
(24, 25). These latter RNAs may serve

alternate regulatory or structural roles and

await detailed characterization.
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Use of Logic Relationships
to Decipher Protein

Network Organization
Peter M. Bowers,1,2 Shawn J. Cokus,3

David Eisenberg,1,2 Todd O. Yeates2,4*

A major focus of genome research is to decipher the networks of molecular
interactions that underlie cellular function. We describe a computational
approach for identifying detailed relationships between proteins on the basis
of genomic data. Logic analysis of phylogenetic profiles identifies triplets of
proteins whose presence or absence obey certain logic relationships. For ex-
ample, protein C may be present in a genome only if proteins A and B are
both present. The method reveals many previously unidentified higher order
relationships. These relationships illustrate the complexities that arise in cel-
lular networks because of branching and alternate pathways, and they also
facilitate assignment of cellular functions to uncharacterized proteins.

The sequencing of multiple genomes from

diverse species has tremendous potential to

impact our understanding of biology, both by

providing a census of all proteins and by en-

abling subsequent analysis of their functions

(1–6). Various patterns across multiple com-

plete genomes have been used to infer bi-

ological interactions and functional linkages

between proteins (6–14). These include obser-

vations of two distinct proteins from one or-

ganism being genetically fused into a single

protein in another organism (13, 14) and the

tendency of two proteins to occur in chromo-

somal proximity across multiple organisms

(12, 15). When a sufficiently large number of

genomes were fully sequenced, it became pos-

sible with the phylogenetic profile approach

(11, 16, 17) to detect functional relationships

between proteins exhibiting statistically simi-

lar patterns of presence or absence. Because

sequenced genomes allow us to catalog all of

the proteins encoded in each organism, we can

determine the pattern describing a protein_s
presence or absence by searching for its

homologs across N organisms, the result of

which is an N-dimensional vector of ones

(present) and zeros (not present) referred to

as its phylogenetic profile.

Original implementations of the phyloge-

netic profile method sought to infer Blinks[
between pairs of proteins with similar pro-

files (11). A subsequent variation on that

idea linked proteins if their profiles repre-

sented the negation of each other (18, 19).

These ideas are consistent with the simplest

notion of how two proteins might be related

in a cell, with the presence of one protein

implying the presence or absence of another.

Such simple patterns might be expected when

two proteins are required to form a structural

complex or when two proteins carry out se-

quential steps in an unbranched metabolic

pathway. However, such simple relationships

cannot adequately describe the full com-

plexity of cellular networks that involve

branching, parallel, and alternate pathways.

The observed complexity of cellular networks

leads one to expect the existence of higher

order logic relationships involving a pattern

of presence or absence of multiple proteins.

Furthermore, evolutionary divergence, conver-

gence, and horizontal transfer events lead us

to expect relationships between multiple gene

families that are more complex than can be

described by pairwise phylogenetic similar-

ity. Analysis of cellular pathways and net-

works in terms of logic relations has attracted

recent interest (20, 21), and the growing num-

ber of sequenced genomes now makes it pos-

sible to search for logic relations.

Here, we perform a complete analysis of

the logic relations possible between triplets

of phylogenetic profiles and demonstrate the

power of the resulting logic analysis of phy-

logenetic profiles (LAPP) in illuminating re-

lationships among multiple proteins and

inferring the coarse function of large num-

bers of uncharacterized protein families. There

are eight possible logic relationships com-

bining two phylogenetic profiles to match a

third profile (Fig. 1A). For instance, protein

C might be present if and only if proteins A

and B are both present (denoted here as a

type 1 logic relationship), from which we

would infer that the function of protein C is

necessary only when the functions of pro-

teins A and B are both present. Alternatively,

gene C may be present if and only if either A

or B is present (a type 7 logic relationship),

which is seen when different organisms use

two different protein families in combination

with a common third protein to accomplish

some task (for example, a combination of A

and C or B and C). Several of the eight

possible logic relationships can be intuitively

understood to describe commonly observed

biological scenarios, whereas a few of the

logic relationships are not easily related to

real biological situations.

To identify protein triplets that exhibit

the logic relationships described in Fig. 1,

we first created a set of binary-valued vec-

tors describing the presence or absence of
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each of the known protein families across

67 fully sequenced organisms. Specifically,

the complete set of proteins was categorized

into 4873 distinct families known as clusters

of orthologous groups (COGs) (22, 23). Next,

we systematically examined all triplet com-

binations of the profiles and rank-ordered

them according to how well the logical com-

bination f(a,b) of two profiles predicted a

third profile, c. Further, we also required that

neither profile a nor b alone was predictive

of c. We calculated uncertainty coefficients

for U(cka), U(ckb), and the logically com-

bined profile U(ck f(a,b)), where

UðxkyÞ 0 EHðxÞ þ HðyÞ j Hðx; yÞ^=HðxÞ

and H refers to the entropy of the individual

or joint distributions (24). The value of U

can range between 1.0, where x is a deter-

ministic function of y, and 0.0, where x is

completely independent of y. We selected

triplets whose individual pairwise uncertain-

ty scores described protein profile c poorly

EU(cka) G 0.3 and U(ckb) G 0.3^ but whose

logically combined profile EU (ck f (a,b)Þ 9 0.6^
described c well.

A hypothetical set of profiles can illus-

trate the approach (Fig. 1C). Under a type 3

logic relationship, protein C is present when-

ever protein A, protein B, or both are pre-

sent. The pairwise comparisons of profiles

(AC, BC, and AB) each yield limited infor-

mation, whereas a phylogenetic profile log-

ically combining proteins A and B matches

the phylogenetic distribution of protein C

exactly and has a triplet uncertainty score

of U 0 0.48. In contrast, a triplet containing

hypothetical randomized profiles with the

same number of protein homologs as in the

previous example has a triplet uncertainty co-

efficient of U 0 0.03 and does not corre-

spond closely to any of the eight logic types.

Logic analysis of phylogenetic profiles

yields thousands of computed relationships

among protein families that cannot be de-

tected by traditional pairwise phylogenetic

analysis, enabling a more intricate descrip-

tion of predicted relationships (Fig. 2 and

fig. S1). The synthesis of aromatic amino

acids proceeds through the shikimate path-

way. A logic analysis of five participating

proteins shows that shikimate can be con-

verted to the end product prephenate by one

of two possible routes, leading to a type 7

logic relationship. When either one shikimate

kinase protein family (protein A, COG1685)

or an alternate shikimate kinase protein

family (protein B, COG0703) is present in

an organism, then excitatory postsynaptic

potential (EPSP) synthase must also be

present (protein C, COG0128) (U 0 0.85) to

carry out the subsequent enzymatic step. The

same type 7 logic relationship is also observed

between alternate shikimate kinase enzymes

and the successive chorismate synthase (pro-

tein D, COG0082) and chorismate mutase

(protein E, COG1605) enzymatic steps of the

pathway. The ordering of the metabolic steps

that follow shikimate kinase is predicted by the

value of successive U coefficients, where

EPSP synthase (second step, U 0 0.85) is

most strongly linked to shikimate kinase,

followed directly by the chorismate synthase

(third step, U 0 0.66) and lastly by chorismate

mutase (fourth step, U 0 0.56). We can con-

clude that organisms synthesize chorismate

and prephenate from shikimate with the use

of only one of two possible alternate routes:

pathways consisting of either ordered enzymes

A-C-D-E or enzymes B-C-D-E.

Our LAPP recovers 750,000 previously

unknown relationships among protein families

(U(ck( f(a,b))) 9 0.60; U(ckb) G 0.30; U(cka) G
0.30), whose validity can be assessed by com-

paring known annotations of the linked pro-

teins (tables S2 to S5). The ability to recover

links between proteins annotated as belong-

ing to a major functional category has been

used widely to corroborate computational

inferences of protein interactions (4, 5). We

Fig. 1. Detection of pathway relationships among proteins based on a logic
analysis of phylogenetic profiles (LAPP). (A) Venn diagrams and associated
logic statements illustrate the eight distinct kinds of logic functions that
describe the possible dependence of the presence of C on the presence of A
and B, jointly. Logic functions are grouped together if they are related by a
simple exchange of proteins A and B. The symbols $, ¦, È, and 6 indicate

‘‘logical AND,’’ ‘‘logical OR,’’ ‘‘logical negation,’’ and ‘‘logical equality,’’ respec-
tively. (B) The meaning of each logic relationship is described in a single text
sentence, (C) hypothetical phylogenetic profiles are used to illustrate the
eight possible logic functions, and (D) for the four most commonly observed
logic types, real biological examples are given that illustrate the ternary
relationships identified from actual phylogenetic profiles.

Fig. 2. Three logic
examples from the aro-
matic amino acid syn-
thesis pathway, obtained
as high-scoring ternary
relationships in an anal-
ysis of all possible 62
billion protein triplets.
In this example, a calcu-
lation based on tradition-
al pairwise phylogenetic
profile analysis links only
the terminal enzymes
in the pathway (pro-
teins C and D and D
and E). The triplet and
pairwise uncertainty
coefficients, U, high-
light the additional associations observed with ternary relationships, A and B with C, D, and E.
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assessed the accuracy of the logic relation-

ships obtained for the triplet profiles by

using the metrics and threshold values

detailed above, where each protein family

is annotated as belonging to one or more of

the 20 COG major functional categories.

Figure 3A shows a section taken from a

three-dimensional histogram that describes

the frequency of observed logic relationships

in which protein A of the triplet is annotated

as belonging to the COG functional category

N, cell motility. One of the most frequently

observed triplet relationships in this section

relates three proteins belonging to the cell

motility category, confirmation that the triplet

associations link proteins closely related in

function. Other triplets involve two proteins

from the motility category and a third protein

of another COG category, producing recog-

nizable horizontal and vertical bands in the

histogram. For instance, the category com-

binations NNU (COG category U, intracel-

lular trafficking and secretion) and NNS (COG

category S, unknown function) are also plenti-

ful. Connections between these categories make

intuitive sense and facilitate placement of un-

annotated proteins within the context of spe-

cific cellular networks of interacting proteins.

The LAPP method leads to a set of statisti-

cally significant ternary relationships (Fig. 3B

and fig. S2) that are distinct from and more

numerous than the relationships that can be

inferred by using traditional pairwise anal-

ysis. A matrix of randomized phylogenetic

profiles, containing the same individual and

pairwise distributions as the native profiles,

was used to assess the probability of ob-

serving a given uncertainty coefficient score

by chance. Triplets with U 9 0.60 are ob-

served from the unshuffled vectors È102 times

more frequently than from shuffled profiles

and È104 more frequently when U 9 0.80. A

P value for each triplet relationship can be

calculated by enumerating all possible values

of U that could be obtained from shuffled

profiles while maintaining the individual and

pairwise distributions, where P is equal to the

number of trials that exceed the observed val-

ue of U divided by the total number of trials.

More than 98% of the identified triplets (U 9
0.6) have P G 0.05, and more than 75% of

the identified triplets have P G 0.005. Lastly,

the eight distinct logic types occur with widely

varying frequencies within the set of signif-

icant ternary relationships (Fig. 3C), a trend

consistent with our understanding of evolu-

tion and biological relationships. Logic types

1, 3, 5, and 7 are observed frequently in the

biological data, whereas logic types 2, 4, and

8 are more difficult to relate to simple cel-

lular logic and are observed only rarely.

The 50 most significant computed ternary

relationships from Fig. 3A are shown in net-

work form (Fig. 3D). The proteins linked

include secreted virulence factors, adhesin

proteins necessary for bacterial pathogenesis,

Fig. 3. A benchmark analysis of the ability of LAPP to identify
functionally related proteins. (A) A section from a three-
dimensional histogram describing the prevalence of ternary
relationships among high-scoring triplets. The histogram is for
logic function type 3 and covers triplets of proteins A, B, and C
whose COG major functional categories (table S3) are
described by N, x axis, and y axis, where N is cell motility.
Because protein families are not uniformly distributed across
COG categories, Z scores are plotted to facilitate comparison of
histogram bin counts. The mean m and variance s2 for each bin
was calculated for a distribution of 750,000 triplets with
randomly selected protein families, and an observed bin count,
n, was transformed by Z 0 (n – m)/s; the gray scale is linear,
with white corresponding to Z 0 0.0 and black to Z 0 75. (B) A
plot of the cumulative number of protein triplets recovered at
an uncertainty coefficient score greater than a given threshold.
LAPP analysis of a randomized matrix, containing shuffled
profiles that preserved the overall individual and pairwise
distributions (fig. S2), reveals only È20,000 triplets with high
coefficient scores. In contrast, we detect 750,000 triplets from
an analysis of the original, unshuffled biological protein profiles.
(C) A histogram showing the number of identified triplets (U 9
0.6) for each of the eight logic function types for randomized
(black) and real (gray) phylogenetic profiles. Diagrams illustrate
one possible pathway arrangement consistent with that type of
logic. Some diagrams describe potential pathways combined
across multiple organisms, but the three proteins of interest may not
always occur together in any single given genome. (D) An illustration of
the 50 highest scoring relationships (U 9 0.75) involving proteins from
the cell motility and intracellular trafficking and secretion functional
categories. Cell motility proteins are colored light blue, intracellular

trafficking and secretion are colored magenta, and proteins anno-
tated as both are colored in orange. Edges are shown between
proteins A-C and B-C of each logic triplet, with each edge labeled
according to the logic function type used to associate the proteins’
families.
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chemotaxis proteins, and translocase proteins.

The network contains previously unknown

interactions that suggest mechanisms con-

necting bacterial pathogenesis and chemotaxis.

For instance, CheZ, a chemotaxis dephos-

phorylase that regulates cell motility, is linked

to the surface receptor and virulence factors

adhesin AidA and Flp pilus-associated FimT.

The new higher order protein associations

detected by LAPP provide a framework for

understanding the complex logical depen-

dencies that relate proteins to one another in

the cell. They may also be useful in mod-

eling and engineering biological systems,

generating biological hypotheses for experi-

mentation, and investigating additional pro-

tein properties. It is likely that the logic

relationships between proteins in the cell ex-

tend beyond ternary relationships to include

much larger sets of proteins. We anticipate

that the ideas underlying the logical analysis

of phylogenetic profiles can be extended to

the investigation of other kinds of genomic

data, such as gene expression, nucleotide poly-

morphism, and phenotype data.
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Reproductive Effort,
Molting Latitude, and Feather
Color in a Migratory Songbird
D. Ryan Norris,1,4* Peter P. Marra,3 Robert Montgomerie,1

T. Kurt Kyser,2 Laurene M. Ratcliffe1

Toward the end of the breeding season, migratory songbirds face crucial
tradeoffs between the timing of reproduction, molt, and migration. Using
stable hydrogen isotopes, we show that male American redstarts investing in
high levels of reproduction late in the season adopt a unique strategy of
combining molt and migration. Tail feathers molted during migration also
reflect less orange-red light, indicating reduced carotenoid concentration.
Thus, we show how reproduction in a migratory animal can influence both life
history strategies (location of molt) and social signals (feather color) during
subsequent periods of the annual cycle.

Each year, toward the end of the temper-

ate breeding season, billions of songbirds

face crucial energetic tradeoffs between the

costs of reproduction, the replacement of

feathers (molt), and the hazards of long-

distance migration to the tropics (1). To

date, our inability to track individual birds

moving between their breeding and win-

tering grounds has made studying the in-

teraction between these events virtually

impossible. Using stable hydrogen isotopes

and reflectance spectrometry, we investi-

gate how reproduction affects both molt-

ing latitude and the color of molted feathers

in an 8-g neotropical-nearctic migratory

songbird, the American redstart (Setophaga

ruticilla).

Redstarts (Fig. 1A) are socially monoga-

mous, single-brooded passerine birds that

provide biparental care to young for 2 to 3

weeks after the young leave the nest (2).

Individuals breed in the deciduous forests of

temperate North America and winter in the

Caribbean and Middle America. From 2001

to 2004, we sampled tail feathers from

individually marked males at a breeding site

in Ontario, Canada (44-34¶ N, 76-19¶ W).

These males were known to have bred at the

same location the previous year (3). In

eastern North America, stable hydrogen

isotope (dD) values in precipitation follow

a strong latitudinal gradient where low (more

negative) values correspond to higher lati-

tudes (Fig. 1B) (4). dD signatures in precip-

itation are transferred through food webs to

higher-order consumers, including birds (5).

Because feathers are metabolically inert after

growth, dD values sampled from feathers in

a given breeding season indicate the molt-

ing latitude from the previous autumn.

Fig. 1. (A) Adult male
American redstart after
complete autumn molt.
[Photograph by Robert
Royse] (B) Distribution of
post-breeding molt loca-
tions determined from dD
values of tail feathers (n 0
30). Contour lines indi-
cate expected dD values
throughout eastern North
America (4). The eastern
portion of the breeding
range is shaded light gray
(2). The size of the circles
represents the frequency
distribution of molt loca-
tions: large (near breeding
grounds), n 0 18 individuals; medium, n 0 9; small, n 0 1. The arrow shows the most likely fall
migration route based on band-recapture data (16).
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