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Abstract: Genetic networks demonstrate a remarkable capacity to carry-out precise
regulatory programs in the face of habitat variations, stochasticity of the internal
cellular environment and genetic perturbations. In parallel, genomes contain
tremendous amounts of redundancies, typically associated with duplicated genes
(paralogs). It is thus an intriguing possibility that such functional overlaps have
specifically evolved for the role of downplaying the effects of mutations and
stochasticity and contributing to phenotypic robustness. Following this notion, |
applied genome wide analyses in yeast gene duplicates and demonstrated that
redundant pairs are often transcriptionally responsive to each others’ intactness.
Furthermore, I provide evidence suggesting that these ‘responsive backup circuits’ are
preferentially associated with protein network hubs and master regulators. To
interpret these results  formally describe the kinetics of these genetic circuitries and
solve both for their dynamics and their steady states. Relying on these I show how
‘responsive backup circuits’ may function to minimize the consequence of protein
dosage fluctuations that arise from low molecule number and stochasticity of gene
expression. Qur conclusions, thus, challenge the view that redundancies are simply
leftovers of ancient duplications and suggest them as an additional component of the

sophisticated machinery of cellular regulation.
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Introduction:

The association between gene duplicates and functional redundancy is long
considered common knowledge and is continuously encountered in the literature
(Nowak, Boerlijst et al. 1997; Krakauer and Nowak 1999; Kafri, Levy et al. 2006).
The recurring observation is that knockouts of genes that have close sequence
homologs often result with significantly less severe phenotypes than expected given
their sometimes crucial functions (Kirschner and Gerhart 1998; Wagner 2000;
Hartm_an, Garvik et al. 2001; Gu, Steinmetz et al. 2003). In fact, because of this,
elucidation of gene functions has often required the systematic disruption of whole
families of redundant partners (Braun and Arnold 1995; Schwarz, Alvarez-Bolado et
al. 1997; Zhang, Tessaro et al. 2003; Pearce, Senis et al. 2004; Enns, Kanacka et al.
2005). Examples typifying this phenomenon include the gene pair GSL1 and GSL.3
having an “essential yet redundant role for plant and pollen development” (Enns,
Kanaoka et al. 2005) or Vavl1 and Vav3 reported to have “critical but redundant roles
in mediating platelet activation” (Pearce, Senis et al. 2004) (for other examples see
REF (Kirschner and Gerhart 1998)). An immediate consequence of redundancy,
emphasized by these reports, is the decoupling of the essentiality of gene functions,
which may be “critical” or “essential”, from the essentiality of the genes
themselves(Zhang, Tessaro et al. 2003). In other words, biochemical functions that
are vitally essential may be redundantly performed by several genes, each of which

appears separately dispensable.

Redundancy and evolutionary change

Currently, there have oaly been a limited number of published works specifically
addressing the roles and implications that may be associated with redundancy in the
context of the biological system. In fact, from an evolutionary perspective, the
possibility that certain biochemical functions may have evolved to specifically exploit
redundancies seemns apparently unlikely (Taylor and Raes 2004). The reasons for this
derive from the notion that, ideally, functionally backed-up genes should not be
associated with any mutation phenotype and must therefore accumulate mutations at
random (Lynch and Conery 2000). Based on this, redundancy was suggested as the
fuei allowing evolutionary change and consequently “burning out™ in the process
(Ohno 1970; Taylor and Raes 2004).



Ever since it was initially suggested, the notion associating redundancy with
evolutionary novelty has been demonstrated repeatedly (Gerhart and Kirschner 1997,
Taylor and Raes 2004). Particularly important is a seminal work by Lynch and
Conery (Lynch and Conery 2000) where, by associating the synonymous substitution
rate with evolutionary time, an accelerated evolution was demonstrated to transiently
occur immediately after the duplication event. Following this observation, the authors
then continue and define the three possible fates of gene duplicates as: (i), loss of
function of one or both duplicate partners (nonfunctionalization); (ii), divergence
leading to the partition of the functions of the ancestral, preduplicated, gene between
the newly formed duplicates (subfunctionalization); and (iii), the evolution of new
functions (neofunctionalization). These three alternative evolutionary irajectories are
more easily conceptualized in cases where discrete gene functions can be enumerated.
For example, the partial overlap of duplicates in their sets of cis-regulatory motifs was
interpreted to be the result of incomplete subfunctionlization (Papp, Pal et al. 2003).
Similar interpretations were also made for downstream targets of transcription factors
(Foster, Kauffman et al. 2006), RNA expression profiles of duplicates (Ferris and
Whitt 1979; Gu, Nicolae et al. 2002; Makova and Li 2003), and physical interaction
partners of proteins (Wagner 2001). In all cases the functional overlap of duplicates
was shown to generally decrease with time (Ferris and Whitt 1979; Wagper 2001; Gu,
Nicolae et al. 2002; Brookfieid 2003; Conant and Wagner 2003; Makova and Li 2003;
Taylor and Raes 2004). This is also observed by correlating the dispensability of
duplicates with their synonymous substation rate, a measure routinely used to
approximate divergence time (Gu 2003; Gu, Steinmetz et al. 2003). Following this
latter approach it was demonstrated that the proportion of dispensable paralogs
decreases with time (Ks) (Kafri, Bar-Even et al. 2005).

An extreme example of nonfunctionalization describes the complete deletion
of one gene copy resulting with a return to a singleton state. The existence of this
phenomenon was verified in a seminal study inferring a whole genome duplication
followed by massive gene loss to have occurred S. Cerevisiae during the last 100

MYR (Wolfe and Shields 1997; Kellis, Birren et al. 2004).



Dispensability of duplicates — a fingerprint of functional redundancy?

While the association of redundancy with evolutionary change is well established, it is
still unclear whether divergence is the single and inevitable fate of all redundant pairs
that escaped nonfunctionalization. An alternative may be that the functional overlap
of some particular gene pairs may be associated with physiological functionalities that
provide its evolutionary preservation. A tempting suggestion is that redundancies
confer the organism with sustainability to mutations and gene loss. This idea, while
serving a working hypothesis of geneticists for many years, has only recently been
systematically demonstrated (Brookfield 2003; Gu, Steinmetz et al. 2003; Conant and
Wagner 2004). What these authors showed was that knockouts of genes with
paralogous partners are less likely deleterious than knockouts of singletons. In other
words, sequence similarity of duplicates is associated with apparent gene
dispensability. Additionally important, this analysis allowed, for the first time, to
calculate a quantitative assessment of the proportion of redundant gene duplicates,
resulting with a lower bound estimate of 25% (Gu, Steinmetz et al. 2003). The
rationale was that the difference between the dispensability of duplicates to that of
singletons is the outcome of redundancies and is quantitatively associated with its
prevalence.

These estimates, while may partially explain the robustness of phenotypes to
mutations, seem to challenge our fundamental understandings of the clockwork of
molecular evolution. Specifically, if redundancy is inevitably instable, how can such a
large proportion of redundant pairs be accounted for? One possibility maintains that
the source of error lies with the interpretation associating the dispensability of
duplicates with overlapping functions. It may be, for example, that duplicates are
dispensable simply because dispensable genes are more likely to retain duplicated
partners (He and Zhang 2006). In fact, this notion is inspired by examples of genes
(mainly protein complex members) (Veitia 2002; Papp, Pal et al. 2003; Veitia 2004)
whose protein dosage fluctuations are associated with deleterious phenotypes, which
in turn suggests similar results for their duplications. Yet, a drawback of this
hypothesis is that it requires the unsupported assumption that essential genes are
significantly more intolerant to dosage fluctuations than dispensable ones. An
alternative explanation holds that duplicate genes are retained not by the virtue of
selection but rather through a mode of copy correction by non-homologous

recombination (Pyne, Skiena et al. 2005).



Dissecting duplicate dispensability.

Despite the higher proportions of dispensable genes among the duplicates, most genes
(e.g. 80% in S. Cerevisiae) appear dispensable regardless of whether they do or do not
have a duplicate partner. In fact, it is likely that the majority of duplicates and
singletons simply seem expendable because their functions were not required in
particular experiments (Gu, Steinmetz et al. 2003; Papp, Pal et al. 2004). Stemming
from this is the challenge to distinguish between duplicates whose dispensability is
intrinsically associated with their duplicated state to those whose dispensability is
“coincidental”. Progress along these lines has recently been established by work
demonstrating that the phenotypes of duplicated genes are correlated with factors
related to their wild-type regulation and interactions (Kafri, Bar-Even et al. 2005;
Kafri and Pilpel 2006). Specifically, I showed that the dispensability of duplicates is
exclusively associated with pairs that are on average regulated differently (Kaffri, Bar-
Even et al. 2005; Kafri, Levy et al. 2006). In fact, by partitioning the duplicates
according to their average co-expression, Kafti et al. have demonstrated that while
dissimilar expression corresponded to an enrichment of over 90% non-essential genes,
deletions of similarly expressed paralogs almost always results with lethality (Kafri,
Bar-Even et al. 2005).

To elaborate on this finding, I separately examined the degree of duplicate co-
expression in individual experimental conditions (Kafri, Bar-Even et al. 2005). This
more refined examination revealed that co-expression is often a condition dependent
phenomenon. More surprisingly, duplicate pairs that display a strong co-expression in
some conditions and yet are regulated differently in most others, were those most
likely to be dispensable. This result was also supported by cis-regulatory motif
analysis of the duplicate pair members (Kafri, Bar-Even et al. 2005). Thus, the
conclusion was that dispensable duplicates were those that exhibit a condition-
dependent rather than a constitutive co-expression, and on average, are differently
expressed in wild-type (Kafri, Bar-Even et al. 2005). In contrast to that, deletion
phenotypes were found to be condition independent in the sense that similar
phenotypes were revealed irrespective of experimental conditions. These observations
were interpreted by hypothesizing a transcriptional reprogramming mechanism that
allows genes to alter their expression profiles in response to the deletion of their

duplicate partners. More intriguingly, these results were exclusively associated with



duplicates corresponding to non-recent duplications, with recent duplicates being
almost exclusively dispensable (Kafti, Bar-Even et al. 2005).

The variability of the phenotypes associated with different genes, irrespective
of whether they are singletons or duplicates, is largely attributed to a variability in the
extent to which their functions are required for cell viability (Papp, Pal et al. 2004).
This variability, in turn, is partially reflected by the connectivities of gene products in
the protein interaction network (Jeong, Mason et al. 2001). In fact, the number of
protein-protein interactions in which a given gene product is involved is highly
predictive of its dispensability (Jeong, Mason et al. 2001). This, in turn, in the absence
of genetic backup, is correlated with essentiality of functions. In line with this, it was
recently demonstrated that the “intrinsic duplicate dispensability” is preferentially
associated with protein network hubs (Kafri and Pilpel 2006). In fact, the difference
between the proportion of dispensable duplicates to that of singletons was shown (o
steadily increase with increasing connectivity in the protein interaction network (Kafri
and Pilpel 2006). For example, duplicates with a degree higher than 10 contain 3
times higher proportions of dispensable genes than do singletons, while those with a
low degree are largely as dispensable as singletons. From the perspective of the
inferred essentiality of gene functions, this result suggests that among duplicates,

dispensability is associated with greater probability with the essential functions.

The preservation and utilization of functional redundancy

To summarize, advances extending from computational dissections of genomic,
transcriptional and phenotypic data have recently made it possible to isolate the
specific genes giving rise to the increased dispensability of duplicates (Gu, Steinmetz
et al. 2003; Kafri, Bar-Even et al. 2005; Kafri, Levy et al. 2006; Kafri and Pilpel
2006). For example, while the dispensability of a given duplicate may be coincidental
and unrelated to its duplicated state, this possibility becomes unlikely when
specifically considering duplicates constituting protein network hubs (Jeong, Mason
et al. 2001; Kafri and Pilpel 2006). Based on this approach it was demonstrated that
the majority of genes intrinsically associated with duplicate dispensability are
implicated by previous reports to have functionally redundant homologs (Kaffi, Bar-
Even et al. 2005; Kafri, Levy et al. 2006; Kafri and Pilpel 2006). Furthermore, as
anticipated from computational data analysis (Gasch, Speliman et al. 2000; Kafri,

Bar-Even et al. 2005), most redundant partners are not co-regulated.



Most interestingly, the association of functional redundancy with protein network
hubs (Kafri and Pilpel 2006) almost imperatively suggests its evolutionary
conservation. In line with this, it has also been observed that the majority of redundant
duplicates are the consequence of most ancient duplications (Kafri, Bar-Even et al.
2005). Furthermore, duplicates have been shown by three independent studies to be
associated with slowly evolving genes (Kondrashov, Rogozin et al. 2002, Davis and
Petrov 2004: Jordan, Wolf et al. 2004). Together, this evidence suggests that
redundancy may have functional implications and serve advantageous functionalities
allowing their selection. In other words, in contrast to contemporary thought, it seems
that genetic networks have evolved to exploit benefits associated with redundancies.
On the other hand, if redundancy is simply more of the same, what beneficial role
may it serve and how is it exploited?

The possibility that redundancy has been maintained for “backing-up” against
mutations seems unlikely, mainly because the mutation frequency, in most genes, is
lower than organism life time (Nowak, Boerlijst et al. 1997, Krakauer and Nowak
1999). In contrast, non-genetic perturbations causing protein dosage fluctuations are
highly frequent, reflecting the stochasticity of the intracellular environment (Elowitz,
Levine et al. 2002; Swain, Elowitz et al. 2002). While for some biochemical
subsystems such fluctuations may have no important implications, for others they may
be intolerable (Vilar, Kueh et al. 2002; Fraser, Hirsh et al. 2004; Raser and O'Shea
2004). An appealing possibility is that genetic networks employ redundant pairs to
sain control over undesired fluctuations. Enquiring about this possibility, I
exhaustively searched the literature for pairs of duplicates with redundancy that may
be associated with exploited functionalities (Kafri, Levy et al. 2006). I relied on two
clues to indicate a function’s direct benefit from existing redundancy. First is the
evolutionary conservation of the functional overlap and second is a non-trivial
regulatory design that utilizes it (Kaffi, Levy et al. 2006). By collecting pairs
answering both these criteria I demonstrated that redundant genes are often regulated
by a specialized regulatory circuitry which is responsive to their intactness. These
genetic circuits, termed responsive backup circuits, encode the up-regulatory response
of one duplicate, in case its partner was mutationally inactivated. Qur conclusion was
that RBCs confer regulatory precision by balancing the stochasticity of one gene with
a reciprocally regulated redundant partner, thus maintaining constancy of function.

Relying on modeling of particular example systems 1 demonstrated the plausibility of



this possibility by showing that RBC can maintain constancy. I thus suggest that at in
some of the cases damping the effect of non-genetic noise may have served as the
evolutionary deriving force behind the preservation of redundant duplicates, and
backup against mutations in such cases may be obtained as an evolutionary by
product in the extreme case where a gene is not just fluctuating, but rather mutated

and even deleted altogether.
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Transcriptional reprogramming in genetic backup circuits'.

Gene duplicates and paralogous gene families have been proposed to acquire
organisms with robustness against mutations(Gu, Steinmetz et al. 2003). The
assumption is that a functional overlap of these genes enables one paralog to
substitute for the function of its partner in case the later was mutated. An essential
prerequisite of this model is that the functionally homologous genes respond to the
same regulatory inputs, otherwise the reaction they carry out may not be activated in
conditions where it is required. In contrast to this, our analyses(Kafri, Bar-Even et al.
2005) and others (Gasch, Spellman et al. 2000) have suggested that isozymes and
other functionally redundant genes are not correlated in their expression profiles and
are regulated differently.

To resolve this inconsistency and better characterize functional compensatory
relationships of redundant genes [ comparatively examined in this paper the
regulatory associations within the S. cerevisice transcriptional regulatory network
together with transcriptional data and knockout phenotypes of yeast genes(Kafri, Bar-
Even et al. 2005). Our results indicated that these functionally redundant genes are
often cross-regulated in a circuitry that enables one gene to transcriptionally respond
to the deletion of the other. Thus the paradigm that emerges is that genes that are
functionally redundant are often not independently controlled but rather they are
regulated by a system that both monitors and responds to their intactness. There are
three general regulatory designs that may provide such a response; the feedforward
regulation, feedback regulation and a direct regulatory interaction between the
redundant gene products. Motivated by the understanding that such ‘Responsive
Backup Circuits® could not have evolved for the sake of buffering gene-specific
mutations, I reviewed many such circuits in search of common denominators that may
explain their functional advantage in wild-type.

1 find that responsive backup circuits fall into two main categories which are
metabolism, exemplified by the Acs1 and Acs2 isosymes in yeast(van den Berg, de
Jong-Gubbels et al. 1996), and developmental pathways, exemplified by the
MyoD/Myf-5(Rudnicki, Braun et al. 1992) regulators of skeletal muscle development.

' Kafri, R., A. Bar-Even, et al. (2005). "Transcription conirol reprogramming in genetic backup
circuits." Nat Genet 37(3): 285-9.
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I further suggest that this responsive circuitry regulating genomic redundancies

functions to dampen gene dosage fluctuations.
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Transcription control reprogramming in genetic

backup circuits

Ran Kafri, Arren Bar-Even & Yitzhak Pilpel

A key question in molecular genetics is why severe mutations
often do not result in a detectably abnormal phenotype. This
robustness was partially ascribed to redundant paralogs™? that
may provide backup for one another in case of mutation.
Mining mutant viability and mRNA expression data in
Saccharomyces cerevisiae, we found that backup was provided
predominantly by paralogs that are expressed dissimilarly in
most growth conditions. We considered that this apparent
inconsistency might be resclved by a transcriptional
reprogramening mechanism that allows the intact paralog

to rescue the organism upon mutation of its counterpart.

We found that in wild-type cells, partial coregulation across
growth conditions predicted the ability of paralogs to alter
their transcription patterns and to provide backup for one
another. Notably, the sets of regulatory motifs that controlled
the paralogs with the most efficient backup activity
deliberately overlapped only partially; paralogs with highly
similar or dissimilar sets of motifs had suboptimal backup
activity. Such an arrangement of partially shared regulatory
motifs reconciles the difierential expression of paralegs with
their ability to back each other up,

Functionally redundant gene duplicates are inherently evolutionarily
unstable; consequently, in many duplications, one of the duplicates is
silenced™*. Retention of duplicates over long evolutionary time scales
was therefore suggested to require either degenerative subfunctionaliz-
ing mutations or introduction of new functions™¥, We aim here to
understand both the relevance of transcription regulation to duplicate
retention in evolution and its role in controlling expression of genes
that provide backup in case of mutation,

Mining single gene—knockout phenotype datz and annotations of
molecular functions of all yeast genes, we found high correlation
between the essentiality of genes and the similarity of molecular
function between themselves and their paralogs (Supplementary
Figs. 1 and 2 online). We also found that only 4% of the dispensable
paralogs did not colocalize® in the same organelles (Supplementary
Fig. 3 online), These observations corroborate the notion that ‘dis-
pensability’ may be explained by backup between paralogs.

A priori, it might seem that backup requires the paralogs’' mRNAs 1o
be coregulated. To examine this possibility, we calculated, for each pair

of paralogs, 40 correlation coefficients of mRNA expression cosre-
sponding to 40 different experiments. We defire the means and
standard deviations of such correlations, for each pair, as their mean
expression similarity and partial coregulation (PCoR) values, respec-
tively. We refer to the standard deviation of the correlations as PCoR
hecause its value is high for pairs that have interchangeably high and
low correlations acress different conditions. Figure 1 shows the
proportion of dispensable genes in sets of gene pairs versus their
mean expression similarity and PCoR. We inspected close and remote
paralogous pairs separately and found markedly different trends.
Among remote paralogs, we found that the essentiality of coexpressed
pairs was very high, implying that there is little backup activity among
them. In remote pairs, backup was most efficient among transcrip-
tionally noncorrelated pairs, as their essentiality was substantially
lower than that of single genes. Supplementary Figures 4 and 5
online show the increase in protein-protein interaction among para-
logs and the decrease in similarity of Gene Ontology-annotated
molecular function between them, respeciively, as a function of
coexpression. These results provide a potential explanation for the
observed decrease in backup capacity with increased coexpression. In
contrast to remote pairs, close pairs showed an almost opposite, more
intuitive trend, in which dispensability increased somewhat with
expression similarity (in agreement with refs. 1,10),

Backup among naturally dissimifarly expressed genes A and B may
suggest that, upon mutation in gene A, expression of gene B is
reprogrammed to acquire a profile that is similar to the wild-type
expression profile of gene A. Such reprogramming has been experi-
mentally verified for the Acsl and Acs2 isoenzymes. Wild-type Acsl is
subject to glucose repression!! (Fig, 1), but upon deletion of Acs2, the
repression of Acsl is relieved, and Acsl acquires an Acs2-like respon-
siveness to glucose’®. Despite dissimilar expression, the two genes
share a promoter motif (CSRE) and also have unigue motifsi?, As
befits a genuine backup circuit, Acsl and Acs2 are synthetically
lethal!!, Additional examples of reprogramming in response to muta-
tions in prokaryotes, yeast and mammals are given in Supplementary
Note online.

In search for a mechanism that may regulate switching between
dissimilar and similar expression in response to mutation, we
examined the dependence of gene essentiafity on PCoR. We asked
whether backup occurs among paralogs that show high PCoR in

Department of Molecular Genetics, Weizmann Institute of Science, Rehovat 76100, Israel. Correspundence should be addressed to Y.F. {pilpai@weizmann.ac.il).
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To exclude the possibitity that the trend in a

reflects a tendency for genes that belong to major expression clusters to be essential, we repsated the analysis using random pairing of genes and observed
a nonsignificant trend {blue). Examination of remnants of whole-genome duplication?® showed similar trends to that observed with all remate pairs,

but with marginal significance.

the wild type. We reasoned that because PCoR represents the abiliry
o switch between similar and dissimilar expression profiles in a
condition-dependent manner, it may be predictive of switching
between similar and dissimilar expression in response to mutation.
We found that PCoR was a very strong predicior of backup (Fig. 1b).

We next investigated the promoter architecture of backup-providing
paralogs. The possibility that the pardal overlap in the sets of
regulatory metifs controfiing Acsl and Acs2 accounts for their wild-
type differential expression and for reprogramming upon mutation
prompted us to inspect the similarity of motif content of ali paralogs.
To quantify the extent to which promoters of paralogs are asranged to
obtain partial coexpression, we defined G, 2 normalized measure of the
overlap between the sets of promoter motifs that regulate two genes:

o
— max(|mil, ()’

where my and ma are the sets of motifs that regulate genes 1 and 2,
respectively, and |x| is the size of a set x. By plotting gene dispensability
versus matif-content overlap O, we found that maximal backup
coincided with intermediate levels of motif sharing (Fig. 2). Pairs
with high or low promoter similarity had suboptimal backup activity.
These observations confirm that optimal backup is obtained when two
paralogs share some, but not all, motifs, We propose that the unique
motifs of each paralog provide differential expression in the wild type
and thas the shared motifs alfow paralogs te respond to the same
conditions. This situation allows for reprogramming in response to
mutations. We plotted the mumber of shared transcription factor
binding sites against the rate of substitutions per synonymous posi-
tion, K, (a rough duplication-age surrogate), and found nearly
identical average numbers of shared motifs across the entire range of
K, values {R = 0.025, P > 0.29; Supplementary Figs. 6 and 7 online).
This indicates that sharing of transcription factor binding muotifs
results either from restricted divergence or from convergence and is
not an evolutionary artifact that is likely to dissipate on an evolu-
tionary time scale.

‘o correborate the hypothesis that PCoR underlies reprogramming
and, ultimately, backup, we examined three predictions. First, one
member of a pair with high PCoR should be upregulated transcrip-
tionally in response to the deletion of its paralog. To investigate this
prediction, we used the Rosetta Compendium'® containing genome-
wide expression response to single-gene deletions. Of the 259 knock-
outs in the Compendium, 76 have paralogs in our data set. Of
these, 18 share high similarity in molecufar function, and another 5
are synthetically lethal. We reasoned that if such potential backup-
providing pairs undergo reprogramming then the transcriptional level

of the intact paralog should increase as a function of the pair’s PCoR.
In fact, we found a significant correfation between PCoR and the
logarithm of transcriptional response to deletion among these backup-
providing candidates (R = 0.67, P = 0.002; Fig, 3}. As a negative
control, functionally similar nonparalogs and random pairs showed
no correlation between PCoR and transcriptional response to deletion
(R = ~0.02 and R == 0.0}, respectively). Therefore, we conclude
that PCoR measured across wild-type conditions predicts backup
capacity or the ability of a gene to respond, by upregulation, to
deletion of its counterpart.

Qur second prediction addresses 478 paralogs in which only one of
the two genes is essential. We tested our ability to predict which of the
two genes in such asymmetric pairs is essential by inspecting their
regulatory motifs. Our reprogramming scenario predicts that the
more motifs control a gene, the better its reprogramming and
backup-providing capacity will be. Therefore, for paralogous pairs,
we expect a negative correlation between number of motifs controlling
a gene and its dispensability. As expected, the more essentiai of the two
genes tended to have more motifs (Fig. 4). As a negative control, we
repeated the analysis with random pairing of the paralogs to deter-
mine whether this observation merely reflected the potential bias that
essential genes are regulated by a larger number of metifs. This
analysis with random pairing resulted in no signal (Fig. 4).

ogf I P=1Ex 10

08¢
P=1.6x% 1077
0.7
06}
05F
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Figure 2 Gene dispensability as a function of the regulaiory motif-content
overiap O between genes and their closest paralogs. By fitting these data

to a linear funstion (not shown), a quadratic function (red) and the rational
function {purple; y = {ax + B + ex + o), we oblained adjusted 2 values
of 0.56, 0.72 and 0.82, respectively. A binomial test showed that the
proportion of dispenszble genes with O vaiues between O and 0.25 (biue
bars) was significantiy higher than that of genes with O values of either G
(P=16x 10" or >0.25(P < 1.3 x 10719
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Figure 3 Transcriptional response of backup-providing genes te the deletion
of the counterparis. {a) Transcriptional responses of genes to the deletion
of their functionally similar paralogs (red, R = 0.67, P = 0.002) and
functionally similar nonparalogs (black, R = -0.02) as a function of their
FCoR (data obtained from the Rosetta Compendium!?). Response is
depicted as average log; relztive change of the expression level of a gene in
the mutant strain lacking its paralog divided by the exprassion levet of the
gene in the wild type. Decreased reads in response to deletion may resuit
from artifacts owing to potential cross-hybridization in the wild type. This
effect was excluded by analyzing only genes that are upregulated after the
daletion. Only functionally similar paralogs were analyzed, defined aither as
genss enceding enzymes with the same EC classification or, for nonenzymes,
as ganes with high Gane Ontology-based semantic similarity®” (where high
sirnilarity indicates similarity exceading that observed at the 90™ percentile
of similarities of ali gene pairs in the genome). (b) Average upragulation of
functionally similar pairs that are also synthetically lethal (from the BIND
catabase) compared with randomly selected gene pairs.

“Third, our proposed model predicts synthetic lethal interactions.
We embedded the paralogous pairs in a plane spanned by their mean
expression similarity and PCoR (Fig. 5). We gathered evidence for
synthetic lethality for certain pairs of paralogs and observed that the
prevalence of backup depended on both mean expression similarity
and PCoR score. Baclup was maximal among pairs with high PCoR
and low coexpression. Physical interactions between paralogs showed
an opposite trend (Supplementary Fig. 4 online), in agreement with
previous observations™!%. The model also includes verified cases
of reprogramming,.

A crucial question is what controls reprogramming of a gene upon
matation of its paralog. We propose a kinetic model, or reprogram-
ming switch, consisting of two genes, G1 and G2, that encode enzymes

PGoR

0.05

Mean expression similanly

LETTERS

Normalized difference in aumber of motifs

.

02-08
Difference in mutant growth rate

0-0.2 G.8-1

Figure 4 Differance in the number of motifs reguisting paralogous pair
members as a function of the difierence in the growth rates of mutants
lacking them. For each pair of paralogs, the number of motifs contained
by the gene with the higher growth rate was subtracted from the number
of motifs in the promoter of the gene with the lower growth rate. This
difference was normalized to the size of the iarger of the two motif sets.
All paralogs were then grouped into three categories on the basis of the
absoiute value of the difference between their growth rates, and for each
category, the mean normalized difference in the number of motifs was
calculated. The analysis was done separately for all paralogs {biue) and
for paratogs with simitar molecular functions (red; defined as in the
legend to Fig. 3).

El and E2, which interconvert metabolite M1 into metabolite M2, In
the wild type, only El is active. Assuming that the two genes contain
binding sites for a shared transcription factor T that is induced by M1,
T reprograms {i.e., activates} G2 and hence maintains the level of
M2 upon knockout of G1 {Fig. 6). Upen silencing of G}, M1 accumu-
lates and the concentration of T increases, resultng in more
efficient activation of G2 (Fig. 6). Consequently, the level of E2
increases and the level of M2 returns to its original value after a
transient decrease (Fig. 6). This model provides appropriate controi of
backup as it couples response of G2 to an environmental condition
{i.e., the accumulation of M1} with response to an internal pertur
bation {ie, silencing of G1). The meodel describes enzymatic
reactions; enzymes are over-represented in our data set (349
Supplementary Fig. 8 online). Backup among paralogous
transcription factors may use alternative architectures {Supplemen-
tary Note online).

Figure 5 Confirmation and characterization of genetic backup circuits.
Paratogous gene pairs are plotted as a function of their mean expression
similarity and PCoR. Pairs are colored red if both mambers are essential or
blue if both are dispensable. Black rectangles {A~F) enclose sels of genes
whose functional redundancy was confirmed or disputed using the Proteome
and BIND databases, in this analysis, pairs were considered ta back each
other up only if thay have similar molecuiar activities and are synthetically
lethal. The number of such backup-providing pairs was divided by the total
number of functionally characlerized pairs in each of the marked rectangles
individually (A: 10/29 = 0.34; B: 14/30 = 0.47; €: 12/35 = 0.34

D: 10/45 = Q.22; £: 8/30 = 0.27; F: 1/42 = 0.02). The highest
probability for verified backup coincides with cases where mean expression
similarity is ~C and PCoR >0.4, The ptecemant of the rectangies refiects
our desire to exarnine how incidence of backup depends on the x.¥
coordinates of the pairs. Four examples of paralogs that show transcriptional
reprogramming in response to gene deletion are also shown {green squares):
1: Acsl-Acs2 {ref. 11} 2: Hxt2-Hxt1G (ref. 28); 3: |dpl-idp2 (ref. 23);

4; Fksl-Gsc2 {ref. 30).
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Figure & Schematic and dynamics of the reprogramming switch. (a) The
reprogramming switch. (b) Simuiated dynamics of the switch before and
after knockout, at time point 15, The blue and green curves reprasant the
concentrations of £1 and E2, respectively; the red curve represents the
concentration of M2, The dynamics were calculated from the diffarential
equations describing the system using the ade23 solver of Matlab's simulink.

The different behavior of close and remote paralogs probably stems
from the profoundly different evolutionary regimens acting on them?,
Focusing first on remote pairs, we propose that preservation of high
coexpression in a subset of these pairs was predominantly due to evolu-
tionary pressures that are inconsistent with, and compromise, backup.
One such effect is evolving protein-protein interactions between
paralogs, which requires coexpression but precludes backup (Supple-
mentary Fig. 4 online). Second, subfunctionalization of proteins may
alleviate the pressure to diverge in expression’, but that, too, precludes
backup berween coexpressed pairs (Supplementary Fig. 5 online).
Third, quantitative subfunctionalization'® that may result in regulatory
motif degeneration!™? accounts for both coexpression and lack of
backup (e.g., due to low dosage of each of the coacting paralogs'®1%).

Why do remote pairs back each other up? Although it is difficult to
imagine that backup by duplicates is evolutionarily selectable’, we
propose that backup-providing duplicates may be retained during
evolution if their retention is coupled to other selectable traits, such as
acquisition of new regulatory capabilities'®. Such novelties do not
preciude backup, provided that shared functionalities are preserved.
Qur finding that backup is optimal ameng pairs that maintain high
partial coregulation provides considerable support to this notion.
Notwithstanding this, however, backup has a profound impact on
an erganism’s robustness, whether selected for its own sake or not. But
apparent dispensability may be partially due to limited coverage of
growth conditions tested in the laboratory, and 2 recent computa-
tional study'® estimated that this factor accounts for 37-68% of
dispensable genes, compared with the 15-28% that are estimated o
be compensated by a duplicate. Gu et al. estimated a similar lower
bound of 23% (ref. 2).

Many of the close paralogs that represent recent duplications® are
assumed to be under free selection, meaning that they have not yet
undergone either sub- or neofunctionalization; hence, they are
redundantly similarly expressed. This probably explains their some-
what more intuitive behavior {backup increases with coexpression),
which does not depend on evolving reprogramming.

METHODS

Set of analyzed genes and definition of paralogs. To ensure that we analyzed
genuine genes, we discarded from the list of 3. cerevisiae open reading frames
{ORFs) all entries corresponding to spurious ORFs™ and all transposon-
derived genes as annotated by Saccharomyces Genome Database. This resulted
in a list of 5,862 ORFs. We defined paralogs as pairs of ORFs that, by BLASTP
with standard parameters, had E valued < 1070, provided that the ratio of the
length of the long protein to the length of the short protein was not larger than
1.33. For each pair of paralogs, we calculated the number of synonymous and

nonsynenymous substitutions (K, and K., respectively}’!. We defined remote
parnlogs as pairs with K; > 1 and close paralogs as pairs with K; < 1. To avoid
potential misclassification of borderline cases, we also adopted an alternative
definition in which we regarded remote pairs as those with K; > 1.2 and close
pairs as those with K; < 0.8 and found that the same trends characterized the
two sers (Supplementary Fig. 9 online). Supplementary Figure 9 contains
additional cutoff justifications including a systematic assessment of the robust-
ness of the results to changes of threshold value and to use of alternative
mueasures of sequence similarity (eg, K,). To remove from the set of close
pairs (K, < 1) any paralogs that represent old duplications, we removed
close paralogs in which at least one of the genes had a low (< 32) effective
number of codons®.

Gene essentiality data. We defined dispensable genes as all genes with a viable
gene-deletion phenotype that were not included in the lists of spurious ORFs
or transposen-derived ORFs, Addisionaliy, we obtained data on growth rates
of mutants lacking cach of the ORFs in the genome in five different
growth media®.

mRNA expression data. We obtzined whole-genome mRNA expression data of
40 naturn! and perturbed time series and the Rosetta Compendium data, which
measures genome-wide transcription respomse to gene deletions’?, from
ExpressDB. We normalized all expression profiles of genes in each time series
with respect to mean and variance. Detailed descriptions of all analyzed
conditions is presented on our project website (see URL below).

We oblained expression data from either Affiymetrix chips (seven experi-
ments) or PCR product-based microarrays (33 experiments), Because the latter
technology is more prone to cross-hybridization errors, we used only datz
derived from Affymetrix chips when analyzing close paralogs.

A nonredundant set of promoter regulatory motifs in 5. cerevisiae, We
compiled a nonredundant set of 112 yeast regulatory motifs, along with their
gene assignments, from three different sources: ChIP-chip {originally augmen-
ted with phylogenetic conservation of motifs across multiple yeast species)™,
expression data® and phylogenetic conservation™, We included motifs derived
from the last twe computational methods only if they corresponded to
experimentally known motifs and had 2 significance score higher than the
90" percentile in their respective methods,

Kinetic analysis of the reprogramming switch. We modeled the concentration
of induced transcription factor {T*) and the fractions of time in which genes
G1 and G2 were trmnscribed, denoted as Gi* and G2, respectively, with three
saturation equations:

o e AMLE™
=1 (MK )™ a1
Y
Gl TR e
and
a1 = (T /8"
ST

where T™ s the concentration of total transcription factor; Ky Is the affinity
hetween the transeription factor T and the inducing metabolite M K; and K,
are the transcription factor's affinities to G1 and G2, respectively; and the
powers ny and a represent binding cooperativity Hill coefficients of M1 to T
and of T™ to the two promoters, respectively.

The concentration of the enzymes and the metabolites are described with
time-dependent differential equations:

Ei-E-i--—B Gi' — uEL;
dr ’
dE2
—_— B e s e 1N
= G2 gk
IN1
idT”’: By — (E1 + EML;
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where B and [y are the maximal production rate of E1 and E2 and of Mi,
respectively; o and oy represent the degmdation and dilution of E1 and £2 and
of M2, respectively; and ¢ represents the conversion rate of M1 to M2. Values of
the coefficients, the present simulation, are T™ = 1, Ky = 20, K, = 0.1,
Ka= 0.3, ny = 4, n = | (i, ne cooperativity is assumed) and % = = ayy =
Bag = & = 1. There ase threz reasonable assumptions in the model. First, we
assume that the binding of M1 to Tand of T* to G1 and G2 veeurs on a short
time scale compared with the other reactions; therefore, these reactions are in a
quasi-steady state. Second, we assume that M1 > T {the total number of free
M1 molecules is roughly the same as the total number of M1 molecules}. Finally,
we assume that E1 and E2 work linearly with respect to M1 as a substrate.

Statistical analyses. We computed proportions of dispensable genes as 2
function of mean expression similarity, PCoR and motif-content overlap O
{Figs. 1 and 2) by binning genes into groups according to each of these three
varizbles and then calculating the frequency of viable mutants in each bin. We
counted each gene in each bin only once to aveid repetitions caused by one
gene having multiple paralogs. To establish that our results are independent of
the particular choice of binning strategy, we verified that the observed trends
wete valid usider any relevant bin-size choice (Supplementary Fig. 10 online).

We tested the significance of trends observed for the proportions of
dispensable genes against mean expression similarity (Fig. la}, PCoR
{Fig, 1b) and motif-content overlap (Fig. 2) using logistic regressions analyses
{in Fig. ta, only the declining portion of the curve, with positive expression
similarity values, was used). Further statistical analyses of the results are shown
in Supplementary Figures 9 and 10 online.

URLs. We downloaded gene sequences from the Saccharomyces Genome
Database {http://wwiv.yeastgenome,org/) and retrieved gene knockout pheno-
type data from hupi//sequence-www.stanford.edu/group/yeast, deletion_
project/Essential_ORFs.txt. Functional annotations for alf genes came from
the Gene Ontology annotation scheme at htip/fwww.ysastgenome.org/. We
dewnloaded synthetic lethal interactions and physical interactions between
proteins from the BIND database {httpi//bind.ca/). We collected gene expres-
sion data from ExpressDB (hutp://arep.med.harvard.edu/ExpressDB/) and used
the Proteome database (hup://proteome.incyte.com/) to collect synthetic lethal
pais manually,. Our project website is hitpr//longitude.weizmann.ac.il/
BackUpCircuits/. We obtined EC chwifications from hitp://mips.gstdef
genre/projfyeast/,

-

21}

-

4]

[y

LETTERS

. Conant, G.C. & Wagner, A. Duplicate penes and robustness lo transient gene

knock-downs in Cagnarhabditis elegans. Proc. R. Soc. tond. B Biol. Scii 271,
85-96 (2004),

. Gu, Z. et 3 Role of duplicate genes in genetic robustness against null mutations.

Nature 421, 5386 (2003).

Nowak, M.A., Boertijst, M.C., Cooke, J. & Smith, J.}, Evalution of genetic redundancy.
Nature 388, 167-171 11987,

Lynch, M., O'Hely, M., Walsh, B. & Foree, A. The prabability of preservation of a newly
arisen gene duplicate. Genetics 159, 1789-1804 (2001).

. Lynch, M, & Conery, .5. The gvalutionary fate and consequances of duplicate genes,

Seience 280, 11511155 (2000).

. Foree, A. at 3l Preservation of duplicate genes by complementary, degenerative

mutations. Genetics 151, 15311545 {1999}

. Wagner, A. The role of population size, pleiptropy and fitness etfects of mutations

in the evolution of overapping pene functions. Genstics 154, 1388-1401
(2000).

. Gu, Z., Nicglas, D, Lu, H.H. & Ui, W.H. Rapid divergence in expression bebween

duplicate genes inferred from microarray data. Trends Geset, 18, 609-613
(2002).
Huh, W.K. 8t al. Global anaiysis of protain focalization in budding yeast. Nature 425,

0BB-G91 {2003),
. Papp, 8., Pal, C. & Hurst, L.D. Evolution of cis-regulatory elements in duplicated genes

of yeast. Trends Genet. 18, 417-422 (2003).

van den Berg, M.A. ef al. The two acetyl-coenzyme A synthetases of Saccharomyces
cerevisiae differ with respect to kinelic properties and branscriptional regulation.
J. Bipl. Chem, 271, 28953-28959 (1996).

. Kratzer, 8. & Schuller, H.J. Transcriptional control of the yeast acetyl-Coh synthetase

gene, ACS], by the positive regulatars CATB and ADRT and the pleiotropic repressor
UMES. Mol. Microbinl. 26, 531-841 (19971,

. Hughes, T.R. et al. Functional discovery via a compendium of eaprassion profiles. Call

102, 109-126 {2000),

. Jansen, R., Greanbaum, D, & Gerstein, M. Relating whole-genome expression data with

pratein-protein interactions. Gengme Res, 12, 37-46 {2002},

. (e, H., Liy, Z., Chureh, G.M. & Vidal, M. Correlation between transcriptome ang

interagtome mapging data from Saccheromyces cersvisize. Nat. Genet. 29, 482-486
(2001).

. Lynch, M. & Katju, V. The altered evolutionary trajectodes of gene duplicates. Trands

Ganet. 20, 544-54% (2004},

. Teichmann, $.A. & Babu, M.M. Gene regulatory networi growth by duplication. Nat,

Genet. 36, 492-496 {2004},

. Kondrashov, F.A., Rogozin, 1.B., Wolf, Y.1. & Koonin, E.V. Selection in the evolution of

gene guplications. Genome Biol. 3, RESEARCHGGOB (2002},

. Papp, 8., Pal, C. & Hurst, L.D. Metabolic netwark analysis of the causes and evolulion

of enzyme 'dispensability’ in yeast. Matura 429, 661664 (2004},

. Kellis, M., Patterson, N., Endrizzi, M., Birren, B. & Lander, £.3. Sequencing and

comparison of yeast spacies to identify genes and regulatory elements. Nature 423,
241-254 {20Q3).

. Goldman, M. & Yang, Z. A codon-based model of nucleotide substitulien for protein.

coding ONA sequences. Mol Biol. Evol, 11, 7256-736 (3994),

. Cavalcanti, A.R., Ferraira, R., Gu, Z. & Li, W.M, Patterns of gane duplication in

Saccharamyces cerevisiae and Caenorhabditis elegans. J. Mol Evol. 56, 28-37
{20034

Note: Supplementary information is aveilable on the Nature Geneties website, 23, Steinmetz, LM, e! ai. Systematic scresn for uman disease genes in yaast. Nat, Genel.
31, 400-404 (2002).

ACKNOWLEDGMENTS 24 Harhison, C.T. et ai, Transcriptional regulatory code of a eckaryotic genome. Nature

!

. . . 431, §9-104 (20043,
We thank all members of the laboratory of Y.B for discussions; L. Pc‘chcrsky for 25, Piipel, Y., Sudarsanam, P. & Church, G.M. identifying reguiatory netwarks by combi-
computational assistance; and Y. Garten, N, Barkai, J. Berman, B. Shilo, A.M.

R natarial analysis of promoter elements. Nat Genet, 29, 153-159 (2001).
Dudley, 1. Yanai, O. Man, $. Shen-Orr, D. Graur, [ Lancet, M. Levy and D, Astzi 26, Keliis, M., Biren, B.W. & Lander, £.5. Proof and evoiutionary analysis of ancient
for critieal review of the manusesipt. Y.P. is an incurnbent of the Aser Rothstein genome duplication in the yeast Saccharomyces cerevisize. Nature 428, 617-624

a
Lol
E=
o
3
o
dom
Y]
o
Z
-
&
e
S
a.
o
T
3
2
]
=
10
&
=
N
)]

Carcer Development Chair in Genetic Diseases and is a Fellow of the Hurwitz (2004). o L
Foundation for Complexity Sciences. We thank the Leo and Julia Forchheimer 27. Lurd, PW,, Stevens, R.D., Brass, A, & Goble, L.A. Investigating semantic similarity
Center for Molecular Genetics and the Ben May Foundation for grant support. measures across the Gene Ontology: the relationship between sequence and annota-

tion. Bipinformatics 19, 12751283 (2003},
. Ozcan, 5. Two differant signals regelate repression and induction of gene expression by
glucose. J, Biol. Chem, 277, 46993-46997 (2002).

This paper is dedicated 1o the memory of [ Kafri. 28

COMPETING INTERESTS STATEMENT ) 25, McCamman, M.T. & McAlister-Henn, L. Multiple celhular coasequences of iso-

The authors declare that they have no competing financial interests. citrate dehydroganase isozyme dysfunction. Arch. Biochem. Biophys. 419, 222-233
{2003).

30, Garcia-Radriguez, L.J. &t al. Characterization of the chilin biosynthesis protess as 2

Received 16 November 2004; acceptad 25 Jlanuaty 2005

Published online at hitp:fAavav.nature.com/naturegenetics/ compensatery mechanism in the ths 1 mutant of Saccharomyces cerevisiae, FESS Lath

478, B4-88 (2000).

NATURE GENEFICS ADVANCE ONLINE PUBLICATION 5



Genetic backup of hubs in the protein interaction network: evidence for

evolutionary selection of redundancy”

Redundancies are, and have been, considered the main source of the remarkable
robustness and constancy of phenotypes. Yet, together with that, redundancy is rarely
regarded as an evolved functional component of the genetic system. In fact,
redundancy is typically regarded as the fuel for evolutionary change and thus
consequently, pre-destined for divergence.

In this submitted manuscript we provide, for the first time, evidence
suggesting that redundancy itself may be selected for. This, in turn, implies an
advantageous utilization of genetic redundancies. Specifically, we address
redundancies associated with gene duplicates, yet unlike previous works, we
concentrate on the conservation of redundancy rather than the conservation of
sequence similarity. Our question stems from the fact that while some duplicate pairs
have retained their functional overlap, most have not. To identify functional overlaps
of duplicates we rely on a well established correlation, identified by Barabast et al.,
stating that genes with more partners in the protein interaction network are
significantly more like to be essential for cell viability. Relying on this correlation
among singleton genes, we calculate what would have been the expected proportion
of dispensable paralogs in the absence of redundancy. By comparing these to the
observed frequencies of dispensable paralogs we estimate the proportion of paralogs
that are functionally backed-up by redundant partners. Our results indicate that the
frequency of backed-up duplicates, i.e. duplicate pairs that have preserved their
functional overlap, increases with degree in the protein interaction network. More
significantly, by normalizing to our calculated expected proportions, we show that the
probability of a gene to maintain a redundant partner is significantly dependent on its
degree.

We conclude by noting that while our results do indicate that redundancy was
selected for, it does not necessitate that these were selected for the sake of buffering
mutations. In fact, as an alternative, we suggest that redundancies may be utilized to
regulate and damped non-genetic noise in regulatory pathways. This conclusion may
also be supported by a large number of high level regulators observed in our dataset

of backed-up paralogs.

* Manuscript in preparation to be sent to Science.
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Genetic backup of hubs in the protein interaction network: evidence for
evolutionary selection of redundancy

Ran Kafri and Yitzhak Pilpel®
Department of Molecular Genetics
Weizmann Institute of Science
Rehovot, 76100 Israel

*Email: Pilpel@weizmann.ac.il

Genetic redundancy is likely to be a primary source of robustness of organisms’
phenotypes. Nevertheless, it is commonly regarded evolutionarily instable, at
least on the basis of its role as genetic backup. In contrast, we report here strong
evidence for an evolutionary selection and preservation of genetic redundancies
in yeast. Specifically, we show a preferential retention of redundant duplicate
partners of genes that constitute “hubs” in the protein interaction network. Our
results demonstrate that, in contrast to singletons, deletion phenotypes of
duplicates are independent of their degree of connectivity within the network.
Thus we demonstrate that redundancy itself is selected for and is thus likely
utilized by the cellular system, though possibly for other reasens in addition to

backing-up against mutations.

From studies in several model organisms (/-3) it is apparent that the majority
of genes are dispensable in the sense that their knockouts have a surprisingly small
effect on phenotype. In principle, this dispensability of genes may be either attributed
to a dispensability of their functions, at least under tested laboratory conditions (4), or
to compensations, e.g. by partially redundant duplicates (5). These two alternatives
manifest themselves in two approaches that were shown useful for predicting the
phenotypic consequence of mutations. According to the first, known as “centrality
and lethality” (6), knockouts of “hubs”, i.e. highly connected (or “central”) nodes in
the protein interaction networks has a higher chance to result with lethal phenotypes,
while sparsely connected proteins are more often dispensable. This result was found
to be independent of the of the recently suggested calcification of hubs into “date” or

“party” types (7). According to the second approach, genes that have duplicates



(paralogs) in the genome are significantly more likely to be dispensable (/), partially
due to compensations or “backup”. In these latter cases, the dispensability of genes is
decoupled from the dispensability of their fimctions. In other words, a genes’ essential
function may be backed-up by a redundant duplicate, rendering the gene itself non-
essential. An independent supporting evidence for the essentiality of the biological
functions carried out by genes that have duplicates is the recent report that showed
preferential duplication of conserved genes (8, 9).

We set here to investigate whether or not redundancies, defined by their ability
to “backup” against mutations, are distributed randomly among the genetic network.
Specifically, we ask whether the probability of a gene to be backed-up is affected by
its position in the protein network or the importance of its’ biological function (Fig
1A). To test this we collected the set of S. cerevisiae gene duplicates as described in
Kafri et al. (/0). From these we removed all duplicate pairs that are co-expressed, as it
was previously shown (/0) that these are highly essential, i.e. non-redundant. Also,
since the redundancy of among young duplicates can not be regarded as the
consequence of selection we removed these pairs from our analyses and examined
only remote pairs (Ks>1) as defined elsewhere (/0). We found that in this set of
genes, unlike the rest of the genome, “centrality and lethality” does not hold, namely
genes with low and high “degree connectivity” (i.e. low and high number of
physically interacting protein partners (//)) are equally non-essential (Fig. ). We
reasoned that the disappearance of the “centrality and lethality” trend reflects the
consequence of redundancies rather than a dispensability of the functions carried out
by duplicates with high values of degree connectivity., We, thus, relied on the set of
singleton genes, which approximates a backup-free regime, as a background control
in which the essentiality of genes is coupled to the essentiality of their fimctions. As
expected the singletons strongly manifest “centrality and lethality” as they show a
highly significant (p-value =4 x 10" see legend for details) decline in dispensability
as a function of degree connectivity. This comparison allows us to ask what would
have been the expected dependency between dispensability and degree connectivity in
the absence of redundancies among the duplicates. A comparison between the trends
observed in the two gene sets suggested that the increased essentiality of the
biological finctions of hubs is accompanied, in the set of duplicates, with an increased
likelihood for backup by redundant partners. Based on the duplicates and singleton

trends we calculated the frequency of duplicates that are backed-up at any degree

ta



connectivity (see Fig. 1 and legend for details). From this we found that the
probability of a gene to be backed-up by a redundant duplicate increases with degree
in the protein interaction network, culminating in preferential protection of the “hubs”
(for example consider the probability for backup for genes with degree connectivity
above or below five, a value that was recently suggested to define the “hubs” (7)).

We have also reasoned that if duplications are preferentially retained in
evolution when providing protection to the hubs, then the duplication age (estimated
by the rate of synonymous substitutions in the coding region, see SI) of duplicated
hubs should be higher compared to the age of duplications of lowly connected
proteins. Indeed we found exactly that trend (Fig. 1C), consistent with a scenario in
which retention of duplicates of hubs over long evolutionary time spans is more likely
compared to retention of duplicates of lowly-connected proteins.

In summary, our results demonstrate selection for redundancy on long
evolutionary time scales. An open guestion is why some of hubs have retained a
redundant duplicate while many others have not. We propose that the answer involves
two separate criteria pertaining to different evolutionary time scales (Fig. 1E). In the
short time scale, the immediate consequence of redundancy is a doubling of the
dosage of the duplicated protein. This may be intolerable by some dosage-sensitive
genes and hence be selected against. We are then left to further consider only those
genes for which dosage multiplication was not deleterious. Among these, for
redundancies to be retained for long evolutionary time scales, mere lack of deleterious
effects is not sufficient. These redundancies may be retained if they are provide
advantageous and selectable functionalities. Nevertheless, as it is less likely that
redundancies have been preserved for the sake of backing-up against mutations, the
precise nature of the advantageous utilization of redundancy remains an open
guestion. One intriguing possibility is that functional overlaps contribute to the
regulation or dampening of non-genetic noise and random fluctuations, yet other

possibilities should also be considered.

Figure Legend

A. A schematic diagram showing two hypothetical scenarios for the allocation of
backup in the protein interaction network. In this network nodes are proteins and
edges capture their physical interactions. On the left, backup is randomly allocated to

genes irrespective of their patterns of interactions with other genes, while on the right



backup is preferentially allocated to highly connected genes B. Gene dispensability
vs. degree connectivity for singleton genes (black) and for dissimilarly expressed
remote paralogs (blue). The left vertical axis represents the fraction of dispensable
genes with a degree equal too or greater than that specified by the x-axis. The red line
corresponds to the right vertical axis and depicts the proportion of genes that are
deduced to be backed-up by a partner duplicate. These proportions were computed

similarly to (/), yet for each degree connectivity value separately as: £, - P, (where

Ppp — proportion of dispensabie paralogs, Pps — proportion of dispensable singletons,
see SI for further details). Statistical significance of the dispensability trends of the
singletons and duplicates were calculated by performing logistic regression analyses

on the non-cumulative data obtaining a p value of 4 x 10 (with a slope on the
logistic-transformed curve, B= -0.26 + 0.02) for the set of singletons. On the other

hand, in the duplicates the trend is very weak, and in fact in the opposite direction
from “centrality and lethality” (B= 0.12 4 0.07, p value = 0.067). C. The conditional

probability for retention of redundancy given the predicted essentiality of gene

. . - . P,-F
functions. Conditional probabilities were estimated through ~22--25 n other

os
words, we normalized the frequency of backed-up genes to the frequency of genes
that were predicted, based on singletons, to have essential functions. D. Proportion of
genes having duplicate partners with a Ks>1 as a function of their degree
connectivity. Statistical significance for the increasing slope was established by
performing a logistic regression (B=0.158 £ 0.02, p value =4 x 10-22). In order to
verify that the trend does not merely result from duplicates with degree connectivity
=0 we repeated the analysis for genes with degree >0 and obtained significant
increasing slope (= 0.085 1 0.02; p value = 4 x 10-5). Number of genes in the
categories is given below the figure. E. Schematic depiction of the possible fates of
redundancy following gene duplication events. The scheme distinguishes between the
immediate selective pressures against dosage muitiplication following the duplication
events and the long time scale consequence of drift in diverging functional overlaps.
The conclusion is that redundancy may be preserved if it conforms to these two
separate criteria, namely, dosage insensitivity and an option for an advantageous

utilization of the redundancy, consequently preventing random drift.
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The regulatory utilization of redundaney”.

The central question raised in the article evolved from recent studies (Davis and
Petrov 2004; Jordan, Wolf et al. 2004; Kafri, Bar-Even et al. 2005; Kafri and Pilpel
2006), performed in our lab and others, that surprisingly suggested an evolutionary
selection and functional utilization of genomic redundancies. Functionally redundant
pairs of genes, typified by examples such as Pearce et al. (Pearce, Senis et al. 2004) or
Enns et al. (Enns, Kanaoka et al. 2005) and many more, are highly widespread and
have been acknowledged in all fields of cellular biology. Remarkably, despite its
tremendous prevalence, redundancy itself has rarely entered the spotlight of attention,
except in the context of evolutionary biology where it has been suggested as the fuel
for evolutionary change (Ohno 1970} and thus consequently, pre-destined for
divergence (Lynch and Conery 2000). In fact, apart from buffering mutations of
duplicated genes, redundancies are not expected have much of a role.

In attempt to answer these questions we systematically review a plethora of
individual, well characterized, examples of redundant gene duplicates. We consider
two lines of evidence to indicate a function’s direct benefit from existing redundancy;
first is the evolutionary conservation of the functional overlap and second is a non-
trivial regulatory design that utilizes it. To maintain generality, we did not limit our
search to any particular organism or gene functional class and compiled a large list of
gene pairs answering our criteria. By inspecting our collected examples we came
across a number of regulatory principles that systematically recur in many duplicate
pairs and that we believe may highlight common biclogical functionalities associated
with their redundancy. For example, one interesting common denominator of
redundant duplicates describes a feedback regulation that allows one duplicate partner
to sense and respond to the intactness of its partner. Based on this and other such
“design principles” that we found to recur in many independent examples we
formulate what seems to be the common mode of regulation of redundant duplicates,
which we term a “responsive backup circuit”. Interestingly, redundancies regulated
by responsive circuits are not unique to any single species with examples ranging
from e. coli to mouse and human, and regulate a wide variety of processes ranging

from metabolism and transport to developmental pathways. Yet, in spite of this

* Manuscript under referee evaluation in P.N.A.S.
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variability, we argue here that the unification of these examples into one generalized
theme is rewarding as it has lead us to suggest regulatory principles that may have not
been recognized otherwise,

We conclude by hypothesizing about the functional attributes of responsive backup
circuits and the advantageous functionalities allowing their evolutionary preservation.
For this purpose we classify the different responsive circuits in our compiled list
according to functional class and regulatory design. We present the hypothesis that
responsive backup circuits function as uni-directional noise filters removing
accumulated noise from regulatory cascades. In other words, it has been recently
demonstrated that the stochasticity in gene expression results in random variability in
protein dosage that tends to accumulate for coupled interactions in pathways. The
cellular system, in turn, can dampen the levels of these fluctuations by auto-repressors
and negative feedbacks. In line with these we suggest responsive backup circuits as a
highly efficient component for filtering out non-genetic noise by balancing
fluctuations in one member of the redundant pair with reciprocal fluctuations of its
partner. Furthermore, we rely on basic modeling techniques to compare the efficiency
of responsive backups with that of auto-repressors and show clear advantages of the
former. This hypothesis is also in line with a work that we have just recently sent for
publication showing a preference of responsive circuits to be associated with high
level regulators and hubs in the protein interaction network. By collectively inspecting
a literature of seemingly unrelated examples of redundant gene partners we were able
to recognize common denominators in the regulation of genetic redundancy. We
further highlight a relevance of these denominators to aspects of developmental
biology, metabolism, transport, transcriptional cascades and more. In doing so, we
provide, for the first time, a “systems biology” approach for the aimed at
understanding the implications of the so widely encountered genetic redundancies.
Lastly, our conclusions challenge widely accepted notions of molecular evolution in

proposing that redundancy itself may be selectable.

5



The regulatory utilization of genetic redundancy

through responsive backup circuits.

Ran Kafti$, Melissa Levy}
and Yitzhak Pilpel*

Department of Molecular Genetics
Weizmann Institute of Science

Rehovot 76100, Israel

$Both authors contributed equally

*Corresponding author at: pilpel@weizmann.ac.il

Fax: 972-8-934 4108

March 6, 2006



Abstract

Functional redundancies, generated by gene duplications, are highly widespread
throughout all known genomes. One consequence of this is a tremendous increase to the
robustness of phenotypes, as mutational inactivation of many genes can be compensated
for by functionally overlapping partners. Yet this very fact also renders these
redundancies evolutionarily unstable and they are consequently predicted to have only
transient life times.

Despite this, numerous reports describe instances of functional overlaps that have
been conserved throughout extended evolutionary periods. Additionally, there are an
increasing number of studies providing evidence for cross-regulatory interactions
between redundant partners that result in an up-regulatory response of one gene partner in
the case that the latter was mutationally inactivated. Thus the paradigm that emerges is
that genes that are functionally redundant are often not independently controlled but
rMMrmwamrQMmmﬁwaﬂ@@n&ﬁh%emﬁmd%bﬁhmmﬁmamhmmmdm
their intactness. By manual inspection of the literature we have compiled a list of such
‘mmewwmmWCMmmimewmgm%cmﬂm&wemmmwwmmgpmMﬂ%ﬁm
characterize their function and regulation. We then apply modeling approaches to further
explore their dynamic properties. We demonstrate how such circuitries may generate
various functionalities such as filtering non-genetic noise and fluctuations, thus providing
phenotypic robustness, Furthermore, we classify different regulatory motifs based on
their efficiency at exploiting and taking advantage of existing functional redundancies.
Our conclusions, thus, chalienge the view that such redundancies are simply leftovers of
ancient duplications and suggest they are an additional component to the sophisticated
machinery of cellular regulation. In this respect, we suggest that compensation for gene
loss is merely a side effect of sophisticated design principles utilizing functional

redundancy.
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Introduction

Duplicate genes and paralogous gene families have long been perceived as
genomic sources of genetics robustness (Ohno 1970; Kirschner and Gerhart 1998,
Wagner 2000; Hartman, Garvik et al. 2001; Krakauer and Plotkin 2002; Gu 2003; Gu,
Steinmetz et al. 2003; Conant and Wagner 2004). The assumption is that a functional
overlap of these genes acts to compensate against mutations, i.e., one paralog could
substitute for the function of its partner in case the latter had suffered a mutation
rendering it completely or partially non-functional. From an evolutionary perspective,
redundancies serve to buffer phenotypes from genomic variations by reducing the
phenotypic cost of mutations and, consequently, increasing the organism’s’ evolvability
(Gerhart and Kirschner 1997; Kirschner and Gerhart 1998). But on the other hand, this
very fact renders these redundancies instable on evolutionary time scales (Ohno 1970;
Nowak, Boerlijst et al. 1997; Wolfe and Shields 1997; Lynch and Conery 2000;
Brookfield 2003; Conant and Wagner 2003; Gu, Steinmetz et al. 2003; Makova and Li
2003). In other words, if a gene’s function can be perfectly compensated forbya
redundantly functioning partner, mutations in that gene would bear no consequence on
the phenotype of that individual. Such mutations, therefore, could not be selected against
and would tend to accumulate, leading to either loss of function of one of the duplicates
(non-functionalization), or in the case of pieiotropy, the functions of the ancestral gene,
prior to duplication, will be partitioned between the two duplicates (sub-functionalization)
(Lynch and Conery 2000). A third and more rare possibility is that one or both of the
duplicate partners will acquire novel functions not present in the ancestral gene (neo-
functionalization).

Thus, redundancy gencrated by gene duplication is in most cases short- lived on
evolutionary time scales and is rapidly eliminated by massive gene loss and specialization
(Wolfe and Shields 1997; Lynch and Conery 2000; Kellis, Birren et al. 2004). Despite
this being the general case, the numerous examples of paralogs retaining their functional
overlap for extended evolutionary periods (for examples see (Hughes 1994; Maconochie,
Nonchev et al. 1996; Nowak, Boerlijst et al. 1997; Schwarz, Alvarez-Bolado et al. 1997;
Mansouri and Gruss 1998; Weiss, Stock et al. 1998)) suggest that, at Jeast for a fraction

of gene pairs, redundancies are conserved throughout evolution despite their predicted



instability. One such example is the pair of O-acyl-transferases isozymes, redundantly
catalyzing the conjugation of sterols to fatty acids, for which functional overlap has been
conserved all the way from yeast (Arel and Are2) to mammals (ACATI and ACAT2)
((Yang, Bard et al. 1996; Yu, Kennedy et al. 1996; Cases, Novak et al. 1998)). In fact,
although retention of redundancy is much less frequent than its loss, its widespread
existence is non-trivial and cannot (Nowak, Boerlijst et al. 1997) be dismissed as
leftovers of recent duplication events. In one study, modeling of evolutionary dynamics
suggested that this conservation may be the result of asymmetries in the functional
efficiencies or mutation rates between the redundant pair members (Krakauer and Nowak
1999). Alternatively, redundancies were suggested to be selected for their contribution to
robustness and evolvability (Gerhart and Kirschner 1997; Kirschner and Gerhart 1998).
In this review we wish to adapt the view that, at least in some pathways, redundancies are
selected for based on some evolutionary advantage that they confer to the wild-type
organism. In particular, we suggest the existence of regulatory designs that exploit
redundancy to achieve functionalities such as control of noise in gene expression or
extreme flexibility in gene regulation. In this respect, we suggest that compensation for
gene loss is merely a side effect of sophisticated design principles utilizing functional
redundancy.

Clues for regulatory designs controlling redundancy were first obtained in a recent
study (Kafri, Bar-Even et al. 2005) that explored the dispensability of gene duplicates
with various degrees of co-regulation. The underlying assumption of this study was that
in order for one duplicate copy to compensate against the loss of its partner, both
duplicates must not only perform the same function but do so at the same place and time.
In other words, co-regulation of duplicates was perceived as a prerequisite for functional
compensation (Gu, Steinmetz ¢t al. 2003; Kafri, Bar-Even et al. 2005} . In reality,
however, similarly expressed paralogs were found to almost never back each other up, as
evident from their high essentiality. In fact, tightly co-regulated gene duplicates were
found more essential for viability than singleton genes. Functional redundancy and
compensation were found to be most prevalent among gene duplicates that are regulated
differently from one another (Kafri, Bar-Even et al. 2005). Further insight was provided

by the observation that some differentially regulated duplicates maintain the ability to



become co-regulated under certain environmental conditions. Such conditional co-
regulation (CCRY), or partial co-regulation (PCoR) of these genes within the
transcriptional network, was shown to be very strongly negatively correlated with the
severity of the knockout-phenotypes of these genes. Thus the paradigm that has emerged
is that genes that are functionally redundant are often not independently controlled, but
rather they are regulated by a system that both monitors and responds to their intactness.
In this study we will survey examples of such ‘responsive backup circuits’ and draw a

general outline for their function, design and evolution.

Responsive backup circuits.

Two lines of evidence could indicate a function’s direct benefit from existing
redundancy; first is the evolutionary conservation of the functional overlap and second is
a non-trivial regulatory design that utilizes it. Many well known examples meet both
these criteria, one of which is that of the 1,3-beta-glucane synthase catalytic subunit in
yeast that is encoded by the two alternative, functionally redundant and synthetically
lethal, genes FKS1 and FKS2 (Zhao, Jung et al. 1998). The evolutionarily selectable
advantage of this redundancy can be inferred from the fact that both isozymes are found
as duplicates in all 12 sequenced yeast species except for the Yarrowia lipolytica (Leon,
Sentandreu et al. 2002), Furthermore, in S. cerevisiae, these two genes obey a particular
regulation whereby FKS2 transcriptionally responds to the intactness of FKS1 and is up-
reguiated upon FKSI mutational inactivation (Garcia-Rodriguez, Trilla et al. 20600).
Numerous other examples describing such ‘responsive backup circuits (RBCs) exist and
cover a wide variety of organisms ranging from bacteria to mammals (see table 2 for
more examples). In fact, the observed prevalence of this particuiar regulatory design for
control of genetic redundancy raises questions as to the specific selectable functions that
it performs, In this review we will highlight common denominators of known RBCs and

use these to suggest principles that govern the utilization of redundancy and its evolution.

Conditional Co-Regulation and the maintenance of metabolic fluxes.
A key requirement of the metabolic regulation is the maintenance of metabolite

fluxes, despite the sometimes extreme changes in the external conditions and nutrient



availability. On evolutionary time scales, adaptation to extreme environmentai changes is
sometimes achieved by preservation of gene duplicates (Kondrashov, Rogozin et al.
2002). This is illustrated by the numerous observations of adaptive gene amplifications in
response to antibiotics (Koch 1981; Romero and Palacios 1997), anticancer drug
treatments (Stark and Wahl 1984; Schwab 1999; Montgomery, Price et al. 2001), nutrient
limitations (Sonti and Roth 1989; Romero and Palacios 1997; Brown, Todd et al. 1998),
and more {sce (Kondrashov, Rogozin et al. 2002) for more examples). Also, it was
suggested from a genome wide analysis that enzymes corresponding to reactions with
higher metabolic fluxes are more likely to have duplicate partners (Papp, Pal et al. 2004).
For a single cell, the ability to quickly and efficiently respond to fluctuating environments
is crucial and offers an obvious evolutionary advantage. One avenue through which
functional redundancy is utilized to facilitate this ability is by exploiting the differential
efficiencies gencrated by divergence. For example, in yeast, the HXT gene family
encodes a redundant set of membrane hexose transporters with varying affinities towards
glucose and consequently different transport efficiencies (Ozcan and Johnston 1999},
This variation together with glucose-tuned regulation enables the control of glucose flux.
This is done by the expression of high affinity transporters when glucose is limited and
low affinity transporters when glucose is abundant (Ozcan and Johnston 1999), thus
allowing the cell to adapt to different external glucose availability. Other examples that
fall under this principle include the transport of iron, copper, manganese, zinc and other
metals in yeast (Marini, Soussi-Boudekou et al. 1997; Eide 1998). Interestingly, some of
these transport systems are further regulated by RBCs (Nicholson, Sawamura et al. 1998;
Ozcan 2002), which, as we will show later, may serve the beneficial role of providing
robustness of the flux control to internal noise arising from genetic variation.

Within the metabolic network, fluxes are governed and regulated by the
concentration of active enzymes catalyzing the different reactions. Although the detailed
contribution of functional redundancy to this regulation is not fully established, such
contribution is highly expected given the large amount of isozymes and other
redundancies that exist within these networks (supplementary fig 1). Supplementary
figure 1 shows that individual isozymes are less essential and produce less deleterious

effects upon deletion than enzymes existing in single copy. An interesting twist to this



account comes from the fact that isozymes, although redundant and consequently
dispensable, obey different regulatory programs and are transcribed at different times in
response to environmental pressures (Gasch, Spellman et al. 2000; Thiels, Levy et al.
2004; Kafri, Bar-Even et al. 2005). A recent finding supplying the compromise between
these two seemingly opposing observations shows that many differentially regulated
genes can be induced for co-expression given that particular environmental stress stimuli
were applied (Kafri, Bar-Even et al. 2005). More so, gene pairs that maintain this
capacity for conditional co-expression were shown to be the most likely candidates for
compensating against deletion mutations (Kafri, Bar-Even et al. 2005). This conditional
co-regulation (CCR) (referred to as PCoR in (Kaffi, Bar-Even et al. 2005)) may provide
essential clues for the function of these redundancies in the regulation of metabolic fluxes.
The model that emerges is that while many isozymes are specialized for different
environmental regimes, alarm signals induced by particular stress stimuli may call for
their synergistic co-expression. Here, RBCs provide functional specialization together
with extreme flexibility in gene contro! that could be activated when sufficient stress has
been applied. For example, in yeast, glucose serves as a regulatory input for alternating
between aerobic and anaerobic growth. Its presence is detected by two separate and
independent signaling pathways, one probing intracellular glucose concentrations and the
other probing extracellular concentrations (Ozcan 2002). This differential sensing enables
some genes to be separately regulated by either intracellular or extracellular ghicose. One
consequence of this shows effect in the responsive backup circuit composed of Hxtl and
Hix2. Here feedback is made possible by having Hxt2 controlled by two opposing signals.
One is its induction by extracellular glucose and the second is its repression by
intracellular glucose (Fig 2 & (Ozcan 2002)). The consequence of this is that while high
glucose concentrations results in repression of Hxt2 expression, its induction could either
be triggered by low environmental sugar, or alternatively, by mutations in genes
responsible for glucose influx (Ozcan 2002). Other similar examples include the
isocitrate dehydrogenases idp2 and Idh where the glucose repression of idp2 is reversed
in the Aikd mutant (McCammon and McAlister-Henn 2003) and for the pair Acsl and
Acs2 where Acs2’s expression is induced in the Ades/ mutant (van den Berg, de Jong-

Gubbels et al. 1996). In all these cases, the common denominator is that one of the two



duplicates is under repression in wild-type, and that that repression is relieved upon its

partner’s mutation.

Redundancies of developmental regulators

The extent to which genomic functional redundancies have influenced the way we
think about biology can be appreciated simply by inspecting the vast number of times the
word ‘redundancy* is specificaily referred to in the biomedical literature (fig 1).
Particularly interesting is the abundance with which it is addressed in studies of
developmental biology (fig 1). In fact, it is here that concepts such as ‘genetic buffering’
and ‘canalization’ (Waddington 1942) had first been suggested. Furthermore, the
robustness of the developmental phenotypes such as body morphologies and patterning
have been repeatedly demonstrated (Gerhart and Kirschner 1997). So the question is, are
these redundancies simply leftovers of ancient duplications or are they an additional
component to the sophisticated machinery of cellular regulation?

In criticism one may argue that many of the reported redundancies do not actually
represent functionally equivalent genes but rather reflect only partial functional overiap.
In fact, knockout phenotypes have been described for a number of developmental genes
that have redundant partners ((Qiu, Bulfone et al. 1995; Qiu, Bulfone et al. 1997; Eans,
Kanaoka et al. 2005)

Although this may suggest that these redundancies have not evolved for the sake
of buffering mutations, it has, in our opinion, little relevance to the question of whether or
not they serve a functional role. The interesting question is then, can such a functional
role for the duplicated state be inferred from the way the two genes arc regulated?

For most cases of developmental redundancies, redundant partners are either
temporally or spatially distinct in their expression patterns (table 2), however some level
of expression overlap is usually observed. Cross-regulation of redundancies has only
been tested for in a relatively small number of cases, yet from those, a few persuasive
recurring themes do emerge. One of the better known cases of cross-regulated
developmental regulators is that of the four master regulators of vertebrate skeletal
muscle development: MyoD, Myf-5, myogenin and MRF4, collectively known as the
MRF gene family (Sabourin and Rudnicki 2000). These four basic Helix-Loop-Helix



transcription factors specify and execute the process through which naive mesoderm cells
differentiate to form distinct skeletal muscles (for review see (Olson and Klein 1994,
Molkentin and Olson 1996)) and are activated sequentially during myogenesis. The
myogenic pathway consists of two separate phases. In the first phase, MyoD and Myf-5
specify the myogenic progenitors in the somites into myoblasts which are celis that are
committed to become muscle fibers. In the second phase, myoblasts develop into
myofibers, a process initiated by myogenin and MRF4 (Zhang, Behringer et al. 1995).

Sequence similarity between the myogenic transcription factors suggests that
these have evolved through multiple gene duplication events early in the evolution of
vertebrates, approximately with the appearance of fish (Krause, Fire et al. 1990;
Michelson, Abmayr et al. 1990; Venuti, Goldberg et al. 1991; Holland, Hoiland et al.
1992; Atchley, Fitch et al. 1994). Interestingly, despite their long evolutionary separation,
these regulators have largely conserved their functional redundancy. In fact, experiments
on mice where MyoD was completely inactivated resulted in viable and fertile mice that
exhibited phenotypically normal skeletal muscles (Rudnicki, Braun et al. 1992). In strong
contrast, mice lacking both MyoD and Myf-5 lack skeletal muscle altogether and die
soon after birth (Rudnicki, Schnegelsberg et al. 1993).

From the perspective of this review, myogenesis is a particularly interesting
process as it harbors two responsive backup circuits. The first is manifested by the up-
regulation of Myf-5 in response to mutations in MyoD (Rudnicki, Braun et al. 1992). The
second is described by the induction of myogenin in response to mutations in MRF4
(Zhang, Behringer et al. 1995). An additional interesting feature of the MRF responsive
backup circuits is by what we term ‘dosage dependent linear response’. By this we wish
to account for the observation that the up-regulatory response induced by a heterozygote
mutation is approximately half that of the homozygote one. In particular, for MyoD and
My{-5, mutations in one of the two MyoD alleles results in an 1.8-fold up-regulatory
response of Myf-5, while disruption of both alleles results in a 3.5-fold response
(Rudnicki, Braun et al. 1992). This type of linearity may hold clues as to the both
function and regulation of these genetic circuits. One attractive possibility that may be
suggested by this linearity is that the process carried out by these redundant regulators

benefits from constancy of the sum of their protein concentrations. In other words, while



the concentration of MyoD may fluctuate due to noise in gene expression or false
induction, the sum of MyoD + Myf-5 may have evolved to remain constant (see formal
analysis below).

An additional example illustrating dosage dependent linear response constitutes
the Pax/ and Pax9 regulators of sclerotome development. Here functional redundancy
has been established at the phenotypic level from mutant mouse experiments showing
that Pax/ can fully rescue Pax9 mutants and conversely Pax9 can offset the Pax/-null
phenotype to a substantial degree (Peters, Wilm et al. 1999). In line with what seems to
be the general case for numerous examples of developmental redundancies (see table 1),
PaxI and Pax9 have partially overlapping expression domains during early development,
particularly in the sclerotomes (Peters, Wilm et al. 1999). This overlap, though, decreases
in the later stages of development. The responsive circuitry of these regulators was
established using the lacZ/gal system to show an up-regulation and spatial expansion of
Pax9 expression in the sclerotomes of the Pav/ mutant (Peters, Wilm et al. 1999). Thus
Pax9 expression in the Pax] mutants was observed in cells that in wild-type exhibit only
Pax] expression. Dosage-dependency was observed by comparing phenotypes of
combinations of wild-type, heterozygous and homozygous mutants of Pax/ and Pax9
(Peters, Wilm et al. 1999). It is worth noting that functional redundancy was also
suggested for other members of the Pax gene family, in particular for the two pairs
Pax2/Pax5 (Schwarz, Alvarez-Bolado et al. 1997) and Pax3/Pax7 (Mansouri and Gruss
1998). All nine member family of the Pax transcription factors carry roles in the genetic
control of mammalian organogenesis (for review see (Dahl, Koseki et al. 1997)).

Other examples of responsive circuits of redundant developmental regulators
include the closely related homeobox gene pair Gsil and Gsh2 for which mutational
inactivation of Gsh/ resulted in a pronounced expansion of Gsh? expression in the
cerebral cortex and olfactory bulb of mice with an apparently normal phenotype
(Toresson and Campbell 2001). The vertebrate Distal-less related regulators dix3 and
dix7 where morpholino-induced inactivation of dix3 resulted in a strong induction of dix7
mRNA expression in zebrafish embryos (Solomeon and Fritz 2002). The two functionally
overlapping E3 ligases, Smurf-1 and Smurf-2 (Yamashita, Ying et al. 2005) for which

knockouts of Smurf-1 were shown to result in an upregulatory response of Smurf-2
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(Kavsak, Rasmussen et al. 2000; Lin, Liang et al. 2000; Zhang, Chang et al. 2001). The
midkine and pleiotrophin cytokines for which functional redundancy was observed and a
strong up-regulatory response of pleiotrophin was shown to result from double knockout
of the midkine gene (Herradon, Ezquerra et al. 2005). And other examples as listed in
table 2.

The abundance of redundancies occurring in genes related to developmental
processes and their functional role as master regulators (fig 1) may be taken to suggest
their utilization in either the flexibility or robustness of regulatory control. In fact,
redundancies among high-leve! regulators have often been reported outside the context of
developmental pathways (fig 1 and table 2). Although for most examples the regulation
that they confer on one another was not assessed, some have been specifically identified
as displaying negative cross-regulatory inhibitions (see table 2). One such example
existing in E. coli is that of the pair stpA/HN-S that regulate genome-scale transcriptional
response to DNA damage (Dorman 2004). This pair of regulators displays an additional
complexity where its regulation is induced by pairwise associations fo either form
homodimers composed of either of the pair members or heterodimers containing both
(Dorman 2004). Nevertheless, mutational inactivation of HN-3 induced an up regulatory
response of its partner, stpA with only marginal effect on phenotype (Zhang, Rimsky et al.
1996; Free and Dorman 1997). A more recent example indicates that the multidrg
resistance phenomenon in S. cerevisiae is also regulated by an RBC encoding for the up-
regulation of the transcription factor YRRI in response to the deletion of its partner,

YRM1 (Lucau-Danila, Delaveau et al. 2003; Onda, Ota et al. 2004).

Recurring regulatory patterns

Two architectures of cross-regulated redundancies may exist. According to the
first, inactivation of each of the redundant genes from a given pair would result in the
induction of the other (fig 3A) and according to the second, only one of the pair members
is responsive (fig 3B & 3C). We therefore suggest the terminology bidirectional and
unidirectional RBCs. This distinction is important as from the current literature review,

all but two of the examples seem to fall into the unidirectional category. In light of this,
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we further suggest, for unidirectional RBCs, the distinction between the responsive gene
and the controller gene.

The above is but one of several asymmetries and regulatory patterns that
systematically recur throughout the literature. An additional example is the classification
of redundant pair members into a ubiquitously expressed gene partner and a sporadically
expressed one (see table 2). One of the most profound and insightful of these recurring
regulatory themes is that, while both genes are capable of some functional compensation,
disruption of the responder produces a significantly less deleterious phenotype than
disruption of the controller (table 2). An insightful example illustrating this entails the
pair of genes Fks1 and Fks2 redundantly encoding the catalytic subunit of the yeast 1,3-
B-glucan synthease (Douglas, Foor et al. 1994; Inoue, Takewaki et al. 1995). This
enzyme is responsible for the generation of cross-links within the 1-3-B-glucan matrix
comprising the major structural component of the yeast cell wail. Being such, this process
requires very tight regulation with cell wall degradation and celi cycle to enable budding
and isotropic cell growth. This fact is also suggested from the numerous associations of
FKS1 within the genetic interaction network, illustrating its linkage to processes such as
cell cycle control, environmental stress responses and mating (Lesage, Sdicu et al. 2004).
The surprising aspect of this story is that despite this high connectivity of FKS1, FKS2 is
only sparsely connected (Lesage, Sdicu et al. 2004). More so, while deletion of FKS1
induces an up-regulatory response of FKS2 with mild phenotypic effects, deletion of
FI.S2 induces no regulatory response of FKS1 but also no detectable effect on the
phenotype (Douglas, Foor et al. 1994). This result may seem counter-intuitive as it is
FKS? that is up-regulated to rescue against deletion of FKSI and not vice-versa, yet
FKS2 is the more dispensable gene within this pair. (see table 2 for more examples). A
simple potential interpretation may suggest that while the controller is the key player
performing some essential biological role, the responder is merely a less efficient
substitute. Yet, accepting the notion that redundancy could not have evolved for the sake
of buffering mutations, this interpretation is still severely lacking.

A different, and more biologically reasonable hypothesis accounting these
asymmetries is that one of the functions of the responder is to buffer dosage fluctuations

of the controller. This buffering capacity requires a functional overlap that also manifests
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itself in compensations against the more rare event of gene loss. Other models accounting
for this are further discussed in this manuscript but our main point of argument is that this
complex regulation of functionally redundant, yet evolutionarily conserved genes,

strongly indicates utilization of redundancy.

Regulatory designs

What regulatory design could account for a gene sensing and responding to its
redundant partner’s intactness? From the most general perspective there are three possible
regulatory schemes that could answer this question. Scheme A (fig 4A) entails a direct
negative regulation of a gene by its functionally redundant partner. Scheme B (fig 4B)
utilizes the substrate abundance as a proxy for its partner’s activity. In other words, over-
accumulation of substrate, potentially caused by reduced or abolished efficiency of one of
the RBC pair members, signals for over-production of the second member. Scheme C
employs end-product inhibition. Assuming that an end-product nay inhibit both
redundant partners, the lack of function of one of the partners would result in absence of
the product and hence relief of repression from the second partner. Conceptually,
schemes B and C are symmetric.

One instance of an RBC that relies on a direct regulatory interaction between
redundant partners without involving either substrate or end-product regulation
constitutes the two vertebrate Distal-less related regulators, d/x3 and dix7 (fig 5). These
paralogous transcriptional regulators are both expressed in embryonic development and
are involved in the development of auditory and olfactory placodes (Ekker, Akimenko et
al. 1992: Akimenko, Ekker et al. 1994; Ellies, Stock et al. 1997). By injecting anti-d//x3
and anti-d/x7 morpholino oligonucleotides (MO) in zebrafish it was showed that whereas
the simultancous inhibition of both genes (d/x3+7-MO) resulted in embryos having
severe defects in the auditory and olfactory placodes, dix7 loss-of-function embryos
appeared phenotypically normal and d/x3 MO embryos exhibited only smaller auditory
placodes and inner ear structures than normal (or wild-type) embryos (Solomon and Fritz
2002). Increase in d/x7 mRNA was observed in the dix3 MO embryos (Solomon and Fritz
2002).
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The regulatory relationships between the dlx3 and dix7 were tested by measuring
the mRNA content of the different MO treated embryos (Solomon and Fritz 2002) and
are summarized in a network diagram (Fig. 5) featuring both cross and auto regulation.
Thus, the lesson is that, for this case, redundancy is embedded within a more complex
interaction network that includes a unidirectional responsive circuit in which the
controller (dix3) also represses its own transcription while the responder (d/x7) is a
positive auto-regulator.

Another interesting example for which the regulatory pathway leading to
induction was well characterized constitutes the unidirectional RBC of Fksl and Fks2, in
yeast (discussed above in a different context). Here, the responder (Fks2), in addition to
being activated in the fks/4 mutant, is also induced by heat-shock, cell wall damage,
pheromone and Ca™ (Garcia-Rodriguez, Trilla et al. 2000). The intricate design of this
circuitry is realized by the fact that there are two different, alternative, signaling pathways
that operate synergistically to control Fks2 expression. While response to Fksl deletion is
activated through a calcineuerin/Ca’™ dependent pathway, response to heat shock and cell
wall damage in induced by both the former and the Roh! dependent cell integrity
pathway (Zhao, Jung et al. 1998). Even more interestingly, it was found that these two
pathways induce different and complementary dynamics of the Fks2 response {(Zhao,
Jung et al. 1998), Specifically, while the calcineuerin -dependent pathway induces a rapid
but transient response, the Roh1l-dependent pathway induces a delayed response that is
sustained for longer time scales.

An end-product activated feedback mechanism is demonstrated by the hexose
transporters Htx1 and Hxt2 in yeast (Fig 2) where the expression of both genes is
repressed by the level of intraceliular glucose. Thus, once the flux of glucose from the
environment to the yeast’s cytoplasm decreases an additional glucose pump is induced

for expression.

Functional consequence of cross-regulated redundancies,
The up-regulation of the responsive gene in RBCs could be enceded for in a
number of different ways, a few of which are schematically depicted in table 1 (first

column). These different regulations, though, are not equivalent and result in differences
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in both dynamics and steady states of the response. Inspired by a recent approach for the
analysis of network motifs (Shen-Orr, Milo et al. 2002; Mangan, Zaslaver et al. 2003;
Tyson, Chen et al. 2003) we quantified the different RBCs shown in table 1 for their
steady state characteristics (see supplementary material for detailed calculations). Our
basic hypothesis was that if there are biological functions that exploit redundancies
between RBC pair members, such functions, to a first approximation, would be
proportional to either the sum (independent functions) or the product (synergistic
funetions) of the concentrations of the two redundant proteins (fig 6 which for the sake of
illustration shows a specific transcription factor oriented example). Examples of the first
include reactions that are catalyzed by two independently functioning isozymes. In such
cases the total rate of product production catalyzed by the pair of isozymes would be
equal to the production rate contributed by the first isozyme plus that of the second.
Examples of the second, i.e. synergistic exploitation of redundancies, could be
understood by reactions that exploit cooperativity between RBC pair members. Examples
arc biological functions that are carried out more efficiently by heterodimers of the
partially redundant proteins (see HN-S and StpA for an illustrative example).

Table 1 shows the steady state solution for differential equations that describe the
dynamics of three different RBC motifs. We decided to limit the scope of the formal
analysis only to these three motifs as we wish to address only sub-networks that maintain
a negative feedback and that can be modeled with no more than two free variables. Given
an RBC composed of two geaes, G1 and G2, we examined the capacity of each of the
analyzed motifs to sustain constant steady state concentrations of G+ G or Gix G> with
respect to variations in the concentration of Gi. In other words we computed the steady
state susceptibility (Paulsson 2004), Hy,, of both synergistic and additive functions of
RBCs to variations in the controlier G;. By doing this we asked whether an RBC may
serve to fiiter the downstream processes from variation and fluctuations arising from non-
genetic noise (Elowitz, Levine et al. 2002), genetic variability of G, or genetic variability
effecting G\’s regulation. An extreme case of such variations entail the consequence of a
deleterious mutation (or knockout/down) of the controller, Gy, as in the experiments

described throughout this review.
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The three RBC motifs that we examined include: Motif I (simple repression),
described by Gy exerting a negative regulation on G»; Motif Il (damped controller) where
G, exerts negative regulation on itself and on G»; and Motif Il (cycled feedback) where
G, exerts negative regulation on G, and G in turn, positively regulates G;.

The first observation that is immediately apparent from examination of the results
in table 1 is that the product of the concentrations of the two redundant proteins is
insensitive to variations of the controller, G; (G1x G1 is not dependent on vy - the
maximal production rate of ;). One important aspect of this result is its generality as it
extends beyond the scope of RBCs and may hold true for complexes or heterodimers
given that one monomer with these complexes negatively regulates the rest (as may be
the case for some heterodimers (see HN-S/StpA, table 2)). An interesting question
stemming from this is what are the functional advantages that are associated with this
property? One attractive possibility is that this regulatory design masks the function from
dosage fluctuations of the controller. Thus while in the extreme case of G¢’s complete
deletion the circuit will be highly robust to variations in G1's level.

Since down-regulation of one member of an RBC leads to an up-regulation of its
partner, it may be expected that the total sum of both proteins will stay relatively constant
despite variations in G's concentration. In other words, for a given RBC, a fluctuation of
the controller, Gy, is expected to be counteracted by a reciprocal effect of the responsive
partner, G2. To quantify the relationship between these counteracting eifects we
computed the steady state susceptibility, Hss, (Paulsson 2004) of G+G> with respect to
v, for the different RBC motifs (Fig. 7). Since our analyses werc strictly focused on long
time scale fluctuations, we computed H by considering the effects of the fluctuations on
the steady state levels rather than on changes in reaction rates as defined in (Paulsson
2004). Results of these analyses are presented in table 1 and shown in figure 7 for
particular parameter values. Unlike the almost absolute buffering capacity RBCs offer for
synergistic functions proportional to Gy X G, here the counteracting effect of the
responder is inversely proportional to the square of the induction level. The consequence
of this is that this counteracting effect becomes less effective at high production levels of
the controller. This result is clearly demonstrated in figure 7 displaying the dependency

of G+ G2 on v; for motifs [-111,
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From figure 7 it can be clearly seen that RBC motif II provides an effective
buffering for the broadest rage of controller production levels. Interestingly, this specific
responsive circuit was the one found to exist for the pair of regulators DIx3/DIx7, where
Dix3 is the controller and DIx7 is the responder {Selomon and Fritz 2002). The buffering
efficiency of this motif is due to both the complementing effect of the responsive gene
and the negative auto-regulatory effect of the controller. Although the precise range of
effectiveness of each of these motifs is very much parameter dependent, motif I has
some fundamentai advantages over the others. First, the strength of the restoration
response, but not the inductive response, can be fine tuned by the level of induction of the
responsive gene. This can be seen by the fact that while ¢z is a function of v (see table 1},
¢, is constant. Although this is also true for motif I, motif I has the additional advantage

of the negative auto-regulation of the controller.

Prevalence of RBC in literature and in nature

One of the central open questions that must still be addressed is just how common
are RBCs in biology and how frequently do they appear in the different genomes. Also,
we can ask whether this frequency, be it low or high, can be faithfully estimated from the
amount of times RBCs are reported in the literature. In other words, do RBCs represent a
‘genome wide’ phenomenon or a collection of rare incidents? It is unfortunate that at this
point no conclusive answer can be provided to that question, mainly because of the very
limited number of studies that have specifically probed for cross-regulation among
redundant protein pairs. Since absence of phenotype in a knockout experiment {a
potential consequence of RBCs) is often looked upon by researchers as an 'insignificant
result’, analyses of the 'minor' regulatory consequences of such knockouts may have not
seen the light of publication. One approach to overcome this is to collect pairs of genes
for which the double knockout is lethal while the separate gene disruptions are not, i.e.,
synthetic lethals. In some respect these interactions could be regarded as proxies for
functional compensatory interactions between these genes and thus some form of
functional redundancy. The problem is that a close inspection reveals that the vast
majority of synthetic lethal pairs are far from being even remotely functionally equivalent.

For example, the list of synthetic lethals of FKS1 gene in yeast (Lesage, Sdicu et al.
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2004), include the gene FEN1. This gene is an enzyme that lies on the pathway of
sphingolipid biosynthesis. Its genetic interaction with FKS1 is thought to result from an
accumulation of its substrate, phytosphingosine, in the plasma membrane of the FENI
deletion mutant. Phytosphingosine, in turn, is thought to repress the interaction between
Fkslpand Rholp, possibly by forming a microdomain around Fksip and physically
preventing its association with its regulatory subunit, Rho (Abe, Nishida et al. 2001).
Thus, despite the genetic interaction, no redundancy can be implied.

Furthermore, we argue while the question of prevalence of RBCs is important,
one can not judge their biological significance solely based on that criteria. This fact is
emphasized, for example, by the pair of genes utrophin and dystrophin associated with
structural components of muscle fiber. This pair of genes constitutes an RBC in that
utrophin was found to be up regulated in the absence of its homolog dystrophin (Porter,
Rafael et al. 1998). Particular attention has been attracted to this gene pair as dystrophin
mutations were found causative of the Duchenne muscular dystrophy condition in human
patients. Yet, in mice, utrophin has shown remarkable ability to compensate for
dystrophin knockouts and it is estimated that partial compensation also occurs in humans
(Deconinck, Rafael et al. 1997). Inspired by the efficient compensatory effect this RBC
has in mouse studies have been suggested to artificially induce in human patients by
means of gene therapy (Deconinck, Rafael et al. 1997; Porter, Rafael et al. 1998;
Dowling, Culligan et al. 2002). Although these ambitions are not yet been realized they
point a fruitful possibility.

One of the challenges of this work was to survey the literature for alrcady
documented cases of RBCs. The difficulty of this lies in the fact that there is, currently,
no consistent ontology to describe backup circuits. As a result there is no simple pubmed
search that could retrieve all such cases. Instead, we employed here a manual laborious
search strategy in which papers whose abstracts contained key words such as
"redundancy”, "functional overlap", "paralogous”, etc. were carefully examined. Future
publications of knockout experiments with even very little phenotypic effects, using the
RBC terminology coined here may facilitate further study of recurring principles that

govern the regulation of genetic redundancies.
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Figures

Figure 1

10"

Frequency

Proportion of reported redundancies in different functional categories. Proportions
were estimated by the number of times a key word, such as “cell cycle”, appeared in
Pubmed together with the term “functional redundancy” divided by the total number of

times that that key word appeared.
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Fioure 2
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Extra-cellular
Glucose

l
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Intra-cellular
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The Hxt1/Hxt2 responsive backup circuit. Extra-cellular glicose concentration i8
sensed by two membrane receptors on the outer yeast membrane, Rgt2 and Snf3. These,
once activated by glucose, initiate a signal cascade that induces the transcription of the
Hxt gene family of hexose transporters encoding membrane channels for glucose intalke.
The flux of incoming glucose generates an increase in intracellular glucose concentration,

which, in furn, repress the transcription of Hxt2.
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Bidirectional (A} versus unidirectional (B, C) responsive circuits.
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Three possibilities for seedback in responsive backup circuits. For one duplicate gene
to sense and respond to its partners’ intactness feedback mechanisms must be at play. In
this diagram duplicates are represented as circles that lie embedded within a reaction
pathway i{lustrated by the consecutive arrows. Lines A, B and C represent the three
feedback possibilities, namely, simple negative regulation (A), substrate induction (B)

and end-product regulation (C).



Ficure 5
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downstream genes

The regulatory wiring for the two distal-less developmental regulators Dix3 and DIx7 as

deduced from morpholino antisense translation inhibitions (Solomon and Fritz 2002).
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Fioure 6

Example illustrative reactions proportional to the product (A, blue) or the sum (B, purple)
of the two redundant gene products. Genes G and G encode proteins G, and G, (green
and yellow circles) which act cooperatively to activate one function gene (blue) and

alternatively to activate another (purple).
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the susceptibility, H =
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, 0f /2 and f) to fluctuations in vy, 1.e. the induction level of

). Susceptibilities were calculated separately for in the context of mosif I (blue), motif II
(red) and motif ITI (green).

Supplementary figure 1

0.9

0.85 |

©
fos]

0.75 |

dispensabhility

0.7-

0.65-

single copy co-regulated  non-co-reguiated
enzymes isozymes isozymes

Proportion of genes with a viable deletion-phenotype {“dispensable genes”) among single
copy enzymes, enzymes that are co-regulated with their paralogous partners and enzymes

that are non-coregulated with their paralogous partners. Above each bar is the number of

enzymes in that bin.
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Supplementarv Text — Modeling steadv states

In this section I will model how the steady state concentrations of the two functionaily

redundant paralogs change with respect to changes in the input to the controller of a RBC.

Some of the calculations were performed twice, the second version having more

simplifying assumptions than the first. The more simplified calculations are “boxed”.

Notation:

Gy Controller gene.

G: Responsive gene.

i Transcription rate.

o Degradation rate.

K Thermodynamic dissociation constant between protein ‘I” and its cis-regulatory

motif on gene ‘L’,

R >

maximal steady state concentration

Model I: simple repression:

{0}
N
Eale
~~~~~~ > G
e
i a,G,
mommmee—e2> (G,
K
W ﬂ‘{KEE-‘-GIJ
dG
”“‘C}’f’=ﬁi"aiGi




%]
2,
i
]
N
TN
s

4} e "aqu
K11+G[) T

(WS}

(9]

il
™
|

Note: the tern

1 . .
e goes to 1 in the realistic realm of v;>>K)»
—2 41
VE

Solving for both product and sum of the steady state concentrations.

1

_Ajl;,_!_}

i . e P e :
5. f,=G,xG,, =K, output function 1 {£})

vV,

Simplified version - Applying the simplification v, >> K|,
¢ G, %Gy, = (V:Km) =6 1 — simplified version
o ¢ =1
@ =V, K,
6. [ = G, =V +— (V f\p) K output function 2 (f2)
o +1
g
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7. [ 4 Jd(Gm +G?.sr) - Vi (lm VzKlz
(

‘/,‘KG - 2
G, +G dv, LT K;+v)

st 25t
s K
1 , T .&12

Simplified version - Applying the simplification v, >> K,

1 1
¢ G,+G,, =V +T(V2K12) =V, -i-;c2
! 1

o ¢ =1

o ¢, =1k,

d{G,, +G,
7.2 w———( i1+ Ca) =, —~176¢
dy v
1 1
ERVE St
1 i
5 ( W }d(Gm + Gl.w) 1.5 _ 1 5
Gl.w + GZS! dVl %1/}2 +1 C_iy]:" +1 __Cii_v’Z 41
Cy 2 c,

Jf» — simplified version

v, v, 1
v 4V ( "13 K"' ] ‘KIZ Kll l_*..?w}:“im I-E'L
\ TV, 2 "
] /s (21’1 )_fs (Vi) _ nt2y K4y, - K, K,
£ () v, + 1, /’2
' - K12+V1 ¥, v, l
Kil KIE 1+ 1:‘
K,

T 14 .
Substituting v for — we obtain

1T




v, + ¥,

|

1+2p,

1

e
1+,

|

vy | e
U+



Model II: dampened controller

=y []

. |

. >1 ]
. RECI
al |
\_/v

L—gi

o,

—eme e
e

a,G,
mmmemeee=> (G,
K,
‘B{K, +GJ
dG, K
k= ) - 5 -a,G,
dt K, +G,

dG, - B, K., —a,G,
dt KL+ G i

Simplified version - Solving for steady states (d—dcj—‘— =) by applying the simplifying

assumptions: G>>K); and G\>>Kp2

¢ B {%LJ = a,G,

¢ 5 [%l;j ~ a,G,
¢ Gisr = \/Em

1 1
¢ Gy, == VoK =
Vi { VEi }




1.

14,

16.

Solving for steady states (E:% = () without the above simplifications.

alGlz +o, K, G - K, =0

Solving for the roots of the equation:

G = \/alzKlzl +4a BK, - K

ist

2,

Applying Taylor transformation and assuming K;<<4v;

K K} K
= [ 11 _ i _
Gm" Vi‘&ll + 5

SJ"lKn §6,iv‘KHS

Solving for steady state (%%- =0)

Glsr =V Al: ’d 1
) Glsl w]}m_l.z_.rl
Gl.ﬂ
G, %Gy =K “R;—}"’W ouiput function 1 (/1)
ki ]
G,

Simplified version -~ With the simplifying assumptions: G\>>K; and &>>K)»

¢ G.xG

Lst 23t

=v,K, fi—simplified version

°o ¢ =4K,,c =K,
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17.

K, 1 uncti :
2 output function 2 (f2)

+ G:,w = Gls: + Vl :

1st

G,

lst

Simplified version - With the simplifying assumptions: G\>>K;, and G;>>K;,

1 K,

G, + G, =K, =
¢ hr+ 251 \/"_;\/’—:-}—\/1‘{\/}1;;

1 e e .
/> — simplified version

=G +—=C,
\f'l.f’l

s e o

o ¢ =K,
vaK

o c2 = =
K,

©
dV[ 2 ¥, 2 V?
G &
v, —v =1
o ( Vi Jd(Glsr + G"sr) :E_ Cs _i 1 _i C2
g 2| ¢ 21 ¢
Gy + G dv, o =S VAN B I I U I i =
c, ¢, N




Model IIT; Two-way scaline negative feedback

195
/:\

a G

11

d eR
18. = —a,’
dr ﬂ‘(G +Kﬂ) i

19. 4G, = f, K - a.G,
dt G +K, T

Solving for steady state (i{c%» =0)

K,
20. 0= —_—t .G,
N

ls:

0. G =tefe
B G, +K,

ist

Solving for steady state (%—% =0):

G”w
0=p [E?—_-:E_J -a,G,,

st

2
2
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v, K,
AL

;
_ G +K, - viva Ky,
sr o -
, m_;.]\fp VK, + K, (Glxz+K12)
Gls.' +K12 )

0=G;

ist

K, + G, (VK + KKy ) —vnK,

\/("zKu + KEZKH)I +4K,, K, v, _("2K13 + Kl?.Kll)

1st= r
?"AZI

Simplified version - Applying simplifying assumptions: G;>>K)» and G2>>K,; and

resolving

N N
21

1
¢ Gy, 2_ﬁ\/ZVK12K11

1

m!gifw-l

isr

G._xG

-
=
e X Gy =K

output function 1 {f1)

Simplified version - Applying simplifying assumptions: G\>>K; and Gy<<K» and

resolving

¢ G xG

Lst 25t

=v, K, 1 —simplified version
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ountput function 2 (f3)
'i"

ist __-_+1

Lst

Simplified version - Applying simplifying assumptions: G,>>K)» and Ga<<Kj, and

resolving

1

o G, +G,, = V¢ +;/=C1 > — simplified version
V
1

K,
& o=V, el
st

¢ o =NV KK,

d(Gl.tr + GZ.\‘! ) _

1 1
= c, ™~ (o4
i P
dl"] 2‘\,‘ ¥ 2-\'| VlJ
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Statisties of biological and non-bislogical molecular associations’,

Biological complexity is, in part, reflected by the dense and crowded intracellular

environment (Minton 2006). Continuous collisions and associations between a variety
of chemical entities ranging from proteins and nucleic acids to sugars and sterols
collectively define the biochemical entity. Physical associations within the cell range
from tight “key-lock” type of interactions typified by protein complexes to weak and
labile associations governing membrane domains, enzyme channeling and
intracellular dynamics (better refs xxx) (Lancet, Sadovsky et al. 1993; Rosenwald,
Kafri et al. 2002). In principle, any compound can be described by the distribution of
affinities it has with all other cellular constituents (Lancet, Sadovsky et al. 1993). This
affinity distribution could, therefore, be perceived as a fingerprint of its evolved
function (Kauvar, Higgins et al. 1995). This notion is captured, to some extent, by the
protein interaction network where instead of continuous affinity measures proteins’
are assigned with and identity of the partners with which they interact with an affinity
above a particular threshold value (Bader, Heilbut et al. 2003). The distribution of the
number of partners proteins share within this network was shown to follow a power-
law decay, the origins of which were interpreted on basis of evolutionary basis (Yook,
Oltvai et al. 2004). A more precise attempt to characterize biological affinity
distributions include the Sips distribution (Sips 1948) describing the range specific to
non-specific antibody-antigen affinities. Other more general models have also been
described, including our own (Goldstein 1975; Lancet, Sadovsky et al. 1993; Detours,
Sulzer et al. 1996; Rosenwald, Kafri et al. 2002; Kafri and Lancet 2004).

A question pertinent to this is that asking what would be the distribution of
affinities within a random collection of molecules that has not evolved to constitute
the cellular machinery. This type of distribution is expected to be governed by the
statistical chemical properties of the ensemble, such as molecular size distribution and
chemical heterogeneity. Such a distribution likely describes the “raw material” from
which new associations have evolved. Motivated by this ambition, we searched for
databases containing affinity values of random molecular encounters from which we
could reconstruct the statistics of random associations. To this end, we relied ona

commercially available dataset describing column separations of chiral compounds

* Kafri, R. and D. Lancet {2004). "Probabiiity rule for chiral recognition.” Chirality 16(6): 369-
78.
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(Koppenhoefer, Graf et al. 1994). By employing previously derived methodologies
(Chaiken 1987; Winzor 2001) we were able to extract from the elution rates, the
mobile to stationary phase affinities. From this we showed that that distribution of
affinities between such random chemical moieties follows a lognormal distribution
(Rosenwald, Kafri et al. 2002; Kafri and Lancet 2004). Furthermore, the number of
interactions (defined by an affinity threshold) with which a single molecule is
involved is binomial. Specifically considering chirality of compounds, we showed
that the distribution of enantiomeric separation factors is exponential (Kafri and
Lancet 2004). These results are collectively described our work published journal of
chirality. Despite the initial motivation, final conclusions have somewhat diverged
from their initial ambition of shedding light on the statistics of protein interactions.
We nevertheless argue that considering the generality of the data, its relevance to

biochemical ensembles should not be dismissed.
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Probability Rule for Chiral Recognition

RAN KAFRI anp DORON LANCET*
Department of Molecular Genetics, Weizmann Institute of Science, Rehovot, Israel

ABSTRACT  Molecular Chirality is of central interest in biological studies because
enantiomeric compounds, while indistinguishable by most inanimate systems, show
profoundly different properties in biochemical environments. Enantioselective separa-
tion methods, based on the differential recognition of two optical isomers by a chiral
selector, have been amply documented. Also, great effort has been directed towards
a theoretical understanding of the fundamental mechanisms underlying the chiral
recognition process, Here we report a comprehensive data examination of enantiosepa-
- ration measurements for over 72,000 chiral selector-selectand pairs from the chiral
selection compendium CHIRBASE. The distribution of « = K'p/k' | values was found
to follow z power law, equivalent to an exponential decay for chiral differential free
energies. This ohservation is experimentally relevant in terms of the number of different
individual or combinatorial selectors that need to be screened in order to observe «
values higher than a preset minimum. A string model for enantiorecognition (SMED)
formalism is proposed to account for this observation on the basis of an extended
Ogston three-point interaction model. Partiaily overlapping molecular interaction do-
mains are analyzed in terms of a string complementarity model for ligand-receptor
complementarity. The results suggest that chiral selection statistics may be interpreted
in terms of more general concepts related to biomeolecular recognition. Chirality
16:369-378, 2004. © 2004 Wiley-Liss, Inc.

KEY WORDS: chiral recognition; chiral discrimination; receptor affinity distribution

(RADY; string model; SMED; CHIRBASE; chiral statistics; binding

statistics

The field of chiral recognition and separation of chi-
ral compounds has received considerable attention in
the past few decades. This is due to its pharmaceutical
importance! and to its relevance to the more general
aspects of molecular recognition2-4 To date, the most
applicable tool for obtaining pure enantiomers remains
column chromatography on chiral stationary phases
(CSPs).5-9 Here, enantiomers (selectands) are separated
based on their differential recognition by an immobilized
asymmetric molecule (selector), in either the gas or liquid
phase. The detailed mechanisms by which such recog-
nition takes place have been characterized for a number
of model systems.!0~13 It has been shown, for example,
that the discrimination free-energy differences are typically
2-3 orders of magnitude lower than the binding energies
of the ligand and stationary phase? Also, it was shown
that in most cases the molecular determinant displaying
maximum binding affinity towards the separated com-
pounds is that which is most highly enantioselective.3-14

An extensive body of theoretical descriptions of the
selective process has heen established describing the ther
modynamics and kinetics of the chromatographic pro-
cess.29.15-21 One issue at the center of many of these
studies is the distinction between selective vs. nonselec-
tive interactions taking place between the stationary phase
and the separated ligand.1»17 It has been established that

© 2004 Wiley-Liss, inc.

the measured retention factors, o, are the sum of both
these coniributions.15.17.22

Formalisms and models describing chromatographic
selection, and in pariicular enantioselection, have been
amply documented.+91823-230 One such model is the
Ogston three-point attachment model.2831-31 This model,
however, is largely gualitative, providing only a limited
understanding of the quantitative and energetic parame-
ters of the stereoselective process.? More detailed exten-
sions with a higher number of attachment points have
been described.18.26:29.38

While chirality is usually considered a discrete property,
molecules being either chiral or nonchiral, Avnir and
colleaguesd?-32 have initiated & novel approach where the
chiral content of structures is quantified by a continuous
chirality measure (CCM}. Continuous chirality is com-
puted from the molecular structure by averaging over the
distances from the asymmelric center to the geometric
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trace of the molecule, and is thus a purely geometric mea-
sure, insensitive to chemical descriptors.®® A major
achievement of this approach has been the successful
prediction of the magnitude of discrimination and other
chemical properties of chiral compounds.37-38

Chiral recognition reactions may be considered a subset
perfaining to the wider realm of molecular recognition.
Thus, chiral recognition stems from the difference, AAG,
in the Gibbs free energy of biading between the two
enantiomers of a given chiral compound.s® Such recog-
nition reactions may be further characterized by enthalpic
(AAH) and entropic (T AAS) contributions, whose rel-
ative magnitude determines the temperature depen-
dence of the discrimination.®40-47 It is even possible that
reversal of enantioseleciivity would occur as a function
of temperature.*?

An understanding of the more general field of molecu-
lar recognition has previously benefited from studies em-
ploying phenomenological models and statistical analyses
of reported binding data.*8-5¢ Several authors have uti-
lized this appreach to account for the aifinity distribu-
tions that describe the binding of members of large
repertoires or chemical libraries towards specified tar-
gets 455152 In this realnl, a series of studies used string
complementarity to model anfigen—antibody binding in
the immune system®-55 and odorant-receptor recogni-
tion in the olfactory system.58 In such string representa-
tions, complementarity between two surfaces is defined
by a set of simple rules and the degree of complementar-
ity can be quantified and used as a phenomenological
measure of affinity between the two molecules. To asses
their validity, some of the relevant models have been
tested based on large binding datasets derived from ligand
library screens. 957

We conjectured that an analogous insight could be
derived for chiral recognition by analyzing data obtained
from a large number of chiral separation experiments.
CHIRBASES8.3 is perhaps the largest and most compre-
hensive chiral separation database, listing details for more
than 70,000 chiral separation experiments. Although the
database is constructed as a tool for deciding on separation
procedures for particular analytes, it may also be used for
broad statistical analyses of chiral recognition. One such
analysis®® was aimed at linking various chemical descrip-
tors of both selector and selectands to separation efficien-
cles and at clustering separation parameters according
to these descriptors. Here we attempt the task of map-
ping the disiribution of separation constants and related
free-energy differences for the entire CHIRBASE dataset.
We demonstrate that this approach reveals new facets of
chiral recognition.

MATERIALS AND METHODS
Chiral Chromatographic Separation Data
Chromatographic enantiomer separation data were re-
trieved from the CHIRBASE database (1997-2000 ENSS-

PICAM, Marseilie, France).61.62 At the time of the study
the data consisted of 72,076 chiral separation records for
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selectors with pairs of enantiomeric selectands. Each
record includes molecular structures, molecular mass,
chromatographic data, and experimental conditions. The
numerical value presented for all triads was the separa-
tion factor:

e =l/k (1)

where k' are the capacity factors for the two optical
isomers, relative to a given chiral stationary phase.

Binding constant and free-energy computations. The
absolrte values of the free-energy differences, AAG,
associated with discriminating a pair of enantiomers (D
and L) were calculated by use of:

AAG,‘ = |RT EI}(KL,/I(D,); = IRTln(OtIH (2)

where R is the universal gas constant and T is the ahsolute
temperature. Equation 2 is based on the theory of Quan-
titative Affinity Chromatography®8.2L.23.254042 gnd has heen
previously used as a measure of chiral recognition free-
energy differences.22.40:46.83 Despite this, its validity as such
has been argued,’517 stating that the real free-energy
differences should be higher owing to the contributions of
the nonselective associations. In fact, Jung et al.i8 have
shown that, in the case of gas chromatography, o is slightly
dependent on stationary phase concenfrations and cannot
be used directly to calculate the absolute interaction free
energy. Additionally, there are reports indicating such
effects also influence liquid chromatographic separations
and sugpest a distinction between an apparent, measured
separation factor, o, and the true separation factor,
oy 1784 Despite this, we argue that since our goal is con-
cerned with a siatistical insight associated with the
distribution of free energies, rather than a strict computa-
tion of a particular association energy, Eq. 2 will be suf-
ficient for our purposes. We are aware, though, of the
caution required in pursuing such an approach and there-
fore provide a detailed discussion and analysis of its im-
plications (see Discussion). Note that throughout this
article we use the notation X and Kp to index the rela-
tionship between enantiomers and not specify their ab-
solute configuration.

Analysis was performed by subjecting the discrimi-
nation data to binning whereby normalized histograms
were constructed describing the frequencies of the dif
ferent free-energy values or energy differences. This
and all other calculations {except where otherwise spec-
ified) were performed with MATLAB 6.5 (MathWorks,
Natick, MA).

Fit of experimental data to the string model. We
conceptualize the enantiomeric structures through strings
of varying length constructed by the following set of rules;
a Bernoulli trial is employed with a particular success
probability value (p,) for each digit of a string whereby the
first success is interpreted as an asymunetric center and
the second defines the length of the string analogous to
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molecular size. Accordingly, both molecule length and
asymmetric center location are sampled from a gecmetric
distribution. An interaction intensity is calculated for each
of the string domains defined by the “asymmetric digit,”
{(Fig. 4) through the use of an algorithm as described for
the receptor affinity distribution (RAD) formalism.5¢ Each
digit is assigned a probability for successful interaction
{p2) and the number of such Bernoulli successes is taken
as proportional to the total binding free energy, resulting
in a binomial distribution.® In each such experiment
the siring domain having the minimal affinity towards

AAG {kJfmol)
o 1 2 3 4 5

Probability

Frobability

Fig. 1. A: The frequency histogram (O) for enantiomer discrimination
factors, w, fit to a power law (A = 3.76) (solid line} and log-normal distribution
(w=3.0, o= 0.74) {dashed curve). The two horizental axes are equivalent
representations based on Eq. 2 by assuming room temperature for all
separations, It was verified that the resulting temperature constrained
distribution is significantly independent of this assumption. Also plotted
(dotted curve) is a distribution of discrimination freeenergy differences
computed from randomly paired capacity factors illustrating the expected
statistics if enantiomer binding affinities were noncorrelated. Only
discrimination values greater than 0.05 kj/mel were taken for the analysis,
resulting in 57,650 data values which were binned into 297 bins. B: The
effect of random errors on the distribution of chiral recognition free-energy
change, AAG. Errors were introduced by randomly shuffling all &'y values
with respect to their k'» partners and then computing the new ratios (aprg
values), We then replaced a randomly sampled fraction (5%, dashed curve;
10%, dotted curve) of the a values with the respective agppr values and
computed the resulting AAG density functions. [Color figure can be viewed
in the onkne issue, which is availablie at www.interscience.wiley.com.}
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the selector represents the free arm giving rise to the
stereoselection (Fig. 4). The computation is repeated N
times and a simulated distribution of AAG is obtained.

RESULTS
Distribution of Chiral Recognition Parameters

We extracted from CHIRBASE eijution separation
factors, «, 72,076 chiral column experiments and con-
structed a normalized binned frequency plot for the o
values (Fig. I). The enantiomer discrimination parame-
ters, o, spanned a range from 1.01-8.5 and showed a
distinct functional distribution, whereby lower values were
much more prevalent, while the highest values were very
rare, As an example, 80% of all « values were lower than
2.2, while only 1% were higher than 5.0. The absence of
values lower than 1 reflects a consistent convention by
which the higher capacity factors were always assigned to
the k's parameter regardless of absolute coafiguration.
Intriguingly, the chiral discrimination factors were found
to obey a distinct power law P{a) = ha—*, with a best fit
value of A = 3.76. The observation that there are many
more cases of poor chiral recognition as compared to
the number of resolutions with high « vajues agrees with
common-sense prediction. However, the specific func-
tional shape, namely, that the distribution of « values fol-
low a power law as opposed to exponential, absolute value
Gaussian or t-density function, as well as the particular
values of the fit parameters are novel.

The identified trends are statistical and are subject
to inherent inaccuracies associated with a public dataset
containing numerous measurements, including hetero-
geneily of experimental parameters such as solvent or
matrix, as well as human error. 5till, because such devi-
ations and errors are often random, they are less likely
to generate systematic artifacts. This is demonstrated in
Figure 1B. Furthermore, the database used is artificially
depleted in the range of o values very near to unity, cor-
responding to unsuccessful separations (see also legend to
Fig, 3A). This is manifested in the first few points of the
graph in Figure 1A, which deviate from the linear trend.
Thus, the observed rule may not be applicable for small
o values.

Because AAG has both enthalpic and entropic con-
tributions, 214284 it is important to consider the temper-
ature dependence of the observed distribution. Figure 24
shows an analysis of such dependence. It may be seen
that somewhat different distributions are obtained at
different temperatures, but the general power law trend
(overall linearity of the double logarithmic plot) is ob-
served for all temperature bins. Interestingly, at higher
temperatures the probability of high values of « dimin-
ishes, which may be taken as an indication that, on average,
negative AAH values might govern the observed popula-
tion behavior.

We next asked whether the distribution of o values, as
inferred from the presently analyzed data, depends on
molectlar size of the selector. For this, we recalculated
the frequency distribution for selector/selectand triads,
sorted according to the molecular masses of the selector
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Fig. 2. A: The dependence of the distribution of Ine on the temper-
ature at which experiment was performed. The fuli dataset was divided
into groups according to expenimental temperature (inset). Frequency
distributions were calculated separately for all separztions performed at
2 temperature lower than 204 K (triangle), between 284 and 267 K (circle),
and greater than 297 K (square). Additionally, we show the distribution
from experiments for which a temperature was not recerded (diamonds).
The four distribution plots were calculated from 25,136 data values with a
bin size of 0.5. The lower horizontal axis represents an approximate scale
computed through Eq. 2 assuming room temperatyre. B: The dependence
of the disiribution P(AAG), the enantiomer discriminating free-energy
difference distribution, on the molecular weight of the chiral selectors.
The full dataset was divided Inio groups according to the molecular mass
of the selector (inset}, and a freguency histogram was calculated for each
such size group accordingly 0-200 gr/mol (wriangle}, 200-400 gr/mol
(circle), and 400600 gr/mol {square}. The three distribution plots (0-200,
200-400, 400-600) were calculated from 1,527 data values with a bin size
of 0.9, 3,450 values with a bin size of 1.0, and 333 values with a bia size of
0.7, respectively, [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

(Fig. 2B). Interestingly, the P(a) distribution was found to
be practically independent of molecular size. Previcusly,
a molecular size-dependence was computationally sug-
gested for fractal diffusionlimited aggregates.®> While
these were suggested as prototypes of chiral selectors,
our data suggest that molecular size-dependence might
be true only under a limited set of assumptions. It should
be noted that our analyses were done only for selector
up to a size of 600 Da, above which the data were too
sparse for significant analysis. Antibictics and cyclodex-
trins, which are important chiral selectors,5667 typically
have molecular masses above 500 Da. Future focused

Fig. 3. A: Correlation of the RTIn(k’} values for the paired enan-
tiomers, drawn for all 72,676 pairs. The red lines llustrate the intervals for
the computations in B. A reduced concentration of data points on the
diagonal reflects the fact that only successful chiral resolutions were
included in the anzlysis, depleting very small values of AAG. B: Con-
disional affinity distributions for different valzes of ¥'. Frequency histo-
grams of the Y axis RTlnk’ values of A were calculated for three subsets of
RTink' values on the X axis of the same figure as follows: Intervai [, 1~ 1.4;
Interval II, 2-2.4; and Interval II1, 3-3.4, as indicated in A. Best {it straight
lines were obtained by eptimizing the slope and intercept parameters
and b in Eq. 4, and they were, respectively, a = 3.09, b= 1.08 (square}; g =
24.6, b = 1.19 (triangle); and g = 367.47, b = 1.21 (star). All frequency plots
were calculated with  bin size of 0.3. Best fit to P{AAG) using a subset of
the same size as that for the red line gave the parameters a = 167, b = 1.03.
Also shown is a distribution of RTlak’ values {diamond) within a random
melecular set of the same size (~1,000) with a best fit for a Gaussian
approximation {p = 3.28 o = 2.89). [Color figure can be viewed in the
online issue, which is available at www.interscience. wiley.com. ]

analyses done with such compounds could help determine
the statistical behavior of o« in this size class.

Interpreting P(c) Through Affinity Distributions

In an attempt to interpret the above power law resuit,
we addressed the discrimination parameters as ratios of
values sampled from an underlying affinity distribu-
tion.15.18,10.56,68.60 We examined the distribution that would
emerge based on the null hypothesis that &' and k'p for
every compound are completely uncorrvelated. For this,
random pairs were drawn out of the collection of experi-
mental k;’ values, and the probability distribution P('i/k')
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was plotted (Fig. 1, red dashed lire). Obviously, the
resultant curve deviates strongly from the actually ob-
served P(o) distribution. This discrepancy is not unex
pected, however, because there are previous indications
that the k; for enantiomer pairs are correlated.'? Indeed,
plotting a correlation diagram between K’y and k'p values
for all enantiomer pairs (Fig. 3A) shows a correlation
coefficient of 0.83. This high value relative to the null
hiypothesis of nonexistent correlation between Iy and k'p
is statistically significant at P < 10~% and suggests that
such correlation underlies the actually observed P{AAG)
distribution. Such a correlation value, however, is neces-
sary, but not sufficient for generating the observed sfa-
tistical behavior, as this would also depend on the specific
set of conditional affinity distributions defined by the en-
antiomer/selector interaction.

To find out the exact nature of this correlation, we
generated a set of conditional density curves for the
experimental I¢';; values related to compounds for which
I¢' o; was within a specified magnitude range (Fig, 38). The
resultant curves showed an exponential decline:

P(X = qpi | qpi) = ae™ (3)

where g;; = RT In kg and gp; = RT In kg, The best fit
parameters @ and & were found to follow a linear depen-
dence according to:

Plqu | api} = (a1 + apqy;je™ ot b (4)

Based on Eq. 4 and the discovered power law, a prob-
ability distribution for o may be computed anpalytically
based on a standard formula™ {p. 36):

P(A) =Y P(A|B;)P(B) (5)
i=1

where B; represents the gp; range specifying the con-
dition. The resulting exponential dependence (Fig. SA)
provides a measure of rationalization to the presently dis-
covered density function of chiral recognition parameters.

Figure 3 addresses another question, namely, whether
the separation factors o are correlated to the values of the
capacity factors . In other words, we ask whether a
strong molecular association between selecior and select
and is the prerequisite to high enantioselectivity, Figure 3A
shows that by and large such correlation does not exist.
This is seen by the fact that offdiagonal points, which
signify large (or smal) W,/Kp values, hence large o
values, are not found considerably more often at any
particular k| or k' values range.

String Complementarity Model of Enantioselection

We examined the possibility that a toy-model may be
constructed that will rationalize the distribution of «
values. We considered an L-shaped string of length B as
a mode! for an asymmefric selector (Fig. 4). The two
antipodal selectands are represented by similar strings of
length B, which are mirror images of each other, not
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Fig. 4. The string model jor chiral recognition (SMED). A: A realistic
represeatation of the difference in binding site recognition between
enantiomers. B: String representations of two chiral selectands and a
selector binding surface (gray) representing the underlying selector
retated string. iColor figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]

superimposable in two dimensions (see Materials and
Methods). This model merges features of previously
explored string-based models for molecular recognition,
with concepis stemming from the three-point attachment
model for chiral recognition or discrimination. The latter
model for stereoselectivity invokes three-point interactions
between receptor and substrate. Accordingly, one enan-
tiomer binds to a selector entity simultanecusly at three
sites, while the opposite enantiomer cannot bind to the
same three sites. lLater trealises have pointed out the
significance of conformational flexibility, steric factors, and
even repulsive interactions for the recognition of chiral
isomers.”! However, the basic concepis of a three-point
interacton continues to be accepted.2633.3472-74 In our
model, the two attachment points to the selector that
preserve their interaction in both selectand enantiomers
are represented by a long arm of length M, delimited by
the chiral center. The third attachment point, which can
form an iateraction only in one of the isomers, is
represented by the shorter, B-M long arm. This model
harbors a quantitative manifestation of the partial correla-
tion between the binding energies of the two enantiomers:
M elementary interactions are identical between the an-
tipodes, while another B-M such interactions are only
present in one of the isomers. Notably, similar analogies
may be drawn between our model and other more elab-
orate molecular descriptions of chiral recopgnition, 18283550
An assumption of our model, similar to that which un-
derlies other n-point attachmenf models,2729 is that the
two enantomers bind to the partiaily overlapping recog-
nition sites. It is obvious that this simplification does not
always hold, and alternative models could better address
such a scenario.
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Fig. 5. A: An analytically caleulated distribution of enantiomer
separation factors. The computation was based on Eq. 4 and the power
law distribution by use of the standard formula given in Eq. 5. Bt Model
results from eight different iterations of a probability distribution
computation, each with 10,000 AAG values, plotted along with experimental
discrimination frequencies. Py = 0.11, Pu = 0.20. {Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

The model representation for the free energy of binding
is computed by a string complementarity rule3255 em-
ploving a complete geometrical overlap for one of the
isomers, and overlap restricted to the long arm for the
other isomer (see Materials and Methods). A more elab-
orate procedure that may have been employed is that in
which grid elements are assigned different weights?>76;
such elaborations may be considered to enhance the power
of future analyses. The employed procedure allowed us to
generate a large number of AAG values in a Monte Carlo
simulation, using a set of two parameters. From these, a
P(AAG) function is computed and an iterative fif proce-
dure subsequently employed to obtain the parameters
showing best fit to the experimental points. Figure 5B
shows that the invoked string model for chiral recognition
(SMED) may adequately predict the functional depend-
ence of measured P(AAG) data.

DISCUSSION

The main ideas derived from the present analysis are
the particular probability distribution form that governs
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chiral recognition and the potential mechanistic ratio-
nalization for such quantitative behavior. We suggest that
this distribution may be applicable o practical questions
in the field of chiral recognition and separation, as dis-
cussed helow.

A-posteriori analyses of cumulative results within public
databases form the basis for many discoveries in the
emerging fleld of bioinformatics. A similar approach is
applied here by analyzing a large dataset of chiral sepa-
ration resulis from numerous laboratories. An inherent
weakness of such wideranging analysis is the lack of
conirol over experimental variables associated with data
accumulation in a single laboratory, These variables may
include heterogeneity of chromatography dead times,
bhuffer {ypes, column densities, as well as human exper-
imental and database generation errors. Therefore, the
capacity of random errors to annihilate a specific
conclusion should be carefully assessed.77-7® This was
done here (Fig. 1B) showing that randomization of as
many as 20% of all data points does not appreciably affect
the conciusion drawn about the statistical behavior of the
discrimination factors.

Although the interpretation of o values as free-energy
differences by use of Eq. 2 have been employed through-
out the literature,3:1.12.22.40.44.466380 there is substantial
evidence showing that this interpretation may be inaccu-
rate, due to deviations resulting from nonselective hinding
coniributions. 13- 172041428182 Such deviations have been
reported to be more pronounced in gas chromatography
as compared to liquid chromatography.la.t6 Schurig and
colleagues!s provided a comparison between AAG values
computed with Eq. 2 and those computed more accurately
by taking nonselective inferactions inte account. This
analysis was performed on gas chromatographic columns
and showed ligand concentration dependence. In that
report, the deviation between the two energy terms is on
the order of 0.3 kf/mol, a rather smalil difference relative
to the range where most of the analyzed AAG values
reside, between 1-5 kJ/mol {Fig. 1). Furthermore, be-
cause all our analyses were restricted to liquid rather than
gas chromatography, we believe that the general shape of
the AAG distribution is valid.

Temperature has a significant effect on retention, chiral
recognition, resolution, and column efficiency for chroma-
tographic separation. Thus, variable temperature has been
frequently used as an optimization parameter for chroma-
tographic separations of enantiomers.83-8 Analyses based
on van't Hoff plots are often used to derive thermodynamic
functions of enantioselective adsorption, which may be
interpreted in terms of mechanistic aspects of chiral rec-
ognition. With some assumptions, the temperature depen-
dence on the retention of a given analyte can be expressed
by a derivative of the Van't Hoff equation as applied to «
and AAH.87 Although the temperature dependence of the
measured separation factors have proven importani for
mechanistic determination in many studies,i14647.83 their
relevance is decreased in the case of statistical studies,
where influences of particular temperature dependencies
may by canceled out due to the heterogeneity of the en-
semble. Qur results show that the observation of a linear
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dependence of the logarithm of the probability of « on the
logarithm of o only has a weak temperature dependence.
Future studies could indicate the detailed contribution of
enthalpy and entropy to this general behavior.

Simple phenomenological models based on string
complementarity have proven effective in predicting the
functional form of affinity distributions49.51.5235.58 We
therefore attempted to develop an analogous approach
for predicting the conditional probabilify phenomena that
underiie the stereoselective processes which aliow chiral
separations. The analysis of a large dataset of chiral
recognition values led to a hitherto unsuspected relation-
ship, whereby the propensity of chiral discrimination
magnitude diminishes as a power law. The simplicity of
this behavior was perceived as indicating a possible ex-
planation in terms of the elementary interactions that
underlie enantioselection.

As a basis for constructing our quantitative siring model
for chiral recognition, SMED, we used one of the most
widely accepted qualitative rationalizations, the three-point
attachment model. More specifically, we invoke the no-
tion that the interaction subsites shared by both enantio-
mers contribute a larre free energy change as compared to
the nonshared subsites. This echoes the notion that the
two strongest binding interactions within the selector
selectand pair contribute fo the retention of the enants-
omers, whereas the weakest interaction determines the
discrimination selectivity 186

The ft of data to the described string complementarity
model could be influenced by struciural heterogeneity,
For example, in GC reversals of elution order were ob-
served in response to minute changes of the structure of
the selector or selectand.4+88 Impurities of the stationary
phase selector obviously harbors similar risks. Despite
this, due to the success of the string model approach in
the description of affinity distributions?5.48.51.54-56.68.69.689
for which similar structural complexities are relevant,
we were encouraged to try this approach in the field of
chiral recognition.

The cheice of a model for chiral recognition may also be
influenced by potential knowledge of the entropy and
enthalpy contributions. The binding of ligand to a receptor,
and similarly of a selectand to a selector, often includes
favorable enthalpic contributions due to hydrogen bonds,
dipole and ionic interactions. In paraliel, favorable entropic
contributions could come from hydrophobic interactions.
In contrast, unfavorable contributions are often related to
the fact that the actual formation of the complex involves
an increase in order, and hence negative entropy change.
In this realm, the negative {unfaverable) entropy contri-
bution would become stronger as the complex is more
structured and involves more subsite interactions. In the
case of the three-point attachment model, the combination
of three binding contacts could be favored by enthalpy but,
as this combination represents a more ordered structure,
it is at the same time disfavored by entropy. The individual
figures for AAH and AAS and the value of the temperature
will determine whether chiral recognifion is mainly
enthalpy- or entropy-controiled. Thus, as more knowledge
is accumulated about the above thermodynamic parame-
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ters the choice of a model to explain chiral recognition
could be refined.

Criticism has been directed against the underlying
simplicity of the three-point approach,28-3035 and more
elaborate models have been proposed, including a four
point attachment model.?%35 However, our model con-
stitutes sufficlent departure from the basic three-point
attachment view to be minimally affected by such less
favorable appraisal. Specifically, we invoke the three-point
concept only in a broad outline, and our model brings into
play a large number of elementary interactions, thus being
a more realistic representation of the molecular contacts
that might mediate chiral recognition.

Our analysis attempts to make conjectural inferences
on the properties of molecular interactions between chiral
selectands and stationary phase selectors based on the
statistics of AAG values. This process has a limited vali-
dity because of the lack of detailed thermodynamic in-
formation regarding the individual measurements. Thus,
a complete knowledge of binding site configurations, tem-
perature dependences, selector concentration, and mo-
bile phase parameters are largely lacking. One has to
bear in mind that every AAG value is a compound phy-
sical measure that includes enthalpy and entropy terms.
For ali these reasons, the observations and the mecha-
nistic inferences should be regarded as tentative, and
as a basis for future scrutiny, However, the statistical in-
ference reported here for chiral recognition may provide
ciues for future research, when additional data may be-
come available.

A significant contribution to an overall understanding of
enantiomer recognition is the quantitative chirality mea-
sure approach, based on purely geometric considera-
tions.®® We perceive that an extension merging the SMED
approach with such a geometrical analysis could help
enhance the utility of both models. Because comparisons
hased on the quantitative chirality measure apply mainly
fo series compounds that share functional attributes, this
could be realized by performing restricted statistical
analysis within compound libraries of defined chemical
attributes, such as the helicene family.?7

In the SMED formalism considered here we assume
that for the low-affinity enantomer zero free-energy
contribution occurs by the melecular aspect that under-
lies discrimination. This parsimonious assumption is based
on precedence, whereby other authors have performed
analyses based on such a similar simplification.®® OQur
model, however, could be elaborated in the future by
assuming that the zerc-energy moiety may also mediate
repulsion, contributing a positive free-energy term,
as proposed.?®

An important outcome of the present study is the
observation of a clear difference between the functional
form of the chiral recognition probability density function
and that of the binding free-energy density functions that
were previously described. 454956 This discrepancy is
shown to be the result of a correlation of the binding
free energies within enantiomer pairs, consistent with
both enantiomers partially binding to the same structural
elements on the selector molecule. This inference is
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statistical in nature, and does not necessarily apply to every
CSP/ligand. In the future, more detailed studies, performed
at well-defined specific experimental conditions, could
highlight the composite relationships between the statis-
tical hehaviors of AG and AAG in chiral recognition.

Chiral separation is often a “trial and error” process, 9142
which requires the application of diverse techniques as
well as the utilization of numercus selector types in order
to attain high « values?$9 Combinatorial libraries have
been used to address this problem.?4-96 Consequently, the
number of different selector columns to be scanned, or the
size of the combinatorial library to be employed, are
important decisions for an experimenter in the field of
chiral recognition. In this context, our derivation of a
specific statistical rule that predicts the rarity of « values
higher than a preset minimum may generate a useful
guide for method optimization.
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Conclusions

From the collection of studies described (Kafri, Bar-Even et al. 2005; Kafri, Levy et
al. 2006; Kafri and Pilpel 2006) it is apparent that genes which are redundant in
function are often not independently controlled but rather they are regulated by a
system that has evolved to both monitor and respond to their intactness. Furthermore
we show that such ‘responsive backup circuits’ (RBCs) are preferentially associated
with protein network hubs (Kafri and Pilpel 2006) and have been evolutionarily
conserved in many different organisms (Kafri, Levy et al. 2006). Together, these
results suggest that genetic networks have evolved to utilize the functional overlap of
many particular gene pairs. Nevertheless, the nature of this utilization and the
evolutionarily selectable advantageous functionalities associated with it still remain
unclear. To speculate in this direction we performed a mathematical analysis
characterizing the residual contribution of redundancies to the dynamics and steady
states of gene functions (Kafti, Levy et al. 2006). Using this approach we demonstrate
that responsive backup circuits may function as increasingly efficient genetic devices
that filter non-genetic noise from transcriptional pathways. This functionality 1s
achieved by having dosage fluctuations of one duplicate counteracted with reciprocal
fluctuations of the other. Although still speculative, this model predicts that
responsive backup circuits are preferentially associated with genes having higher
levels of stochasticity or noise (Kafri, Levy et al. 2006).

A currently exiting opportunity to test the association of responsive backup
circuits with non-genetic noise has just recently become available by data that has
been experimentally generated in the Barkai Lab in collaboration with Bar-Even et al.
(Bar-Even et al., Nature Genetics in press). In this work the noise of individual yeast
genes was quantified by measuring the distribution of the expression levels GFP-
tagged yeast proteins. It is, thus, now possible to test for a preferential association
between responsive backup circuits and noisy genes. By collecting duplicates for
which redundancy has been established one could specifically examine whether they
are more noisy or of lower protein dosage than the genome average.

One of the central open questions that must still be addressed is just how
common are RBCs in biology and how frequently do they appear in the different
genomes. Also, we can ask whether this frequency, be it low or high, can be faithfully
estimated from the amount of times RBCs are reported in the literature. In other

words, do RBCs represent a ‘genome wide’ phenomenon or a collection of rare
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incidents? It is unfortunate that at this point no conclusive answer can be provided to
that question, mainly because of the very limited number of studies that have
specifically probed for cross-regulation among redundant protein pairs or for the lack
of a systematic nomenclature describing it. Since absence of phenotype in a knockout
experiment {a potential consequence of RBCs) is often looked upon by researchers as
an 'insignificant result', analyses of the 'minor' regulatory consequences of such
knockouts may have not seen the light of publication. One approach to overcome this
is to collect pairs of genes for which the double knockout is lethal while the separate
gene disruptions are not, i.e., synthetic lethals. In some respect these interactions
could be regarded as proxies for functional compensatory interactions between these
genes and thus some form of functional redundancy. The problem is that a close
inspection reveals that the vast majority of synthetic lethal pairs are far from being
even remotely functionally related. For example, the list of synthetic lethals of FKS1
gene in yeast (Lesage, Sdicu et al. 2004), include the gene FEN1. FENI is an enzyme
that lies on the pathway of sphingolipid biosynthesis. Its genetic interaction with
FKS1 is thought to result from an accumulation of its substrate, phytosphingosine, in
the plasma membrane of the FENI deletion mutant. Phytosphingosine, in turn, is
thought to repress the interaction between Fkslpand Rholp, possibly by forming a
microdomain around Fks1p and physically preventing its association with its
regulatory subunit, Rho (Abe, Nishida et al. 2001). Thus, despite the genetic
interaction, no redundancy can be implied.

Furthermore, while the question of prevalence of RBCs is important, one can
not judge their biological significance solely based on that criterion. This fact is
emphasized, for example, by the pair of genes utrophin and dystrophin associated
with structural components of muscle fiber. This pair of genes constitutes an RBC in
that utrophin was found to be up regulated in the absence of its homolog dystrophin
(Porter, Rafael et al. 1998). Particular attention has been attracted to this gene pair as
dystrophin mutations were found causative of the Duchenne muscular dystrophy
condition in human patients. Yet, in mice, utrophin has shown remarkable ability to
compensate for dystrophin knockouts and it is estimated that partial compensation
also occurs in humans (Deconinck, Rafael et al. 1997). Inspired by the efficient
compensatory effect this RBC has in mouse studies have been suggested to artificially

induce in human patients by means of gene therapy (Deconinck, Rafael et al. 1997,
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Porter, Rafael et al. 1998; Dowling, Culligan et al. 2002). Although these ambitions
are not yet been realized they point a fruitful possibility.

One of the challenges of this work was to survey the literature for already
documented cases of RBCs. The difficulty of this lies in the fact that there is,
currently, no consistent ontology to describe backup circuits. As a result there is no
simple pubmed search that could retrieve all such cases. Instead, we employed here a
manual laborious search strategy in which papers whose abstracts contained key
words such as "redundancy", "functional overlap", "paralogous”, etc. were carefully
examined. Future publications of knockout experiments with even very little

phenotypic effects, using the RBC terminology coined here may facilitate further

study of recurring principles that govern the regulation of genetic redundancies.
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