKQR AELRKKI ANLRKDI ANLEDDAAVKEDEL VHL

anti-BACH-3 BACH1  BACH 3 2 HP/S/CV?)  EKI EYLKDR AELRSKI AAL RNDL THKNDKAHKENEL AHLA

[1] The only strong off-target interaction for design anti-CREB, produced in round 2, was the designedesign homodimer. However, the
specificity sweep produced no solutions that were significantly more specific against the homodimer. Thus, in the next round we sought to

remove design homodimerization by considering only the homodimer as a competitor. In the resulting designs anti-CREB-2 and anti-CREB-3,



homodimerization was indeed no longer a problem, but global specificity was reduced. This indicates that maintaining gaps to many states
simultaneously can be important.

[2] The two strong off-target competitors for anti-BACH in round 2 were Fos and NFE2. The latter was deemed too close in sequence to
effectively discriminate with our models. To improve specificity against Fos, a biased specificity sweep was used with a gap offset of -10
kcal/mol for Fos (making gaps with Fos more negative than they would be, which caused competition with Fos to be more stringent). However,
anti-BACH-3 still interacted with Fos more strongly than with BACH-1.

[3] The initial two designs against EABP4 were not very stable, and this was not predicted by the models. HP/S/Cv predicted that the most stable
design against E4BP4 had a Lys at the N-terminal d position. To address this, we temporarily adjusted the ECI for Leu-Leu at d-d' in HP/S/Cv
to be more favorable by 2 kcal/mol and reran the specificity sweep procedure. Anti-E4BP4-3 was picked from this list. Although this resulted in
a more hydrophobic core, there was no detectable increase in stability according to the microarray assay.

[4] The only strong off-target competitor for anti-NFE2 was ATF-4, so in this design we used a biased specificity sweep approach with a gap
offset of -3 kcal/mol for ATF-4 (making gaps with ATF-4 more negative). However this design interacted with Fos, which had not previously
been a strong competitor.

[5] To eliminate the only significant competitor of anti-OASIS, p21SNFT, a biased specificity sweep was run with a gap offset of -10 kcal/mol
for p21SNFT. This did indeed eliminate p21SNFT as a competitor, but MafG emerged as a new strong competitor.

[6] Because the only significant competitor for the first design, anti-ZF-2, was XBP-1, we applied a biased specificity sweep approach with a
gap offset of -10 kcal/mol for XBP-1. This successfully removed XBP-1 as a competitor and resulted in a very specific and stable design.

[7] Significant competitors for designs against ATF-3 were Fos and ATF-4, whereas the models considered JUN and ATF2 families more likely
to interact. To bias the specificity sweep against the relevant competitors, gap offsets of +8 and +2 kcal/mol for JUN and ATF2 families

respectively were imposed (making gaps with JUN and ATF2 family members less important in the optimization).

Supplementary Table 2 Melting temperature (T,,) values estimated by fitting to CD-monitored melting curves. Corresponding
95% confidence intervals are given in brackets (see section Circular dichroism). Some measurements were made in duplicate to
evaluate reproducibility; duplicate measurements are marked with a number two in parentheses.

bZIP-bZIP homodimers T, (°C) 95% CI design-design homodimers Tm (°C) 95% CI
CHOP 36.4 [35.8 36.9] anti-SMAF 11.6 [11.1 12.1]
BACH1 8.4 [6.9 9.9] anti-ATF2 5.2 [1.7 8.7]
XBP-1 42.0 [41.7 42.3] anti-ATF4 48.6 [48 49.3]
NFE2 multiple transitions anti-LMAF 3.0 [-3.4 9.3]
ZF 31.6 [31.331.8] anti-ZF 221  [21.7 22.4]
MafB 19.8  [19.1 20.6] anti-JUN 7.3 (6.6 8.1]
cMaf 43.1 [42.5 43.8] anti-FOS 27.2 [26.8 27.6]
Fra2 <0 [-13.45.7]

p21SNFT 33.0 [32.6 33.4] design+bZIP heterodimers Tm (°C)

ATF-4 7.9 [6.19.7] anti-ATF4:ATF-4 52.1 [51.4 52.8]
ATF-3 9.4 [6.412.3] anti-ATF2:ATF-7 41.0 [40.4 41.6]
ATF-3(2) 6.6 [4.3 9] anti-SMAF:MafG 37.9 [37 38.7]
Fos 10.6 [8.9 12.4] anti-JUN:cJun 24.2 [23.4 24.9]
Fos(2) 9.0 [8.19.9] anti-FOS:FOS 43.6  [42.7 44.4]
cJdun 16.6 [16.0 17.3] anti-ZF:ZF 43.0 [42.7 43.4]
cdun(2) 16.2 [15.7 16.8]

ATF-7 31.4 [31 31.8]

ATF-7(2) 31.7 [31.332.1]

MafG 30.2 [29.7 30.8]

MafG(2) 31.8 [31.532.2]



Supplementary Table 3 Average background-corrected fluorescence values (top panel) and S,q., values (bottom panel) from
round 1 of array measurements. Peptides on the surface are in rows, those in solution in columns. Duplicate measurements are
marked with a number two in parentheses. The anti-FOS peptide was tested at concentrations ranging from 80 nM to 2000 nM, as
indicated in the probe names.
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C/EBPa -1210 -220 291 -790 4573 16459 2170 -341 -1513 92 -207 -819 1158 277 -406 -599 -294 80 719 204 270 542 1006 765
C/EBPB -2318 -543 -1388 -2407 7687 5320 2156 338 -4575 -3091 -721 -2532 -311 367 -283 357 -401 -1885 -2307 327 292 394 1885 2025
C/EBP3 -3236 -540 -1080 -978 7598 15172 2626 -245 -1144 -575 -1533 -566 955 351 -118 -617 -131 -274 153 216 119 -174 -263 47
C/EBPy 5156 346 733 262 21941 34209 5172 -8 -861 -717 82 8475 2588 390 616 2685 -112 1142 492 277 409 2204 6819 5538
CHOP 5110 997 5691 3996 24898 5879 18419 331 -980 -830 3778 14295 3111 438 2289 1453 -155 -139 380 285 317 1676 5433 3921
ATF-1 -1962 -947 -880 -861 -2213 -2297 -2073 -319 -3054 -2447 1971 -2297 -687 410 1454 -923 60 -1207 832 407 388 263 913 597
CREB -6257 -1355 -1371 -2093 -4313 -3194 -3907 -671 -5053 -2797 3077 -2383 -290 420 756 -991 -316 -2506 -2083 420 374 -534 -2069 -1908
CREB-H -933 -831 -6 -351 -235 -91 -376 -284 -708 -596 -210 3 -890 220 5 1466 -113 217 51 197 217 1359 4159 3986
CREB3 -821  -279 -1117 -1014 1397 -1810 438 -75 -816 -1099 -599 915 -1117 357 444 1225 38 212 39 346 330 927 4479 3427
ATF-6 -3780 -1124 -980 -1252 -1826 -1502 -2021 -867 -2016 -2267 -254 -992 -1229 302 -105 -897 -369 -995 -1414 289 199 -574 -908 -257
ZF -790 296 -360 -385 3405 5529 1020 862 2730 21548 2353 4059 973 337 -48 -372 494 3841 -862 292 246 -124 -415 -416
XBP-1 -2049 -359 -727 -2537 445 -815 -1979 -294 -1705 -1383 696 -1393 -3462 335 -687 -904 -885 -970 -1292 300 296 464 1520 2020
E4BP4 -1943 -513 932 -546 1080 -1776 306 116 -817 -1685 101 1511 -1435 306 532 -113 -154 -486 -475 248 205 302 1728 1681
ATF-2 6995 4899 5724 4636 20295 1121 5203 -266 -2236 3164 4399 6768 486 322 -303 -87 -332 433 5345 303 260 226 1282 1361
ATF-7 9594 8100 6785 7510 22271 4420 7512 -453 724 7212 6092 13903 828 299 223 462 58 1555 3605 241 223 556 2135 2013
cJdun 14760 1997 27052 24951 24562 -320 11769 -334 -2590 -1941 42 532 806 285 4862 3658 1305 561 5047 267 419 2437 6728 5978
JunB 4759 449 16151 16857 18106 -758 9729 17 -219 -1815 -299 -457 -226 332 1163 1084 889 207 1225 289 273 908 3161 2901
JunD 9823 789 22889 22692 22719 -1332 11304 98 -712 -1082 203 -588 259 272 2164 1755 1268 390 2837 251 274 1211 4387 3817
Fos 13984 35015 2121 1451 6143 7327 704 -855 -1298 5427 2638 201 24396 4055 -197 35148 2324 4563 15804 842 3726 23274 38006 25564
Fra2 9788 19126 3893 609 9627 1023 266 -634 -847 1584 2030 -858 6044 1450 -107 17466 240 609 13442 512 1444 11485 26425 17567
ATF-3 19928 12050 2675 6100 195 11043 13952 181 -4022 -2556 647 -120 29694 969 1028 1568 -198 1084 -519 382 408 1836 5583 4559
ATF-4 1729 -1060 8751 -223 21845 -1508 14458 -338 -1788 27265 2517 8517 26002 595 1520 -547 43710 5986 45654 362 249 -547 -1360 -1113
ATF-5 -4832 -1941 -2288 -1926 -2946 -3322 3955 -945 -704 -997 1437 4261 -129 374 126 -1422 2217 1429 -2845 312 221 -958 -3448 -3212
B-ATF 2150 13378 463 -713 8148 4416 2425 -675 -52 | 3341 4338 3926 1459 322 -214 819 -118 371 360 232 254 1175 3755 3799
pP21SNFT 9069 12668 298 -21 23989 8109 5699 1393 -1526 -536 3288 11316 6628 489 249 2910 26 -42 765 354 490 2749 7858 6503
HLF -2699 -188 -1099 -829 -628 -3384 122 -474 -4778 -1520 21 -1036 -371 254 23 -634 -408 -1248 -2333 225 145 -126 -459 -203
MafG -2564 268 768 -532 3180 -193 2433 1388 11187 49005 25075 908 1654 568 595 1147 7203 11537 13977 274 235 1283 4001 3615
cMaf -253 93 212 128 2222 1816 -1081 -39 -899 3789 5397 -1087 -167 392 35 848 283 2257 3369 334 337 1224 3534 2918
MafB -734  -218 2279 1685 4347 -1943 -936 -472 -572 4157 11656 -968 -433 368 66 1441 324 1584 1353 360 399 1642 5263 4429
NFE2 -2475 -545 -444 -1246 -891 -115 -1827 346 15668 -1367 759 -1075 434 317 -177 161 5185 10083 35514 269 247 629 2240 1951
NFE2L1 99 -285 771 -13  -1683 3979 -770 38492 -329 4830 -126 66 3531 389 269 -75 13690 4758 1654 270 226 106 1112 1050
NFE2L3 -4487 -1629 -3241 -2831 -4049 -415 -3341 31186 13034 -3371 -1015 -1228 -1316 189 -1338 -1048 6395 -428 -1981 283 218 -589 -1905 -1728
BACH1 6186 457 1933 2078 -50 1253 896 18424 -618 332 2580 -788 2616 374 706 6630 3044 4954 11213 341 614 5078 14231 10864
anti-ATF2-2 735 -410 -874 -1497 -754 -731 3897 -171 -2764 13088 -1593 6187
anti-ATF3 7223 1718 19633 15128 30646 16602 9409 3310 15014 44240 11233 -906
anti-ATF3-2 579 562 13724 7513 8260 839 936 532 306 8928 295 259
anti-JUN 2506 6966 2211 511 6447 7163 2592 926 674 15897 6820 804
anti-FOS -177 2685 39045 22696 4549 -975 4052 1183 -683 -6 17631 1829 270 299 941 3212 2953
anti-SMAF-2 -2070 1877 1930 -1085 -448 21908 -1262 7927 25607 42287 5227 -274
anti-SMAF-3 -812 -280 -80 -744 -1135 -915 -802 -37 1143 11089 -95 6628
anti-NFE2 67 -305 6307 3093 479 10427 45 2958 32984 4472 7008 21018
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C/EBPa -04 -03 -0.2 -04 03 63 05 -06 -03 01 -09 -06 05 -09 -1.1 1.0 -09 -03 0.0 -1.9 -0.1 -0.2 -0.5 -0.6
C/EBPB -08 -0.7 -12 1.7 09 18 05 08 -19 -16 -1.2 -1.9 -05 0.2 -09 -0.2 -1.2 -1.8 -1.5 0.9 0.3 -04 -0.3 -0.2
C/EBP3 -1.2 -0.7 -1.0 -0.6 09 57 0.7 -04 -0.2 -03 -1.7 -0.4 0.3 0.0 -05 -1.0 -05 -05 -0.3 -1.7 -24 -1.0 -1.0 -0.9
C/EBPy 20 03 00 04 41 134 18 0.1 00 -04 -08 66 14 05 08 16 -04 06 -0.1 -03 21 15 1.3 1.1
CHOP 20 1.0 28 33 47 20 74 08 -0.1 04 13 11.1 18 1.0 39 06 -06 -04 -0.2 -0.1 0.7 1.0 09 0.5
ATF-1 -0.7 11 09 -05 -1.2 -1.3 -1.3 -06 -1.1 -1.3 03 -1.7 -0.8 0.7 24 -1.2 00 -1.3 00 2.7 1.8 -05 -0.6 -0.7
CREB 23 15 -1.2 15 1.7 -16 -21 -1.3 21 -1.5 09 -1.8 -05 08 1.1 -1.3 -1.0 -23 -1.4 3.0 1.5 -1.4 1.5 -1.6
CREB-H -0.3 -1.0 04 -0.1 -08 0.4 06 05 0.1 03 -09 00 -09 -1.6 0.3 06 -04 -02 -03 -21 -09 0.6 0.5 0.6
CREB3 -0.2 -0.4 -1.0 -0.6 -0.4 -1.1 -0.2 -0.1 0.0 -06 -1.1 08 -1.1 0.0 0.5 05 00 -02 -04 13 09 02 06 04
ATF-6 -14 1.3 -1.0 -08 -1.2 09 -1.3 -1.7 0.6 -1.2 09 -0.7 -1.1 -06 -0.5 -1.2 -1.1 -1.1 -1.1 0.0 -1.1 -1.4 1.2 1.0
ZF -0.2 02 06 -01 0.0 19 0.0 1.8 1.8 114 05 32 03 -02 -04 -08 12 27 -08 0.1 -04 -1.0 -1.0 -1.0
XBP-1 -0.7 -05 08 -1.8 -0.7 0.7 -1.3 -0.5 -04 -0.7 -04 -1.0 -27 -02 -1.6 -1.2 -25 -1.1 -1.0 0.2 0.4 -0.3 -04 -0.2
E4BP4 -0.7 -06 09 -03 -05 -1.0 -0.3 0.3 0.0 -09 -0.7 12 -1.3 -06 0.7 -06 -06 -0.7 -0.6 -09 -1.1 -05 -0.3 -0.3
ATF-2 27 51 28 38 37 01 18 -05 -07 1.7 1.7 53 0.0 -04 -09 -06 -1.0 0.0 23 0.3 -0.2 -0.6 -0.5 -0.4
ATF-7 37 85 34 61 42 14 28 09 08 38 26 108 03 -0.7 0.1 -0.1 00 09 14 -1.1 -08 -0.2 -0.2 -0.2
cJdun 57 2.0 146 19.8 47 -05 46 -06 -09 -1.0 -0.8 05 0.2 -09 88 24 34 0.1 22 -05 22 18 1.3 1.3
JunB 19 04 86 134 32 -06 37 01 03 -1.0 -1.0 -03 -05 -0.3 1.8 03 23 -02 0.2 0.0 0.0 0.1 0.1 02
JunD 3.8 0.7 12.3 18.0 43 -09 44 03 01 -06 -0.7 -04 -01 -1.0 3.7 09 33 0.0 1.1 -09 00 05 0.5 05
Fos 54 371 08 13 06 26 -0.1 -1.7 -0.2 29 0.7 0.2 16.3 456 -0.7 27.0 6.2 3.3 7.6 125 52.9 24.0 11.4 84
Fra2 3.8 202 18 0.7 14 0.1 -03 -1.2 0.0 0.8 0.3 -06 3.8 135 -0.5 132 05 0.2 64 51 179 114 76 55
ATF-3 76 127 11 50 -0.7 41 55 04 -16 -1.4 -04 0.0 199 76 16 0.7 -0.7 05 -06 2.1 21 1.1 09 0.8
ATF-4 0.7 -1.2 45 0.0 41 -09 57 -06 -05 145 06 6.6 174 3.0 25 -0.9 1193 44 226 1.7 -04 -1.4 -1.3 1.3
ATF-5 -18 22 -1.7 1.3 1.4 1.7 1.3 -19 0.1 -05 0.0 33 -04 03 -0.1 -1.6 59 08 -1.8 0.5 -0.8 -1.8 -2.0 -2.1
B-ATF 09 141 -02 04 10 14 06 -1.3 04 18 16 31 0.7 -04 -07 0.1 -05 0.0 -0.2 -1.3 -0.3 04 0.3 0.5
p21SNFT 35 134 -02 02 45 29 20 29 -04 03 10 88 42 1.7 01 18 -01 -04 0.0 15 33 21 1.7 15
HLF -1.0 -0.3 -1.0 -0.5 -0.9 -1.7 -04 -09 -20 -0.8 -0.8 -0.8 -0.6 -1.2 -0.3 -1.0 -1.2 -1.3 -1.5 -1.5 20 -1.0 -1.0 -1.0
MaiG 0.0 02 0.0 -02 -01 -04 06 29 6.0 26.0 132 0.7 08 26 08 04 195 88 6.7 -0.3 0.6 05 04 0.4
cMaf 00 00 -083 03 03 04 -09 00 00 20 22 -08 -04 05 -03 02 06 15 13 10 1.0 05 0.3 0.2
MafB 02 -03 09 15 02 -1.1 -08 09 0.1 22 57 -0.7 -06 02 -02 06 08 09 03 16 19 09 08 07
NFE2 -09 -0.7 0.7 -08 -09 04 -1.2 0.8 82 -0.7 -04 -0.8 0.0 -05 -0.7 -0.4 140 7.6 175 -0.5 -0.4 -0.1 -0.1 -0.2
NFE2L1 01 04 00 02 -1.1 13 -08 792 02 26 -09 01 21 04 02 -06 373 3.4 05 -04 -0.7 -0.7 -0.5 -0.5
NFE2L3 -16 -1.8 22 -20 -1.6 0.5 -1.9 642 69 -1.8 -1.4 -09 -1.2 -20 -28 -1.3 173 -0.7 -1.4 -0.1 -09 -1.4 15 -1.5
BACH1 24 04 07 18 -08 02 -0.1 380 01 02 06 -06 15 02 1.0 47 82 36 53 12 52 46 37 3.1
anti-ATF2-2 0.3 -0.5 -0.9 -1.0 -09 -0.6 1.2 -03 -1.0 69 -1.7 48
anti-ATF3 28 1.7 10.5 121 6.0 63 36 6.9 7.9 235 55 -0.9
anti-ATF3-2 03 05 7.2 6.1 1.1 0.0 0.0 1.2 06 47 -06 -1.2
anti-JUN 10 73 08 06 0.7 25 0.7 20 0.7 84 3.0 1.2
anti-FOS 0.0 28 21.3 180 03 -0.7 1.3 25 0.1 0.0 9.0 0.9 -04 04 02 0.2 0.2
anti-SMAF-2 -0.7 1.9 0.7 -0.7 -0.8 84 -1.0 16.4 13.2 22.4 2.1 -0.9
anti-SMAF-3 -0.2 -0.4 -0.5 0.4 -1.0 -0.7 -0.8 0.0 1.0 59 -0.9 4.9
anti-NFE2 0.1 -04 3.1 26 -06 38 -04 6.2 16.8 24 3.1 10.2

Supplementary Table 4 Average background-corrected fluorescence values (top panel) and S,,, values (bottom panel) from
round 2 of array measurements. Peptides on the surface are in rows, those in solution in columns. Duplicate measurements are
marked with a number two in parentheses. The anti-XBP1 peptide was also tested at a concentration of 800 nM, as indicated in the
probe name.
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ClEBPa 14379 10132 19625 3002 20179 639 453 540 2415 1 751 445 2
GEBPb 12040 3043 13984 3909 42049 841 1209 1071 1722 2158 1934 596 560
CIEBPA 15952 10389 15986 7205 16730 240 255 497 4881 O61 416 879 444
CEBPg 13810 788 26250 1623 20167 2081 1873 1415 214 2398 G750 G527 356
CHOP 19799 31078 23784 14533 5785 2709 4398 1671 9281 2844 8722 7309 1575
ATF1 841 1920 -3695 1633 819 16720 1394 631 2320 3469 5413 1315 320
CREB 1529 -3224 -3357 -1296 -641 17970 -319 -4369 -8696 1457 4004 8 -1269
CREB-H 310 -347 -102 216 26 2801 3174 2038 1727 2271 3409 66 73
CREB3 399 -1604 -821 138 103 2103 2520 269 1167 2201 877 -452 -583
ATFs 217 167 167 670 613 570 208 14542 1511 986 147 885 423
z 133 959 1346 420 682 730 318 119 32237 22214 437 705 261
ap-1 69 49 853 181 632 3971 271 26082 27480 91542 162 222 67
E4ape 244 1226 1344 737 895 15649 2904 2081 1963 2045 40608 961 544
ATF-2 242 447 1214 2157 1323 1120 59 388 -555 3930 -562 4996 4632
ATE7 4337 3878 362 5025 6199 2765 898 | 1302 4957 2493 -3 7407 816
caun 1976 1018 2562 797 144o 3Bs1 21 | fet5 6370 2653 745 13267 2043
s Gz 776 205 58 199 223 76 1831 4287 2021 4211 4807 716
D 60 819 100 101 779 3248 277 1565 5963 1893 1449 8136 829
Fos 014 416 2009 885 3244 1302 204 367 8015 997 1 @14 29520
Fra 1498 28 627 43 1302 2830 426 1813 8316 3028 1183 7411 17577
ATE3 as21 4106 6043 1025 9384 567 312 1090 6442 085 888 10483 9525
ATF4 41351 14860 45024 45711 2055 162 836 1996 27126 901 862 1706 483
ATEs 11769 1202 13906 43585 930 2877 845 3744 1675 1932 83 209 1582 -
B AT 4622 5606 8969 7972 16113 4414 1949 2879 7505 1769 2782 4071 16188 -
P21SNFT 6622 4154 13175 4779 25657 2509 4765 1482 10063 2309 2341 7257 12525
Ter g2 2005 2087 46 327 1793 844 G237 2597 077 751 1283 935
MafG 30 714 307 -113 929 4843 -369 2886 6196 4110 113 589 1459
et 40 222 674 200 729 2295 119 1455 2434 2065 11 1172 246
v 418 1435 2047 045 1315 2019 4270 1752 4784 3499 523 834 23
NFE2 07 4s4 1943 387 571 737 0 1107 3751 ois Ates 316 411
NFE2L1 S0 612 808 755 1143 6115 497 1019 27090 1168 298 1388 110
NFEZL3 536 1644 1521 -1706 1048 2402 1392 Q045 2936 866 787 2125 1338 -
BACH! 485 190 961 160 456 7972 G77 0421 15754 4293 1412 5154 53
aniXBPi2 577 482 723 83 277 G063 158 6120 15814 G919 310 28 554
amOBP1 o2 701 865 52 1010 3871 204 G672 11306 5130 1162 G52 990
aniBATF 1552 3091 1613 6035 25631 235 1450 62 28914 3470 812 1959 426
aniSMAF 14 449 -441 319 406 5857 151 1891 d0d4s 2717 291 887 dsi7
aniE4BP4Z 752 924 142 73 285 4926 53 3900 2104 2189 1219 395 507
aniE4BP4 994 11 707 167 2027 462 470 3062 2764 2629 5120 54 451
anliIEBPy G702 7158 16173 22418 16943 3990 2730 3094 27028 2991 738 1480 2046
anliCIEBPy-2 15069 12318 40113 14941 13520 4375 5280 1591 12426 3464 1396 9184 5305
anliATFs | 10508 2320 22113 2202 285 G850 16657 1201 24672 4354 3072 20337 9518
anliATF42 12447 897 1606 1646 4608 2106 11699 810 7799 1446 528 6264 1867
anliBAGH2 1722 1164 288 743 535 143 758 72 4315 598 1776 839 299
anti-BACH 4253 808 770 306 -526 6946 1034 1307 863 2160 465 1622 19
aniATF2a 97 | 285 237 3461 4947 11953 G664  Sedo 28725 2959 4362 32285 293
amizF2 610 367 284 113 249 6620 2013 1894 24300 23268 2000 2821 2112
anti-CREB -932 991 -1725 1185 41 12013 1676 2728 2587 1746 -1018 328
anti-C/EBP-2 33588 21296 36955 27320 25906 2011 1682 2094 18057 1834 -842 3314 547
antiOASIS 6575 10765 6089 G5 5052 27430 1417 1278 2129 8390 238 969
anliOASIS2 | 1858 1113 1578 5651 1886 3453 15076 1726 4944 2320 G345 2668 1646
g B £ g
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C/EBPa 123 88 89 3.4
CIEBPB 102 27 63 3.4
CIEBPB 138 9.1 7.2 6.6
CIEBPY 1.8 7.7 111 1.2
CHOP 17.3 26.9 10.9 13.8
ATF-1 4.6 1.6 2.1 2.0
CREB 23 27 2.0 1.7
CREB-H 0.6 02 0.4 0.2
CREB3 0.5 -1.3 0.8 0.3
ATF-6 4.1 -09 0.9 -1.1
zF 0.7 0.7 1.0 0.8
XBP-1 0.2 0.1 0.8 06
E4BP4 0.6 -1.0 03 03
ATF-2 0.6 03 0.9 1.7
ATF-7 31 34 14 45
cdun 1.0 1.0 0.9 0.4
JunB 0.3 -06 05 -1.0
JunD 0.2 -06 0.1 0.3
Fos 28 05 06 04
Fra2 05 0.1 -0.1 0.0
ATF-3 24 36 25 125
ATF-4 37.0 12.9 21.0 44.2
ATF-5 99 12 62 422
B-ATF 34 49 39 7.4
p21SNFT 52 37 59 42
TEF .4 16 1.4 13
MaiG 0.8 -05 0.2 05
cMaf 0.4 03 0.7 06
MaiB 0.5 -1.1 1.3 -1.3
NFE2 -1.4 1.2 -1.3 -0.8
NFE2L1 -0.4 -04 0.0 -1.2
NFE2L3 -1.3 1.3 -1.1 -22 R
BACH1 -0.4 -0.1 -0.8 -0.3 16 21 0.0
antiXBP1-2 0.3 -0.3 0.7 0.3 0.3 -06 0.0
anti-XBP1 0.0 -0.5 -0.8 -0.9 -1.2 -1.0 0.5
anti-BATF 0.6 2.8 04 63 0.9 0.4 -0.8
anti-SMAF -0.8 -0.3 -0.6 -0.1 -0.3 -0.2 4.0
anti-E4BP4-2 0.2 -0.2 -0.4 -0.4 14 -04 0.0
anti-E4BP4 0.1 0.0 0.7 -0.3 57 -06 -0.1
anti-C/EBPy 25 63 7.3 215 09 02 15
anti-C/EBPy-2 13.0 10.7 18.6 14.2 16 43 48
anti-ATF4 8.8 2.1 10.1 1.7 3.4 106 9.0
anti-ATF4-2 106 09 74 1.2 0.5 27 1.4
anti-BACH-2 0.7 -09 0.5 -1.2 -1.0 -1.9 -1.1 0.8
anti-BACH 3.0 0.8 00 -0.1 -1.0 1. . . .. 0.6 02 -0.5
anti-ATF2-3 05 0.1 08 3.0 31 34 39 15 41 03 438 166 2.4
anti-ZF-2 -1.4 02 -0.2 -03 0.4 1.4 20 6.8 3.4 136 22 09 1.6
anti-CREB -1.7 08 -1.2 0.7 05 35 16 0.5 -08 0.1 20 -1.2 -0.2
anti-C/EBP-2 29.9 18.5 17.1 26.3 186 -0.3 1.6 0.2 23 -04 -09 1.1 0.0
anti-OASIS 1.6 58 4.7 55 -0.8 0.8 31.2-0.1 -0.6 02 9.3 -0.8 05
anti-OASIS2 08 1.1 04 53 08 0.2 17.0 0.1 0.0 -0.1 37 08 1.1
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Supplementary Table 5 Average background-corrected fluorescence values (top panel) and S,q., values (bottom panel) from
round 3 of array measurements. Peptides on the surface are in rows, those in solution in columns. Duplicate measurements are
marked with a number two in parentheses.
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Maf® 06 11 1.0 4.1 05 14 0.1 09 04 07 -0.1 4.5 03 0.4 04 1.0 -12 07 0.2 192 0.0 65 0.7 31 25 07 1.6 1.3 09 06 0.3 1.4 0.4 -1.1 06 0.8 0.5 15 20 159200 0.0 0.8 06 09 17.4 0.6
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BACH! 08 09 06 0.1 19 03 09 14 05 26 25 25 02 0.1 0.8 02 -02 1.0 420 38 09 1.1 65 89 102 23 -06 0.5 38 25 0.1 02 28 02 -1.0 -03 0.9 149 1.1 41 72 0.4 05 11 0.4 7.3 27
anti-CREB-2 80 00 03 0.4 24 19 00 02 02 16 03 02 02 05 00 07 06 0.3 40 00 05 27 30
antiCREB-3 0.5 0.4 -0.4 0.9 29 33 08 03 02 12 -0.3 06 24 139 1.3 03 04 -05 82 89 18 149 16
anliBACHS 02 -0.4 0.5 0.9 06 0.4 00 0.1 0.4 03 00 08 09 37 00 0.1 02 06 06 1.4 65 63 a4
anliE4BP43 06 -0.1 0.0 0.3 0.9 4.1 09 03 03 49 0.5 09 03 08 02 0509 0.7 -12 04 0.0 00 24
antiC/EBP 201 126 142 13.1 -0.8 24 0.3 02 02 41 20 50 12 0.9 -02 1.4 04 7.3 08 02 0.2 -1.8 20
anti-C/EBP-3 103 62 25 99 -0.1 -0.4 03 02 03 -0.1 02 26 08 10 1.5 13 04 61 -11 -11 03 0.4 1.0
anliNFE22 1.3 1.0 0.7 0.9 0.1 13 06 05 08 1.7 0.6 09 0.8 00 0.6 05 1.1 0.4 -11 26 01 01 496
aliNFE23 09 1.4 1.7 21 05 13 0.2 06 03 0.9 1.6 1.7 1.0 0.4 1.6 02 1.4 15 09 07 22 0.4 62
anti-OASIS3 51 7.1 28 0.5 0.8 181 1.0 05 06 165 11 18 52 18 22 08 -02 -0.1 291 05 1.3 23 1.6
anti-OASIS-4 17 23 20 12 1.8 151 16 04 03 92 0.4 00 01 00 1.9 22 07 00 126 02 1.0 05 189

i 0.1 11 06 1.8 03 09 12 90 03 06 1.0 1.1 08 -06 1.3 00 -1.1 12 02 -08 7.1 02 317 4286
alATF3S 66 38 68 24 05 25 1.5 34 06 05 18 20 68 75 39 7.8 08 06 464 1.9 57 51 09
antiATF2 107 51 61 51 24 1.0 15 -03 00 20517.5 40 04 09 13 45 41 03 0.8 0.1 02 09 42
anti-ATF24 07 -03 47 03 01 -07 01 02 0.1 -14 21 80 20 32 29 00 19 06 02 00 01 08 05
antiCHOP 129 6.1 122119 00 12 00 02 06 72 36 47 20 47 48 56 58 109 05 07 07 0.4 29
alATF6 01 -05 0.7 05 0.1 06 7.2 09 13 -02 0.6 08 0.4 -1.0 05 0.6 1.0 05 0.0 0.0 01 0.2 408
aliLMAF2 50 08 1.0 15 21 1.8 0.3 03 02 0.1 00 03 -05 101 0.3 02 32 40 05 60 1.5 29 106
antiLMAF-3 05 -07 -0.7 0.7 0.7 00 05 0.1 02 28 10 01 -0.1 59 02 03 -06 0.7 242 261 1.5 37 163
antiLMAF 03 02 -0.9 0.5 0.4 -02 0.4 0.1 03 -1.1 0.0 08 -08 19 -0.4 0.1 06 -06 60 12108 27 19 19
aliPAR 08 -08 0.5 0.4 0.1 08 03 04 00 -0.8 0.8 00 09 00 1.6 0.1 .1 0.1 19 -11 0.4 0.3 26
aliBATF2 85 15 1.7 10 0.1 75 0.7 08 17 02 1.6 23 24 36 04 19 03 0.1 227 36 00 39 A

anti-BATF3 | 55 38 29 36 26 137 0.3 05 29 145 51 36 38 48 1.3 37 1.5 31 325 -14 25 63 07



Supplementary Table 6 Calculated S,,, scores for the complete set of 33 human bZIP measurements. Peptides on the surface are
in rows, those in solution are in columns.
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C/EBPa 59 80 7.0 62 6.1 -0.6 -1.1 0.4 04 05 -1.0 1.1 0.3 0.0 03 04 -0.3 01 03 -01 05 75 22 20 09 02 -05 00 04 02 14 03 -05
C/EBPB 28 38 22 50 10.7 -1.2 -1.3 0.1 -0.3 0.3 -0.9 0.6 -0.8 -0.2 0.5 0.0 -0.1 02 -0.5 0.0 0.9 28 07 39 08 -01 -0.1 02 -0.2 -0.6 0.6 -0.4 -1.1
C/EBP5 6.9 10.0 6.2 87 6.2 -0.9 -1.4 -0.5 1.5 0.8 -1.6 2.2 0.0 -0.8 -0.7 -0.2 -1.1 09 -0.2 01 1.1 96 1.5 39 22 -04 03 -1.3 -1.6 0.1 05 0.0 -1.6
C/EBPy 33 7.0 70 14 54 -01 00 -0519 03 -0.8 00 1.2 15 23 0.0 01 02 -01 16 59 136244 88 1.9 03 01 01 -0.1 -0.6 -0.6 0.4 -0.9
CHOP 9.5 20.1 9.7 200 1.6 11 0.4 14 43 05 05 0.0 82 33 36 1.3 29 23 49 91 73 64 -03 305 51 166 1.3 -0.4 02 06 -0.1 -0.4 3.6
ATF-1 0.6 -1.0 -0.9 -0.8 -0.8 11.6 59 -1.8 -1.2 0.4 -0.8 1.3 3.2 -0.7 -0.9 -0.3 -0.3 -0.5 -0.8 -0.7 -0.9 -0.9 0.0 -0.4 -1.1 -0.8 -0.1 0.6 -0.2 -0.5 -0.3 -0.7 1.4

CREB -14 16 -1.3 -1.4 -09 194 90 81 00 -23 -23 08 32 -22-1.1 -1.1 -1.4 -20 1.4 20 -1.8 -21 -25 -06 -1.8 20 -1.9 -0.7 -1.4 22 -0.8 2.7 1.6
CREB-H -0.5 -0.8 -0.7 -0.1 09 19 1.2 67 48 06 -05 05 36 -0.2-0.8 -0.3 -0.1 -06 -0.3 -0.5 -0.3 -0.8 0.9 -0.5-0.4 -0.8 -0.1 -0.6 -0.3 0.5 0.0 0.4 -1.3
CREB3 0.2 -02 02 0.0 -02 -0.6 -04 30 18 -02 00 -02 0.1 -083-08 00 -0.7 -0.1 -06 -1.0 0.1 0.0 06 -04 00 -0.1 00 0.7 0.0 0.6 -0.2 -0.1 -0.9

ATF-6 -1.1 -0.8 -0.7 -0.8 -09 -0.3 03 -0.1 -1.2 81 04 105 -04 -09 -1.1 -1.0 -0.7 -0.7 1.2 -0.8 -1.1 09 00 -0.7 -1.2 -1.0 -0.3 -2.1 -1.4 -08 -26 -1.6 -1.4
ZF -0.9 -09 -1.3 -06 -1.0 -0.8 -0.8 0.0 -1.3 1.0 7.3 195 0.2 -0.6 -0.3 04 07 04 -04 -02-05 12 -02 -08 -05-08 03 05 03 6.7 188 0.0 1.5
XBP-1 22 -08 1.7 1.3 -16 13 1.0 -04 -1.5 125 84 320 -1.0 -1.0 -09 0.3 0.0 00 -09 -06 -1.2 -1.8 -1.3 -14 -18 1.1 -02 -1.1 -1.5 1.8 -1.7 0.6 -1.2

E4BP4 -0.4 -0.2 -0.2 -0.2 -0.3 145 73 25 37 0.6 -0.2 -0.1 31.0 -1.0 -1.0 -0.2 -03 -06 -1.1 -0.6 -0.2 -0.8 -1.5 -0.9 0.0 -0.2 0.5 -0.3 -0.1 -0.7 -1.1 0.0 0.0
ATF-2 06 0.1 -04 39 05 -0.7 -04 -06 03 03 -02 1.2 -1.8 20 16 42 40 40 29 66 36 02 05 11 12 05 02 13 09 02 22 -04 39
ATF-7 15 21 05 55 19 -03 -0.2 0.0 0.4 00 04 00 -04 27 28 98 50 67 48 133 47 16 -1.0 08 15 05 05 05 03 35 50 06 57

cdun -0.2 0.8 04 10 01 15 11 01 0.0 00 00 01 -01 79 76 29 1.1 0.9 252594 83 -09 -0.5281 37 20 -03 08 0.1 -1.8 -0.3 0.0 -0.3
JunB 03 0.1 02 -03 00 -0.1 -01 23 -1.0 0.2 0.1 -0.6 -0.9 23 26 04 -02 0.1 16.3 29.4 41 -05 0.5 180 32 09 -0.7 09 0.0 -03 -09 -0.1 0.1
JunD 0.0 0.1 03 04 -03 0.2 0.0 -0.6 0.4 0.2 0.0 -0.2 -0.7 42 50 05 -0.1 -0.1 20.8 39.7 59 -0.9 -0.1 23.5 34 1.2 -0.1 -0.6 -0.2 0.5 -0.3 -0.1 -0.5
Fos 13 00 05 21 10 13 03 04 05 -02 0.8 -0.3 0.5 33 3.7 252223203 1.5 23 0.8 26 1.2 -04 -04 1.0 05 22 48 -01 41 06 29
Fra2 -0.6 -1.0 -1.0 -1.0 0.0 0.9 05 -0.7 -0.8 0.4 0.1 03 -0.3 35 28 152 152 149 19 1.0 15 00 -0.3 -1.9 -09 0.4 03 00 34 -0.7 1.0 -04 0.7

ATF-3 12 39 0.7 140 37 00 -05 06 10 01 -04 16 06 50 53 73 87 71 18 52 -0.1 35 -04 1.8 38 0.7 06 1.0 27 -04 -06 -1.3 -0.2
ATF-4 151 7.3 79 231 65 -03 -06 1.1 0.6 -1.3 51 -09 -0.8 0.2 0.6 -0.7 -0.9 -09 29 09 25 -1.2 -01 33 16 22 -02 74 04 0.7 131 3.6 0.0
ATF-5 27 02 19 230 1.1 22 25 -13 -12 18 -15 1.9 15 -1.5 -1.6 22 23 -20 -1.8 -1.1 -16 -1.1 1.6 0.5 04 00 -3.1 -06 -1.6 1.5 0.7 -1.3 0.2
B-ATF 14 42 14 96 43 13 11 03 24 09 03 -0.2 23 1.6 0.5 13.6 19.1 16.8 -0.3 -1.5 1.3 1.7 34 0.0 05 59 02 -22 02 0.7 32 1.1 32
p21SNFT 11 33 25 48 6.0 -0.7 -0.1 11 43 01 07 -02 23 27 22 11.7 13.4 104 00 04 48 22 18 13 12 58 20 -0.1 06 -06 0.7 -0.3 15

HLF -0.3 0.0 -0.2 -0.5 0.7 -0.1 -05 0.2 -0.3 -0.7 0.0 0.0 0.6 -09 -1.0 -0.5 0.2 -06 -1.0 -09 -1.1 0.3 -0.3 1.3 0.2 1.5 -09 -09 -1.6 0.0 -0.4 -0.3 -0.3
MafG -0.2 -0.3 0.0 0.0 0.2 12 08 -1.3 0.6 -0.2 0.1 0.8 16 0.2 -0.1 1.0 1.7 12 06 -0.7 0.0 -0.1 1.3 -0.7 0.6 -0.8 3.7 -0.2 0.4 18.0 26.6 46.7 26.2
cMaf -0.6 -0.6 -1.1 -0.5 -0.8 0.5 0.3 -0.4 -09 0.0 -0.5 -0.8 -0.7 -0.2 -1.0 -0.2 0.7 0.2 0.0 -0.3 -0.3 2.0 0.2 -0.8 -1.0 -0.9 0.0 20.7 10.0 -0.4 3.1 0.7 43
MafB 1.7 12 -15 -09 -14 05 04 -05-1.7 00 03 06 -05-03-10 -05 04 05 16 23 -03 -09 -0.8 -06 -1.0 -1.5 -0.5 20.0 6.3 0.1 4.1 0.0 8.0
NFE2 -0.8 -09 -1.1 -05 -0.7 -0.2 -05 -0.5 -0.3 0.4 -03 -0.4 -06 -0.7 -1.1 -1.1 -1.0 -1.0 -09 -0.8 -1.0 -0.4 03 -1.8 -1.3 -0.9 1.2 -0.4 -0.2 31.7 0.0 145 -0.9

NFE2L1 0.8 -15 -0.5 24 1.7 22 15 -06 03 -03 94 -08 -20 0.1 00 -1.8 -0.8 -04 03 02 -11 24 08 -1.1 -0.7 -04 373 14 17 3.0 34 04 -05
NFE2L3 -0.6 -1.6 -0.7 -09 -09 28 -1.3 0.1 0.8 -1.8 1.2 1.7 -06 -1.4 11 -1.4 1.7 15 1.7 -1.5 1.4 -0.7 -06 -0.7 -1.4 -1.4 453 0.0 -0.8 27.8 -1.1 0.7 -1.6
BACH1 0.0 -04 -05 09 -02 62 36 00 03 19 17 23 09 18 07 02 09 09 09 08 -02 0.1 23 06 00 14 178 78 7.8 0.2 09 0.1 24
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