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Accuracy in predicting relativersingths of interactions. Percent of
comparisons correct using base-opir®d weights, as a function of
separation of raw fluorescence valuéabels on points show the number
of comparisons with consistent experimental data and the given level of
separation.

Cross-validation testing incorporating bZIP data

We perform cross-validation testing to show the contribu-
tions of the human bZIP data to the optimized weights. We
then determine how performanc e on new bZIP sequences is
expected to vary as a functionof sequence similarity to the
human bZIP data.

Our general cross-validation setup is as follows. For each
human bZIP family F (as given in Table 1 of Additional data
file 1), we optimize a weight vector with our base dataset plus
human bZIP data that does not involve any sequence in family
F. Specifically, we incorporate likely bZIP interactions and
non-interactions in the form of Equations 3 and 4, and com-
parisons between bZIP pairings in the form of Equation 2.
Likely interactions and non-interactions follow the relaxed
definitions given in Methods, and TP, TN, FN, and FP are
defined with respect to these; comparisons are made between
pairings that share a probe and differ in raw intensity by at
least 500. The resulting weights are used to score all possible
interactions of each sequence in family F and generate a TP
rate (TP/(TP+FN)) for each sequence as a function of the
number of FP. This process is repeated for all families. An
overall TP rate, corresponding to the average over individual
TP rates for each sequence, is shown in Figure 7. For
comparison, the average TP rate using the base-optimized
weights is also shown; the use of human bZIP data clearly
improves performance over a wide range of allowed false
positives.

To judge cross-validation performance as a function of
sequence similarity, for each sequencex in family F, we com-
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Cross-validation testing. The averdgaction of correctly identified

coiled-colil interactions as a function of the number of FP. Solid lines give

averages computed using the apprapei cross-validation weights, and
dotted lines give averages computesing the base-optimized weights.
The TP rates shown were averaged over all human bZIP sequences,

shown in purple, over human bZIP sequences with CV-similarity equal to
or greater than 50%, shown in red, and over human bZIP sequences with

CV-similarity less than 50%, shown in blue.

pute its 'CV-similarity' as th e maximum percent identity over
the a, d, g and e positions between x and any human bZIP not
in family F. The average CV-similarity for human bzIP
sequences is 48.7%, with valuesanging from 29.1% to 62.5%
for individual sequences. The sequences are grouped into
those with CV-similarity of 50% or more (24 sequences) and
those with CV-similarity less than or equal to 50% (23
sequences). (One of the humarbZIP sequences, ATF4-L1, has
no experimentally-determined interactions.) The average TP
rate in each group is computed (Figure 7). Incorporating the
human bZIP data improves performance on both groups.
However, sequences with CV-sinilarity greater than or equal
to 50% benefit particularly from cross-validation training.

It is important to note that our method does not predict triv-
ially the interactions and non- interactions for a sequence to
be those of its closest homolog included in the optimization.
Such a sequence-similarity based approach on average
correctly identifies 30.5% of li kely interactions for a particu-
lar sequence while dlowing 3.1 FPs. In contrast, our cross-
validation optimization on aver age correctly identifies 53.1%
of interactions when allowing no FPs, or 66.2% of interac-
tions when allowing three FPs (Figure 7).
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Discussion

We have applied a computaional method for predicting

coiled-coil partnering specificity to a near-complete set of
human and yeast bZIP proteins. The ability to make high-
confidence predictions of coiled-coil interactions and non-

interactions illustrates the effectiveness of our method.
Strong interactions for each sequence score higher than non-
interactions in almost all cases (Figure 4); this suggests an
approach to predicting inte racting partners for all bZIP

sequences in a genome.

Our method performs significan tly better than simple rules,
based onge' electrostatic interactions and aa' polar interac-
tions. Similar rules have been used to predict potential bZIP
dimerization in the Drosophila genome [27], and we note that
slight variations in these rules do not change performance
dramatically on the human bZIP data. Our method also per-
forms better than rules based on experimentally determined
coupling energies. In fact, because the base-optimized
weights are constrained using both simple electrostatic rules
and coupling energy measurements, the 56 high-confidence
predictions made by the optimized weights largely encom-
pass the highest scoring pairsusing the other methods. For
example, they include the 27 highest scoring strong interac-
tions using the electrostatic weights, and 36 out of the 37
highest scoring strong interactions using the coupling energy
weights. To identify these smaller numbers of strong interac-
tions, both the electrostatic weights and coupling energy
weights would identify approximately as many false positives
as false negatives. Similarly, the 13 FN given by the base-opti-
mized weights (Figure 5) fall among the lowest scoring strong
interactions using the electrostatic weights, and among the
bottom half of scores for strong interactions using the cou-
pling energy weights. This suggests that the strong interac-
tions with low scores using the base-optimized weights do not
have particularly favorable ge' electrostatic interactions or
aa' hydrophobic interactions.

Our results provide several insights into how specificity is
encoded in coiled-coil sequences.First, we note that simple
electrostatic weights are more effective in identifying non-

interactions than in teractions (Figure 3). This suggests that
electrostatic repulsion and unpaired buried asparagine resi-
dues may play key roles in preventing the formation of some
coiled coils [18,35]. Second, bah the coupling energy weights
and the cruder simple electrostatic weights rely on ge' and
aa' interactions. Our method considers dd' ,da’, ad', ga' and
de' interactions as well. The increased sensitivity we obtain
indicates that these pairwise interactions play an important

role in partneri ng specificity.

High-quality experimental data are important for the success
of our method. This is demonstrated by the cross-validation
results (Figure 7), and also by the fact that including experi-
mental constraints in the base dataset significantly enhanced
the predictive power of the method (data not shown). Almost

http://genomebiology.com/2004/5/2/R11

all of the experimental constraints in the base dataset focus
on residues in thege' and aa' positions, however. Data for the
other interactions are derived primarily from sequence data-
bases. As more experimentalinformation is gathered about
interactions between residues in other positions, it can be
readily incorporated in our methodology and should contrib-
ute to improvements in performance.

In general, residue interactions that are not observed fre-
quently in the base dataset are Ikely to be problematic for the
optimization method, as the corresponding weights are
under-constrained; th is phenomenon almost certainly plays a
role in the observed FP andFN. Moreover, interaction scores
vary depending on residue canposition (Figure 4), and thus
the same cut-off scores are not ideal for all bZIP sequences.
For example, the top scoring pairs for some sequences in the
smMaf, IgMaf and CNC families (which produce the dip in
interaction scores in Figure 4 and the block of yellow FNs in
the upper right of Figure 5) form strong interactions but score
below the cut-off of 32.8. The composition of a positions in
these sequences partially explains their lower interaction
scores. These sequences contain two to threa positions with
basic amino acids. Coupling energy measurements for aa’
residue positions demonstrate that interactions involving
lysine have, on average, unfavorable energetic contributions
as compared to those involving strictly hydrophobic amino
acids [19]. Accordingly, the optimized weights for interac-
tions with a position basic amino acids are not large and con-
tribute little to overall intera ction scores. Furthermore, many
of the strong interactions for these sequences are between the
(very similar) smMaf and CNC families and within the IgMaf
family, exaggerating the influence of these lower weights.

The dependence of interaction scores on residue composition
is not specific to the use of base-optimized weights. For exam-
ple, a coiled-coil sequence with few charged amino acids in
the g and e positions is unlikely to have any high scoring
interactions using the simple electrostatic weights. Although
using the same scoring cut-offs for all pairings allows the
base-optimized weights to make high-confidence predictions
for more than 95% of experimentally classified strong
interactions and non-interactio ns (Figure 4), future improve-
ments to our method will include correcting the interaction
score for two sequences based ortheir residue compositions.

As an immediate next step, weplan to make novel predictions
about bZIP interactions in ot her eukaryotic genomes, and to
test experimentally the high-confidence predictions. Our
cross-validation testing was designed to mimic the situation
where bZIP proteins in other genomes do not have direct
orthologs in human. This testing shows that incorporating
human bZIP interaction data in our optimization procedure
will be helpful in making predictions for novel bZIP proteins
in other genomes, and that we may judge confidence in pre-
dictions as a function of both interaction scores and sequence
identity.

Genom@iology 2004,5:R11
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Indexing each constraint with 1, the above constraints (equa-
tions 2-5) can be rewritten using vectors z(), such that w is
constrained to satisfy w ¢ z(d > 0. Including non-negative

slack variables Ho allow for errors in sequence or experimen-
tal data, each constraint can then be relaxed asw « z() >- &
The goal is to find w and f$uch that each castraint is satis-

fied and | As minimized. Tradeoffs between training and
generalization error suggest the approach of support vector
machines (SVMs) [40,41], in which the following quadratic

objective function is minimized, subject to a variation of the
previously described setof linear constraints:

Minimize (1/2)|| wl|2+ | H
Subjecttow e z() t1-H

Ht 0.

The SVM-lite package of [42] was used to implement the opti-
mization framework, with all vectors z() normalized using the
L, norm.

Base dataset

The optimization framework relies on a base dataset compris-
ing known coiled coils, hypothesized non-interactions and
experimentally-determined relati ve stabilities to determine
constraints on w. Coiled-coil sequences are taken from a
database of non-redundant interacting coiled coils containing
approximately 29,000 residues from one of two classes:
homodimeric coiled coils in my osin, tropomyosin, cortexillin
and types lll and V intermediate filament proteins; and het-
erodimeric coiled coils in keratin proteins [8,24].

A set of non-coiled coils is created by misaligning known part-
nering strands (that is, strands are paired but with a shift of
one or more heptads from the correct alignment). Although
this may result in some pairs that could form in vitro, coiled-
coil interactions are known to be quite specific (for example,
see [18,23,43]), and our methodology allows for some errors.

Information is incorporated fr om various biophysical studies
that take a coiled-coil host system, mutate amino acids, and
determine melting temperatures. Each of these studies
[14,16,19,38,39,44-47] providesan ordering of the stabilities
of the coiled coils considered,and thus constraints of the type
in equation 2 are introduced. Additional constraints are
derived from the experimental data of [48-54]. The bZIP pro-
teins VBP, Fos, Jun and GCN4 are used as host systems in
some of the experimental studies considered. No other bZIP
proteins, and in particular no human bZIP interaction data
from [23], are part of the base dataset.

In all, 6,379 constraints are included in the base dataset
(2,612 from coiled-coil or non-coiled coil sequences, 3,575
from experiments and 192 simple constraints as in equation
2).

http://genomebiology.com/2004/5/2/R11

Experimental bZIP interaction dataset

The bZIP interaction data collected in [23] are used for test-
ing. In that work, coiled-coil domains of 62 bZIP proteins
were printed onto glass slides and then probed with a corre-
sponding set of fluorescently-labeled peptides. For each
probe sequence, its raw fluorescence signals from interac-
tions with all surface peptides were normalized to obtain Z-
scores. Of the 62 sequenceswe removed three duplicate
sequences and the sequence CRM-la(K324R), which has the
same interactions as CREM-la; only data for the remaining
58 sequences (given in Table 1 ofAdditional data file 1) are
considered. Note that the bZIP peptides used in the array
studies have coiled-coil regions of varying lengths and con-
tain varying amounts of non-coiled coil sequence. We used
the coiled-coil regions defined in [23]. When considering
whether two sequences partner, we assume that the coiled-
coil interface has exactly the lengh of the shorter region (that
is, the extra residues of the longer coiled coil are ignored). The
alignment between the two strands used for scoring is shown
in Table 1 of Additional data file 1. Strands can be unambigu-
ously aligned using the consewned, basic DNA binding region
that occurs immediately amino-terminal to the coiled-coil
region (not shown).

Based on Z-scores, we classify potential bZIP coiled-coil pair-
ings into 80 strong interactio ns and 849 non-interactions as

follows. Note that for each pair of sequences, the normaliza-
tion produces two Z-scores that should validate one another
(one value is taken when the first sequence is the probe and
the second is on the surface, and the othervice versa). A

strong interaction is defined as having two Z-scores greater
than 10 and a non-interaction has two Z-scores less than 1.
These definitions correspond to the bZIP pairings whose clas-
sifications are most certain, given the experimental data, and

our testing is done with respect to them. Strong interactions

and non-interactions account for 54.3% of possible pairwise
combinations.

Among the remaining bZIP pairings, those with two Z-scores
greater than 2.5 are consideredlikely coiled-coil interactions
and those with one Z-score less than 1 and another less than
1.5 are considered likely non-interactions. These relaxed def-
initions, which are used in cross-validation training and test-
ing, lead to 186 likely interactions and 1,250 likely non-
interactions, and account for 83.9% of possible pairwise
combinations.

Program availability

The program used is available orline at [55]. Note that it has
been validated only for predicting interactions between bZIP
proteins and not for coiled coils generally.

Additional data
The following additional data are included with the online
version of this article: a table of the human and yeast bZIP
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