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Abstract. Quantitative analyses were carried out on a
large number of proteins that contain the highly con-
served basic helix–loop–helix domain. Measures derived
from information theory were used to examine the extent
of conservation at amino acid sites within the bHLH
domain as well as the extent of mutual information
among sites within the domain. Using the Boltzmann
entropy measure, we described the extent of amino acid
conservation throughout the bHLH domain. We used po-
sition association (pa) statistics that reflect the joint
probability of occurrence of events to estimate the “mu-
tual information content” among distinct amino acid
sites. Further, we usedpa statistics to estimate the extent
of association in amino acid composition at each site in
the domain and between amino acid composition and
variables reflecting clade and group membership, loop
length, and the presence of a leucine zipper. Thepa
values were also used to describe groups of amino acid
sites called “cliques” that were highly associated with
each other. Finally, a predictive motif was constructed
that accurately identifies bHLH domain-containing pro-
teins that belong to Groups A and B.

Key words: Basic helix–loop–helix proteins — bHLH
— Information theory — Boltzmann entropy — Predic-
tive motifs — Positional dependence — Cliques

Introduction

Many biological processes are spatially and temporally
controlled at the level of transcription. To understand the
transcriptional regulation of gene expression, one needs
to decipher the molecular modes of differentiation and
development of eukaryotic cells. Transcriptional control
is mediated by complex interactions between regulatory
transcription factors, with their various enhancer ele-
ments giving rise to sequence-specific multiprotein com-
plexes that control gene expression at multiple control
points (Novina and Roy 1996). Hence, it is crucial that
we understand the structure of the various components of
these transcriptional complexes, are able to classify their
components into well-defined categories, and understand
their origin and evolution.

Transcription factors are structurally complex pro-
teins containing distinct functional components associ-
ated with DNA binding, protein oligomerization, phos-
phorylation, activation, and other activities. As a
consequence, functionally heterogeneous proteins are of-
ten classified based upon small, highly conserved amino
acid domains which are discrete connected parts of pro-
teins that can be equated with a particular function. Thus,
transcription factors are generally grouped into families
like zinc fingers, helix–turn–helix, helix–loop–helix, or
basic leucine zippers because the relevant proteins share
a particular, short domain associated with DNA binding,
oligomerization, or other activities (Lewin, 1997).

Several problems are inherent to evolutionary classi-
fications based on domains. First, the domains are often
short and highly conserved so that the amount of infor-
mation contained within them that can be used for clas-Correspondence to:W.R. Atchley;e-mail: atchley@ncsu.edu
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sification may be small. Complicating the issue is the
fact that outside the conserved domain, these proteins
may exhibit considerable sequence dissimilarity to the
point of being apparently unrelated. Second, these do-
mains are associated with a limited number of functions
like DNA binding and oligomerization. Mechanistically,
there may be only a few ways to solve a particular prob-
lem. As a consequence, convergent evolution often can-
not be excluded, particularly for structurally simple do-
mains, e.g., the structurally equivalent E-box and G-box
domains involved with DNA binding or the leucine zip-
per oligomerization domain. Third, the definition of the
domains in terms of primary sequences are not well un-
derstood so that determining whether a particular protein
should be included in one of these families is sometimes
difficult [e.g., zinc finger proteins (Nakata 1995)].

Consequently, detailed analyses are needed to char-
acterize rigorously the structure and function of these
important domains and to deduce their origin and evo-
lution. Such studies require large amounts of divergent
data to elucidate better their structural and functional
limits as well as to explore the constraints regarding their
evolution.

In this paper, we examine some structural aspects of
the basic helix–loop–helix domain (bHLH) which de-
fines an important group of transcription factors. bHLH
proteins are characterized by highly conserved bipartite
domains for DNA binding and protein–protein interac-
tion (Murre et al. 1989). Proteins containing the evolu-
tionarily conserved helix–loop–helix domain are an im-
portant class of regulatory components in transcriptional
networks of many developmental pathways (Murre et al.
1994). They are involved in regulation of neurogenesis,
myogenesis, cell proliferation and differentiation, cell
lineage determination, sex determination, and other es-
sential processes in organisms ranging from plants to
mammals. These various proteins can be grouped into
clades and groups reflecting their evolutionary history
(Atchley and Fitch 1997).

Since the bHLH domain was first described, a large
number of helix–loop–helix proteins have been identi-
fied. Most are classified as bHLH transcription factors
based on overall sequence similarity with existing bHLH
proteins. Several important questions exist regarding the
structure of the domain and sequence variability in
bHLH proteins. (1) What primary sequence structure
identifies a helix–loop–helix protein and how does this
structure vary among related proteins? (2) How much
sequence variability is permitted while still preserving
the necessary helix–loop–helix configuration? (3) Which
sites are most highly conserved? (4) What dependencies
exist between the amino acid distribution observed at
variable sites and clade membership, loop length, and the
existence of a leucine zipper? (5) Are there significant
associations between the function(s) of these residues

and the extent of their evolutionary conservation and/or
coevolution?

Consequently, the goal of the analyses reported here
is to examine the extent of primary sequence variability
in a large number of functionally diverse bHLH proteins,
suggest a short hypothetical motif that will serve as a
predictive model for identifying putative bHLH proteins,
and explore the goodness of fit of this motif to a wide
variety of known and of previously unrecognized bHLH
proteins.

Definition and Structure of the bHLH Domain

The bHLH domain is comprised of approximately 60
amino acids (Fig. 1). A component of mainly basic resi-
dues (b) permits HLH proteins to bind to a consensus
hexanucleotideE-box (CANNTG). A second compo-
nent, referred to as theHLH domain, allows these pro-
teins to interact and to form homo- or heterodimers. The
dimerization component contains about 50 primarily hy-
drophobic residues and produces two amphipathica-he-
lices (H1, H2) separated by a loop (L) of variable length.
Additionally, some bHLH proteins contain a leucine zip-
per (LZ) dimerization domain characterized by heptad
repeats of leucines that occur immediately C-terminal to
the bHLH domain.

Several authors including Ferre-D’Amare et al. (1993,
1994), Ma et al. (1994), and Ellenberger et al. (1994)
have examined the higher-order structure of representa-
tive bHLH proteins. The crystal structure of the Max
protein homodimer, for example, is a parallel, left-
handed, four-helix bundle, with hydrophobic residues
from H1 and H2 at the core of this globular domain,
where they pack together and exhibit strong van der
Waals interactions that stabilize the structure of the ho-
modimer (Ferre-D’Amare et al. 1993). This structure ap-
pears to be similar to that of other bHLH proteins, such
as E47 (Ellenberger et al. 1994), MyoD (Ma et al. 1994),
and USF (Ferre-D’Amare et al. 1994).

For consistency, we are following the scheme pro-
posed by Ferre-D’Amare et al. (1993) for delimiting the
components of the domain. Numbering of the amino ac-
ids included within domain components and delimiting
the major evolutionary groups, clades, and lineages fol-
lows Atchley and Fitch (1997).

Sites 5, 8, 9, and 13 determine the overall DNA bind-
ing configuration (Atchley and Fitch 1997). The pres-
ence of a glutamic acid residue (E) at site 9 is required
for DNA binding to the E-box and has been shown to
contact the CA element of the E-box sequence CANNTG
(Ellenberger et al. 1994; Ma et al. 1994; Swanson et al.
1995). This critical glutamic acid residue is found at site
9 in all Group A and B proteins, but in none of the Group
C and D proteins.
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Clades and Groups.Atchley and Fitch (1997) provide
an evolutionary analysis of 242 bHLH domain-
containing proteins. A neighbor-joining tree describing
the major evolutionary lineages (4clades) rooted using
the Delia sequence (a bHLH protein found in plants) is
given in Fig. 2. This tree has been “pruned” at the ter-
minal nodes to summarize only information about inter-
relationships about major families of bHLH proteins.
More detailed information is provided by Atchley and
Fitch (1997).

These numerous clades can be assembled into four
major monophyletic groups based upon how the proteins
bind to the consensus E-box, the presence of leucine
zippers and other attributes. Group A proteins bind to an
CAGCTG E-box configuration, while Group B binds to
CACGTG (Dang et al. 1992). Group C is a statistically
well-supported separate lineage that lacks the critical
glutamic acid residue at site 9. The latter predicts that
Group C proteins do not bind to any known E-box
(Swanson et al. 1995). Group C can be further discrimi-
nated by the possession of a unique “PAS” domain com-
posed of two approximately 50-amino acid repeats
spaced by approximately 150 residues that is critical for
dimerization with other PAS-containing proteins (Zelner
et al. 1997). Group D proteins lack the basic DNA bind-
ing region, have a very low frequency of basic residues

in the first 13 sites, and frequently have proline residues
at sites 4 and 9. Group D proteins do not bind DNA;
rather, they form protein–protein dimers that function as
negative regulators of DNA binding behavior (Murre et
al. 1994).

Materials and Methods

Database.A large database of over 400 aligned bHLH domain se-
quences has been assembled from GenBank, SwissProt, and other
sources for the present analyses. They were aligned using the Clustal W
alignment algorithm, and the resultant alignment was improved by eye.
Two hundred forty-two of these sequences were employed in a previ-
ous phylogenetic analyses (Atchley and Fitch 1997).

Predictive Motif. From the 242 sequences used by Atchley and
Fitch (1997), we derived a hypothetical search motif to identify puta-
tive bHLH proteins which is based upon the frequency of amino acids
at individual sites within this large database. Using this search motif,
we probed the GenBank and SwissProt databases using a modification
of theagrepalgorithm of Wu and Manber (1991). The agrep algorithm
uses “fuzzy” logic to search files for a string and permits searches with
(i) a defined level of mismatch including gaps and (ii) site-specific
specification of acceptable variants. This fuzzy logic approach avoids
problems with “typology” where sequences must conform to an ideal-
ized sequence type and therefore permits us to identify protein se-
quences that match the pattern of the query sequence in a biologically

Fig. 1. Representative bHLH proteins, amino acid number scheme,
and components of the bHLH domain. Designation of basic (B), helix
(H), and loop (L) regions and the numbering sequence for the indi-
vidual amino acids follow Ferre-D’Amare et al. (1993). Predictive
model and its relationship to the aligned bHLH domain for represen-
tative sequences of major evolutionary lineages according to Atchley
and Fitch (1997). The elements of the predictive model are shown in

boldfaceand mismatches areunderlinedand counted to provide the
deviation from the predictive model among these representative se-
quences.Arrows andunderlinedsite numbers denote amino acids that
are buried in the interior of the four-helix bundle in Max according to
Ferre-D’Amare et al. (1993). +4 K, R; a 4 I, L, V; f 4 F, I, L; d

4 I, V, T; and K, R, E, and N are as defined; and X4 any residue.
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more realistic fashion. Using this algorithm, we identified a number
of additional bHLH domain-containing proteins in GenBank and
SwissProt.

Consequently, we were able to expand the database used by Atch-
ley and Fitch (1997) to one containing over 400 proteins known to
exhibit the bHLH domain (392 of these sequences are examined here).
The additional protein sequences were added only in cases where the
protein had been shown experimentally to contain a bHLH domain or
appeared to be closely related (by sequence analysis) to proteins known
to contain a bHLH domain. In addition, our search procedures identi-
fied a number of further sequences that probably are bHLH proteins,
including cosmids, open reading frames from the various genome pro-
jects, and proteins whose function is yet unknown. The latter proteins
are currently not part of the database but are being added as we deter-
mine whether they actually contain bHLH domains. They are not in-
cluded currently because the purpose of the present analyses is to
characterize that domain, and to this end we used only proteins known
to contain it. Subsequent papers will deal with these other proteins and
with methods for assessing their membership to the bHLH family.

Estimating Sequence Variability.This report focuses on patterns of
primary amino acid sequence variability. Within highly conserved do-
mains like bHLH, some sites exhibit very little variability. No doubt,
this must be caused by functional and structural constraints exercising
strong evolutionary pressure to preserve a particular pattern of residues.
Such highly conserved sites generally reflect the structure and function
of a given domain. Other sites can be much more variable, and the
combination of residues at particular variable sites often contains a
strong phylogenetic signal, distinguishing evolutionary lineages and
providing information characterizing clade structure (Atchley and Fitch
1997). Because evolutionary variation at the molecular level can be
neutral, one might anticipate some variation not related to a functional
signal (i.e., random noise). However, because of the highly conserved

nature of domains like bHLH, the amount of random sequence vari-
ability within them is probably quite small.

Comparing amino acid sequences presents several difficult prob-
lems, not the least of which is that such analyses involve variability in
“symbols” for which there is no natural ordering or metric. Character-
ization of the relative information at each site for all 392 bHLH se-
quences is measured in terms of the Boltzmann entropyE as employed
by Shannon (Shannon and Weaver 1949). It measures the degree of
variation among categories of amino acids at each site in the domain
and is defined as

E: 4 −∑Pilog2Pi

wherePi is the relative frequency of residues belonging to categoryi
(with Pilog2Pi: 4 0 if Pi 4 0; the colon before an equation sign
indicates that the left-hand term is defined by the right-hand term). So
E is zero when all elements are in the same category. It increases with
both the number of categories and their equiprobability, its maximal
possible value being log2n, if n categories are being considered. Gaps
are excluded from the computation ofE in our analyses.

The Boltzman–Shannon statistics were computed in two ways.
First, E was computed at each site with every single amino acid form-
ing one category. Second,E was computed (denotedEF) according to
the following classification: acidic (D, E), basic (K, R, H), aromatic (F,
Y. W), aliphatic (A, G, I, L, V, M), amidic (N, Q), hydroxylated (S, T,
Y), cysteine (C), and proline (P).

Positional Interdependence in the bHLH Domain.The phenom-
enon of “covariability” among sequence elements, where the amino
acid composition at one site can be estimated with some reliability by
the amino acid composition at another site, is an important concept for
understanding sequence evolution and function. However, estimating
covariation is difficult with biological sequence data because they in-
volve “symbols” (letters for nucleotides or amino acids) having no
underlying natural ordering or metric thus preventing use of conven-
tional statistical procedures. Using methodology derived from infor-
mation theory, we can estimate themutual information contentbetween
distinct amino acid sites. This is a measure derived from the probability
of joint occurrence of events (Kullback 1959). If events are indepen-
dent, then the mutual information is 0; if events are dependent, mutual
information is positive (Farber et al. 1992; Herzel and Gross 1995;
Clarke, 1995; Roman-Roldan et al. 1996). This approach permits one to
estimate not only the association among various amino acid sites but
also the extent of association between the amino acid composition at
any given site with other variable properties. The latter might include
estimating the phylogenetic information content of a given amino acid
site by the extent of association of its amino acid composition with the
phylogenetic structure of the group of proteins in question. The amino
acid composition at various sites can also be related to variables re-
flecting the function of structural components of proteins, the length of
the loop or turn in bHLH or HTH proteins, and the presence of another
conserved domain like a leucine zipper or a PAS domain.

We refer to these estimates asposition association(pa) statistics.
With regard to the association between amino acids in an aligned
family of sequences, for any given variablev (a position in the align-
ment) defined on a setS of aligned sequences and for each possible
valueA of v (a single amino acid or a functional group of amino acids),
we estimate the unweighted probabilityp(A/v) for the variablev to
attain the valueA by

p(A|v) 4 (No. sequencess in S with v(s) 4 A)/No. S

Similarly, for any pair of positionsv, w and any pair of amino acidsA
andB or, more generally, possible values ofv andw, respectively, we
definep(A,B|v,w) as the number of sequencess in Swith v(s) 4 A and
w(s) 4 B divided by No.S.There is no “association” between variable

Fig. 2. Neighbor-joining tree summarizing the evolutionary relation-
ships among the protein families containing a bHLH domain. The tree
was computed using the PHYLIP software based on a PAM 001 matrix
and the terminal nodes have been consolidated to show only protein
families. Groups A, B, C, and D (as described by Atchley and Fitch
1997) are denoted. The tree was rooted on Delila, a bHLH sequence
found in plants. More extensive information about a neighbor-joining
analysis of these data is given by Atchley and Fitch (1997).
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v and variablew if p(A,B|v,w) roughly coincides withp(A|v) × p(B|w)
for all A, B,as is obviously the case whenw has only a single valueB,
and one hasp(A,B,|v,w) 4 p(A|v) 4 p(A|v) × p(B|w).

According to standard techniques, based on the convexity of the
function f(x): 4 xlnx, the association between variablev and variable
w can now be measured byv, w:

pa~v,w!: = (
A,B

p~A,B|v,w! 2 ln~p~A,B|v,w!/p~A|v! 2 p~B|w!!

with p(A,B|v,w)/p((A|v) × p(B|w):4 1 wheneverp(A|v) × p(B|w) 4 0.
It is worth noting that, more generally, given a strictly convex function
f(x) defined for all nonnegative numbersx, satisfying, in addition, the
relationf(1) 4 0, e.g.,f(x): 4 x(x − 1), it can be shown that the number

paf~v,w! = (
A,B

p~A|v! 2 p~B|w!f~p~A,B|v,w!/~p~A|v! 2 p~B|w!!

is always nonnegative, while this number vanishes if and only ifp(A|v)
× p(B|w) equalsp(A,B|v,w) for all A,B that is, if and only ifv andw are
statistically independent for each other.

More generally, the identity

(
A

p~A,B|v,w! = p~B|w!

and the inequality

0 # p~A,B|v,w!/p~A|v! # 1

implies

pa~v,w! = (
A,B

p~A,B|v,w!ln~p~A,B|v,w!/p~A|v!p~B|w!!

= (
B
S(

A

p~A,B|v,w!ln~p~A,B|v,w!/p(A|v!D
− (

A

p~A,B|v,w!ln~p~B|w!!

# −(
B

p~B|w!ln~p~B|w!!

=: E~w!

if we define the Boltzmann–Shannon entropyE(w) of the variablew in
this way; so the value of the association ofv andw can never exceed
that of E (w) or—by symmetry—that ofE (v).

We have used position association values to describe the extent of
association between the amino acid composition at the 64 sites within
the bHLH domain. Further, we usepavalues to describecliquesof sites
defined as groups of positions such thatanytwo positions in that clique
havepa-values among the highest 5% of all such values, which, as it
turned out, are exactly those with values greater than 1.0. These
cliques, of course, describe higher-order association and indicate mu-
tual interdependence between a whole range of positions.

As mentioned above, this mutual information approach can be ex-
tended to measure association among other types of variables. For
example, we estimate the phylogenetic signal exhibited by the various
sites by computingpa values between each site and a variable repre-
senting membership of each protein in a particular evolutionarygroup
or clade.The term “groups” refers to Groups A, B, C, and D described
by Atchley and Fitch (1997). The term “clade” refers to monophyletic
lineages contained in these groups which usually reflect functionally
similar families of proteins. These clades are defined in Table 1 of
Atchley and Fitch (1997).

We have also computedpa values between amino acid sites and (i)
the number of amino acids in the loop (loop length) or (ii) the presence

or absence of a leucine zipper (zipper). In each of the two latter in-
stances, thepa values provide information about either the predictabil-
ity of loop length or the presence of a leucine zipper from the amino
acid composition at various sites.

Results

Conservation of Amino Acids Within the
bHLH Domain

At each site, the extent of primary sequence variability
and the most frequently occurring amino acids,E andEF,
together with the resulting rank order, are given in Ta-
ble 1.

Referring to the structure of Max as a general model
(Ferre-D’Amare et al. 1993), there are several specific
sites within the bHLH domain worthy of notice. Using
the numbering system in Fig. 1, the highly conserved
basic residue at site 2 begins the firsta-helix, which
continues to site 27. Within the basic region, site 2 has an
arginine (R) residue in 77%, site 9 has glutamic acid (E)
in 93%, and sites 10 and 12 have arginine (R) in 81 and
91% of all the proteins, respectively. In Helix 1, site 16
has an aliphatic residue (I, L, or V) in 91%, site 17 has
asparginine (N) in 74%, site 20 has F, I, or L in 95%, and
at site 23 leucines (L) occur in 98% of all proteins. The
end of Helix 1 (site 28) has a proline in 63% of the
proteins, an amino acid well-known to break helices. The
first residue in the second helix (site 50) is lysine (K) in
93% of bHLH proteins in our database, while 98% have
leucine at site 54.

The amino acid sequence in most parts of the loop is
quite variable; however, some sites exhibit consistent
patterns of amino acid conservation. Properly aligned,
site 47 has basic residues (K or R) occurring in 80%
of proteins, while 45% of the proteins have a leucine at
site 48.

The extent of amino acid diversity at each site is
another important attribute when characterizing domains
(Table 1, Fig. 3a). By definition, the (theoretical) maxi-
mum value forE is log2(20) 4 4.32. RankingE values
in the H1 and H2 components (loop omitted) shows that
the 10 sites with the greatest amino acid diversity (ex-
cluding the loop) are 21 (E 4 3.47, H1), 62 (E 4 3.45,
H2), 3 (B), 63 (H2), 7 (B), 14 (H1), 18 (H1), 59 (H2), 26
(H1), and 56 (E 4 3.08, H2). The 13 sites with the
smallestE values are (in increasing order) 23 (E 4 0.15,
H1), 54 (E 4 0.20, H2), 9 (B), 50 (H2), 12 (B), 10 (B),
2 (B), 17 (H1), 64 (H2), 57 (H2), 53 (H2), 60 (H2), and
20 (E 4 1.27, H1). In these least diverse sites, the highly
conserved residue is leucine (L) at sites 23, 54, and 64,
glutamic acid (E) at site 9, lysine (K) at site 50, arginine
(R) at sites 12, 10, and 2, asparginine (N) at site 17,
alanine at site 57, isoleucine (I) at site 53, tyrosine (Y) at
site 60, and phenylalanine (F) at site 20.

Very similar results were obtained forEF. The Spear-

505



Table 1. Percentage occurrence of amino acids in the bHLH domain of 392 bHLH domain-containing proteinsa

Position and
component Amino acid frequency within the bHLH domain

Shannon Rank

E EF E EF

1 basic K(27%), R(61%) 1.6880 0.8730 15 14
2 basic K(16%), R(77%) 1.1670 0.5223 7 9
3 basic A(6%), K(18%), M(9%), R(21%), S(8%), T(5%), V(11%) 3.4199 1.8819 41 29
4 basic A(35%), K(5%), M(5%), N(11%), S(6%), T(20%) 3.0254 2.1559 31 38
5 basic A(27%), H(41%), K(8%), N(12%) 2.3358 1.8147 22 28
6 basic N(59%), P(9%), T(16%), V(6%) 2.0407 1.8121 19 26
7 basic A(22%), E(11%), I(8%), L(10%), M(16%), V(14%) 3.3456 1.5272 39 22
8 basic I(5%), L(26%), R(44%), S(7%) 2.4660 1.5815 24 23
9 basic E(93%) 0.5163 0.4509 3 8
10 basic K(14%), R(81%) 0.9876 0.3357 6 6
11 basic K(13%), L(8%), N(9%), Q(19%), R(35%) 2.9159 1.9269 29 30
12 basic R(91%) 0.5907 0.5944 5 11
13 basic L(18%), M(5%), R(49%), T(5%), V(17%) 2.1366 1.4621 20 21
14 helix 1 A(9%), D(9%), E(12%), K(14%), N(19%), Q(9%), R(12%), S(7%) 3.3118 2.3851 38 42
15 helix 1 D(20%), E(13%), H(5%), K(25%), N(7%), R(11%), S(9%) 3.0784 1.9793 33 33
16 Helix 1 I(35%), L(33%),M(6%), V(23%) 2.0320 0.2965 18 4
17 Helix 1 K(15%), N(74%),R(9%) 1.1814 0.9321 8 15
18 Helix 1 D(11%), E(30%), G(5%), L(12%), N(7%), R(5%), S(10%), T(6%) 3.2587 2.1470 37 36
19 Helix 1 A(41%), C(10%), G(6%), M(6%), R(5%), S(21%) 2.6321 1.9382 26 31
20 Helix 1 F(72%), I(9%), L(14%),Y(5%) 1.2716 1.0034 13 18
21 Helix 1 A(11%), D(11%), E(19%), F(12%), K(11%), L(13%), S(6%) 3.4749 2.3636 43 41
22 Helix 1 A(23%), E(27%), Q(6%), R(8%), T(14%), V(5%) 3.0341 2.1558 32 37
23 Helix 1 L(98%) 0.1482 0.0254 1 1
24 Helix 1 G(12%),K(35%), R(44%) 1.9306 0.9435 16 16
25 Helix 1 D(28%), E(9%), K(12%), Q(5%), R(25%), S(9%), T(6%) 2.9019 1.9480 28 32
26 Helix 1 C(9%), H(8%), I(6%), L(33%), M(11%), Q(10%), S(6%), V(5%) 3.0969 2.0980 35 34
27 Helix 1 C(8%), I(30%), L(13%), T(15%), V(32%) 2.2784 0.9730 21 17
28 Helix 1 L(7%), P(63%), Q(10%), S(5%), V(6%) 1.9776 1.6449 17 24
29 loop A(7%), D(7%), E(20%), L(14%), S(14%), T(16%) 3.4376 2.2630 na na
30 loop A(17%), C(6%), E(9%), H(39%), S(7%), T(8%), Y(5%) 2.7402 2.3567 na na
31 loop I(9%), L(36%), N(17%), V(12%) 3.0844 1.8051 na na
32 loop A(11%), D(5%), E(7%), H(6%), K(12%), P(35%), Q(5%) 3.2011 2.4182 na na
33 loop A(11%), G(5%), K(8%), N(31%), P(8%), Q(7%), S(17%) 3.1333 2.2760 na na
34 loop D(28%), E(16%), N(23%), Q(21%) 2.6119 1.6820 na na
35 loop G(33%), L(13%), P(13%), S(13%) 2.9333 2.0874 na na
36 loop A(18%), E(30%), I(7%), P(5%), R(5%), S(23%), T(5%) 2.8213 2.0861 na na
37 loop A(12%), H(19%), K(12%), L(7%), N(10%), Q(7%), R(29%) 2.8269 1.5888 na na
38 loop G(67%), I(11%), Q(22%) 1.2244 0.7642 na na
39 loop G(83%), R(17%) 0.6500 0.6500 na na
40 loop A(33%), D(17%), G(17%), I(17%), R(17%) 2.2516 1.2516 na na
41 loop D(10%), G(90%) 0.4690 0.4690 na na
42 loop I(10%), L(10%), P(10%), R(60%), S(10%) 1.7710 1.5710 na na
43 loop G(45%), H(9%), N(32%), S(14%) 1.7492 1.7492 na na
44 loop A(8%), I(11%), L(5%), P(8%), S(24%), T(18%), V(18%) 2.9495 1.6100 na na
45 loop H(19%), I(14%), K(14%), N(11%), S(6%), T(11%), V(13%) 3.1495 2.1663 na na
46 loop E(24%), K(33%), R(9%), S(11%), T(14%) 2.6358 1.9215 na na
47 loop K(58%),P(9%),R(24%) 1.7630 0.9758 na na
48 loop A(20%), L(45%), M(5%), Q(12%), V(9%) 2.4830 1.0830 na na
49 loop A(7%), D(9%), E(8%), N(5%), P(27%), S(31%), T(14%) 2.5702 1.9968 na na
50 Helix 2 K(93%) 0.5247 0.3202 4 5
51 Helix 2 A(20%), I(10%), L(15%), V(42%) 2.4597 0.5839 23 10
52 Helix 2 D(9%), E(32%), G(6%), L(10%), Q(5%), S(10%), V(17%) 3.0015 1.8139 30 27
53 Helix 2 I(74%), T(15%), V(7%) 1.2396 0.6592 11 12
54 Helix 2 L(98%) 0.1988 0.0711 2 2
55 Helix 2 A(6%), E(9%), H(8%), K(20%), Q(7%), R(36%) 2.8410 1.6650 27 25
56 Helix 2 E(6%), K(28%), L(19%), M(6%), N(9%), Q(11%), S(11%) 3.0844 2.1417 34 35
57 Helix 2 A(76%),S(5%), T(14%) 1.2329 0.8213 10 13
58 Helix 2 I(31%), T(23%), V(27%) 2.4911 1.2916 25 19
59 Helix 2 A(17%), D(13%), E(24%), K(7%), Q(6%), R(8%), S(13%) 3.1594 2.2849 36 40
60 Helix 2 H(8%), Y(77%),V(10%) 1.2473 1.3090 12 20
61 Helix 2 I(69%), L(16%), V(8%) 1.4565 0.1071 14 3
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man rank correlation (Sokal and Rohlf, 1995) betweenE
andEF was 0.89 (P < 0.001). Exceptions are sites like 16
and 61, whose diversity reflects variation in residues that
belong to the same functional class.

Among the functionally least diverse positions, sites
23, 54, 61, 16, and 64 all are aliphatic, with L, I, and V
among the most prevalent residues; sites 50, 10, and 2
are basic sites, with K or R as the most prevalent resi-
dues; and the exception is site 9, where E (an acidic
residue) is the most highly conserved.

Ten sites are common among the lowest 13 sites with
respect to bothE andEF. Sites 17, 60, and 20 (61, 16, and
51) are the sites which are among the lowest 13 with
respect toE (or EF) but not toEF (or E, respectively).

Relations Among Variability, Structure, and Function

Relationship to DNA Binding.The basic component of
the domain is characterized experimentally as being as-
sociated with DNA binding to a consensus hexanucleo-
tide “E-box” (CANNTG) (Voronova and Baltimore
1990). In its primary sequence, highly conserved posi-
tively charged (basic) residues (K or R) occur at a 90%
frequency or more at sites 1, 2, 10, and 12. These sites
mark the beginning and end of the DNA binding region.
Site 9 has a highly conserved glutamic acid (E) residue
(93%) which is found in every Group A and B protein
but none of the Group C and D proteins. Fisher and
Goding (1992), Ellenberger et al. (1994), Ma et al.
(1994), and others suggest that a glutamic acid residue is
in contact with the CA element of the E-box and is
required at site 9 for DNA binding to occur. Group D
does not have a DNA binding component. The situation
in Group C is not clear. Swanson et al. (1995) suggest
that these Group C proteins may not bind to DNA, at
least they do not bind any known E-box. Instead, they
may be involved with other bHLH proteins like ARNT in
a combinatorial mechanism of gene regulation.

Sites 3–8, 11, and 13 exhibit more diversity. At least
three of these more variable sites are involved in enhanc-
ing DNA-binding specificity, and the patterns of amino
acids at sites 5, 8, and 13 discriminate four phylogenetic
lineages within the bHLH proteins (Atchley and Fitch
1997).

Fisher and Goding (1992) have shown that single
amino acid substitutions at sites flanking the core
CANNTG-binding motif can also change binding site
specificity. Thus, while sites 5, 8, and 13 provide binding
specificity for Groups A to D, flanking residues at sites
3, 4, 7, and 11 appear to provide more refined discrimi-
nation with regard to clades of bHLH proteins.

Buried vs. Exposed Helix Residues.There is often a
relationship between the structural conformation of a
protein and the extent of amino acid variability at rel-
evant sites. For example, in folded structures, amino acid
residues F, L, I, and M tend to be fully buried, while
charged residues R, K, H, E, and D tend to be fully

Table 1. Continued

Position and
component Amino acid frequency within the bHLH domain

Shannon Rank

E EF E EF

62 Helix 2 E(13%), H(6%), K(13%), L(21%), Q(8%), R(16%) 3.4489 2.2498 42 39
63 Helix 2 A(10%), D(6%), E(9%), F(6%), G(5%), K(7%), N(5%), R(6%), S(29%), Y(8%) 3.3618 2.4877 40 43
64 Helix 2 L(80%),M(7%), V(5%) 1.2084 0.3714 9 7

a Amino acids are listed if they occur at least 5% of the time. The
Shannon statistic (E) is a measure of variety and is zero when all
elements (amino acids) are the same at a given site.E was computed
based on 20 amino acids, whileEF was computed based on eight
functional groups of amino acids. The theoretical maximum value ofE

for 20 amino acids is 4.32 and 3.0 for eight functional groups. Sites
given in boldface italics are those sites included in the predictive
model.E values were not ranked for the loop positions because of the
high frequencies of gapped sites arising from difficulties in homolo-
gizing the loop positions.

Fig. 3. Shannon uncertainty statistic scores for each site within the
bHLH domain. A total of 392 sequences is included in the plot.a
reflects the individual residues, whileb reflects residues transformed to
“functional groups” of amino acids. See text for further details.
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exposed on the surface (Richards 1992). In addition,
variation at exposed sites might regulate fine-tuning of
function, while variation at buried sites might correspond
to drastic changes of the folding architecture.

In their folded (native) state, proteins exhibit an intri-
cate three-dimensional structure. The molecular arrange-
ment of proteins, including the relationship between the
three-dimensional structure and the site-specific amino
acid specification and variability, is important from both
functional and evolutionary perspectives.

By the series of arrows in Fig. 1, we have indicated
those residues in Max that are buried in the dimer ac-
cording to Ferre-D’Amare et al. (1993). Extrapolating
from Max to other bHLH proteins, we can relate vari-
ability in primary sequence to structural conformation.
The buried sites of Max in Helix 1 are 16, 20, 23, 24, 27,
and 28. And those in Helix 2 include 50, 53, 54, 57, 60,
and 61. As expected, buried sites have a high prepon-
derance of hydrophobic residues. The exceptions include
site 50 (which is 93% K) and site 60 (77% Y).

An important null hypothesis to evaluate in a large
group of proteins is whether buried and exposed sites in
Helix 1 and Helix 2 have the same level of primary
sequence variability. To test this hypothesis, Boltzmann–
Shannon values (E) for each site were ranked and a
Mann–Whitney nonparametric test (Sokal and Rohlf
1995) carried out to evaluate the null hypothesis that the
two samples (buried versus exposed sites) have the same
medianE value. There are 30 sites in the two helices and
the median rank for the exposed sites was 21, while the
median for the buried sites was 8. The null hypothesis of
equal medians in the two samples was rejected atP <
0.001, indicating that, per site, buried sites have signifi-
cantly less sequence variability than exposed sites, over
these 397 sequences. This test was repeated using the
functional groups of amino acid (EF) as data. With these
data, the null hypothesis was again rejected atP < 0.001.

Characteristics of the Loop

The loop is variable in length and difficult to align, sug-
gesting little, if any, sequence homology. These and
other attributes raise interesting questions about loop
structure. Table 2 gives the frequencies of distinct loop
sequences of differing lengths. The shortest loop has five
residues (CBF-1), suggesting that at least that many resi-
dues are needed to maintain a parallel four-helix bundle
structure.

Observations about variability of primary structure
and length might suggest that the loop exists simply to
provide spacing required for dimerization and its amino
acid content is not very important from a functional or
evolutionary perspective. Several lines of evidence bring
this conclusion into question.

First, while it is difficult to align portions of the loop,
sites 47 and 48 exhibit rather high levels of conservation

and there are no gaps in the aligned sequences for these
two sites. Clearly, this argues against the idea that com-
position of the loop is irrelevant.

Second, the length of the loop variessystematically
among bHLH sequences. While loop length varies from
5 residues in CBF to 39 in RTG1 in yeast, its length
within any given protein family is quite stable. Table 3
provides the average loop length and its standard devia-
tion for the various bHLH clades and groups. In many of
the clades, there is little or no variation in loop length.
Indeed, thepa value regarding the variables for “clade”
and loop length is quite high (>1.4) (Table 4), while the
pavalue regarding “group” and loop length is low (0.35).

Within the achaete–scute protein family, however,
there is considerable heterogeneity and the loop length
varies from 8 to 21 residues. Achaete–scute proteins in
Drosophila such as Ast5 and Ast8 have 21 residues in
the loop; however, homologues of achaete–scute (Mash)
in mammals and chickens have only 8 residues.

Third, there is a reasonably high association between
loop length and amino acid composition at certain oth-
erwise quite variable sites in the basic and helix compo-
nents (Fig. 3):pa values >1.0 are found for sites 52
(1.08) and 21 (1.04). Values >0.9 are found for 14, 29,
15, and 56. All of these sites are highly variable (E rank
$30).

Fourth, swap experiments show that these loops are
not always functionally interchangeable among bHLH
proteins (Pesce and Benezra 1993).

An important question is which residues at highly
correlated sites are associated with loops of differing
lengths? Table 5 details the relationship between specific
amino acid residues at individual sites and loop length.
The 10 amino acid sites with the highestpa values are
given, together with the amino acid with the largest ob-
served/expected ratio. Thus, at site 52 (which has the

Table 2. Distribution and frequency of more common loop lengths in
the database of 392 sequences

Loop length No. unique sequences

5 2
6 9
7 3
8 14
9 49

10 26
11 2
12 11
13 3
14 10
15 0
16 2
17 0
18 1
19 0
20 2
21 3
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largestpa value between amino acid content and loop
length), alanine occurs altogether in only 15 of the 392
sequences, yet it occurs in all 5 sequences with a loop
length of 5. Similarly, at site 21 (which has the second
highestpa value), a glutamic acid residue occurs in al-
together 70 sequences, yet 56 of the 79 sequences have a
loop length of 8.

Clique Structure

Understanding the structure of evolutionarily conserved
functional domains is facilitated by elucidating the extent
of association among pairs of amino acid sites. The
“clique” structure of the bHLH domain is an important
functional and evolutionary concept. Cliques are defined
as groups of positions, all of which are more highly
associated with each other than any are to a nonmember
of the clique. Maximum cliques are those not contained
in larger cliques.

Position association values [pa(i,j)] computed for sites
i andj in the bHLH domain describe the interdependence
among amino acid sites. The highest value found was
just above 1.25 and the highest 5% (4101) of values
found were all just above 1.00. To evaluate the signifi-
cance of this finding, the amino acids in any column of
the alignment were rearranged at random, while none

were exchanged between columns. This procedure kept
constant the amino acid distribution and, hence, theE
andEF values at each position, as well as the quality of
the overall alignment. It turned out that more than 40%
of the pairs in the original data had a higherpavalue than
the highestpa value of 0.375 found for a shuffled align-
ment, while more than 15% had apa value at least twice
that large.

The maximal cliques we found among the pairs of
positions with apa value above 1.00 are listed in Fig. 4.
Clearly, the positions 3, 4, 7, 14, 21, 52, 56, and 62 are
most highly involved in these cliques and would form a
clique themselves if only thepa value of the pair (7, 52)
were above 1. Note that these positions exhibit also a
very high association with loop length.

Phylogenetic Information Content

Variability in amino acids at various sites reflects func-
tional, structural, and phylogenetic information together
with a random noise component. Success in estimating
evolutionary histories of proteins based on sequence in-
formation is possible because variability at the various
amino acid sites includes a strong phylogenetic signal
and the distribution of specific amino acid residues is
often highly associated with specific nodes in a phylo-
genetic tree. One could argue that the random noise com-
ponent in evolutionarily highly conserved domains might
be smaller than in other portions of the overall sequence
due to natural selection placing functional constraints on
random sequence variability. We can gain insight about
protein evolution by examining position association val-
ues between the distribution of amino acids at various
sites or loop length, on the one hand, and clade mem-
bership and related features, on the other.

Association Values.Position association (pa) statistics
between the amino acid composition and the designa-
tions for clade or group measure the amount of phylo-
genetic signal contained in the various amino acid sites.
Figure 5 provides graphical summaries of the position
association values describing the extent of association
between each amino acid site and either clade or group.

Table 4. Positional association statistics showing association be-
tween variables reflecting clade, group, presence or absence of a leu-
cine zipper, and length of the loop

Clade Group Zip
Loop
length

Clade —
Group 0.953 —
Zip 0.655 0.377 —
Loop length 1.415 0.352 0.185 —

Table 3. Means and standard deviations of loop length for various
bHLH protein families

Family n Average SDa

CBF 5 5.00 0.00
R 23 6.00 0.00
SREBP 9 7.00 0.00
AP4 2 8.00 0.00
ESC 1 8.00 N/A
MyoD 59 8.02 0.13
Twist 11 8.27 0.47
Myc 83 8.98 0.56
Atonal 6 9.00 0.00
Dhand 7 9.00 0.00
Hen 6 9.00 0.00
LYL 14 9.00 0.00
Nex 3 9.00 0.00
Mad 7 9.00 0.00
ID 16 9.00 0.00
Arnt 2 10.00 0.00
NO2 1 10.00 N/A
NO4 1 10.00 N/A
AH/Sim 10 10.00 0.00
E12 47 10.04 0.29
TFE 6 11.00 2.45
Pho4 1 12.00 N/A
USF 10 12.00 0.00
ACS 21 13.38 5.47
Hairy 32 13.63 0.71
Delila 2 16.00 0.00
Nuc1 1 20.00 N/A

a Standard deviations of zero indicate no variation in loop length within
that family.
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There are several largepa values between clade des-
ignation and amino acid composition. Of the 64 values,
the largest is 1.7 and there are 19 sites with values >1.4.
The largest values occur for sites 21, 14, 3, 52, 15, and
56, all with values >1.5, which, except for either site 56
or site 15, also form a (nonmaximal) clique.

Some sites in the basic region are involved with en-
hancing DNA binding specificity in particular protein
families. Sites 5, 8, and 13 are important residues in
Groups A–D that define DNA-binding patterns. Other
sites in the basic region may be involved with an en-
hanced level of binding specificity within these major
groups of protein families. For example, Fisher and God-
ing (1992) have shown experimentally that a single
amino acid substitution converted the binding specificity
of the bHLH protein Pho4 to that of Cpf1 (4Cbf1). Both
proteins are Group B but in separate clades. Hence, one
expects highpa values between individual amino acids
in the basic region and the clade variable since these
individual amino acids (or combinations of amino acids)
are specifying protein family specific binding patterns.
And indeed, almost two-thirds of the sites in the basic

components (namely, the eight sites 3–8, 11, and 13)
have values >1.4, while only one-third of the sites in the
H1 and the H2 components (namely, the five sites 14, 15,
21, 25, and 26 and the five sites 52, 55, 56, 58, and 62)
exhibit that high a value.

The pa values between amino acid sites and group
designation (Groups A, B, C, and D) are considerably
lower than those seen with the clade variable. The largest
value is 0.9, seen for site 8, and the next four highest
values are found at sites 19, 13, 3, and 24. Lowerpa
values with the group variable indicate that there is less
information about phylogenetic structure at this level of
organization compared to that seen at the level of the
protein clades. This result is also evident from the boot-
strap values in the neighbor-joining tree presented by
Atchley and Fitch (1997).

Ranked values forE and thepa values for clade (loop
sites excluded) are shown in Fig. 6. It is apparent from
Table 1 and Fig. 6 that an association occurs betweenpa
values and theE statistic. In correspondence with the
inequality pa(v,w) #min(E(v),E(w)) derived above,
amino acid sites with the largestpa value for the clade

Table 5. The pa values describing the association between specific amino acid residues at individual sites and loops of various lengthsa

Site pa Rank

Association with loop length and individual sites and amino acids

5 6 7 8 9 10 12 14

Number of sequences 5 25 9 79 150 65 15 24

Basic-3 0.869 6 D-29 Z-7 T-19 K-4 R-2 M-5 A-11 V-5
(3) (23) (8) (44) (56) (28) (9) (12)

S-6
(10)

Basic-5 0.848 9 H-3 Z-4 H-3 A-4 N-6 H-2 K-14
(5) (23) (9) (58) (39) (10) (24)

Helix 1-14 0.976 3 E-5 E-9 S-12 K-3 N-2 R-5 D-7 A-10
(3) (25) (S) (34) (70) (38) (10) (23)

Helix 1-15 0.942 4 N-15 K-4 S-12 K-3 E-2 D-3 K-3 R-9
(5) (25) (9) (56) (47) (42) (10) (24)

Helix 1-21 1.042 2 N-24 L-7 I-37 E-4 F-3 K-5 V-19 D-4
(3) (22) (6) (56) (46) (39) (10) (11)

Helix 1-26 0.845 10 L-3 L-2 L-3 C-4 Q-3 M-6 I-12 L-3
(5) (17) (9) (28) (41) (41) (10) (21)

V-7
(8)

Helix 2-52 1.078 1 A-26 S-10 A-15 E-2 V-2 L-6 G-10 D-10
(5) (25) (5) (55) (65) (38) (10) (23)

G-7
(4)

Helix 2-55 0.864 7 A-10 A-12 R-3 R-2 K-2 H-6 S-13 E-12
(3) (19) (9) (58) (62) (33) (9) (24)

Helix 2-56 0.912 5 R-22 E-14 K-4 N-5 K-2 Q-5 K-2 L-2
(4) (21) (9) (32) (76) (38) (10) (11)

S-3 M-6
(26) (9)

Helix 2-62 0.860 8 Q-12 K-7 E-5 E-5 L-3 R-4 R-3
(5) (21) (5) (51) (38) (9) (10)

a The 10 amino acid sites with the highestpa values between site and loop length are given, plus their rank. For loops with lengths varying between
5 and 14, the amino acid residue (a) with the highestn/N value is given, wheren is the number ofs(i) 4 a andN is the theoretical value under the
assumption of independence. These proportions are rounded to the nearest whole number. The number in parentheses is the number of sequences
containing the residue in question. Not enough sequences with loops of length 11, 13, and 15–21 are available to make meaningful analyses.
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variable also have the largestE values, while those sites
with little phylogenetic signal have lowE values. The
Spearman correlation is 0.88 (P < 0.01). This high level
of statistical association is easily understood: Those sites
with low E values are providing information about
highly conserved sites, but by definition, those sites
where a small number of residues are highly conserved
are not very informative phylogenetically. The correla-
tion is less (r 4 0.66) between the ranks for theE sta-
tistics and thepa values for group.

Is there information within the bHLH domain that
would predict the presence of a leucine zipper in some
proteins? Within Group B, a number of protein families
possess a leucine zipper, which is an additional dimer-
ization device to facilitate protein–protein interactions.
Thepavalues in this instance are not very large, with the
largest values being found for sites 56 (pa 4 0.53), 52
(0.49), 48 (0.44), 8 (0.44), and 19 (0.43).

Predictive Motif

Based upon the pattern of sequence conservation, a hy-
pothetical motif was generated that includes 19 elements,
i.e., 18 elements from the basic and helix components
and 1 from the loop, and of course also specifies (lower
and upper bounds for) the distance between these ele-
ments. Because these represent the most conserved ele-

ments in the bHLH motif, it is reasoned that this pattern
of residues will accurately discriminate proteins contain-
ing the bHLH domain. The predictive motif (shown in
Fig. 1) is

11X~3–6!E1XRX ~3!aNX~2!fX~2!L1X~5–22!

1X~2!KX ~2!dLX ~2!AdXYaX~2!L

where +4 K, R; a 4 I, L, V; f 4 F, I, L; d 4 I, V,
T; E, R, K, A, and Y are as defined; X4 any residue;
X(i) 4 any i residues; and X(i–j) 4 i to j of any residues.
Note that the altogether 30 H1 and H2 sites encompass
11 buried sites, of which 9 are used in this predictive
motif (of 14 H1 and H2 sites used in the motif).

Interactive Aspects of the Predictive Motif.An initial
version of the predictive model was generated using the
242 known bHLH sequences analyzed by Atchley and
Fitch (1997). This initial motif was then used to probe
GenBank and SwissProt for proteins containing zero to
eight mismatches. With this first version, no sequences
were found that fit the predictive motif exactly (with no
mismatches), 105 were found that had one mismatch,
213 with up to two, 697 with up to three, and 6492 with
up to four mismatches. The motif then was redefined at
certain sites to improve its goodness of fit to the known
bHLH sequences. The revised motif (as described here)

Fig. 4. Maximum cliques found within the top 5% of pairs of positions (4101), which by chance coincide with just those pairs of positions with
a pa value above 1.0. The cliques are defined by each row, with an X designating each site in the clique.
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is considerably more accurate: there are 111 sequences
that fit the motif exactly (no mismatches), 228 sequences
fit with up to one mismatch, 333 with up to two, and 450
with up to three mismatches, while 562 sequences were
found with up to four mismatches.

To verify this approach further, a set of comparable
predictive motifs was constructed from other sequence
patterns. Ten searches were carried out on GenBank us-
ing predictive motifs with the same degree of specifica-
tion as used here but constructed from three sequences
randomly chosen from GenBank. For each motif, the
number of “hits” in the database was computed for an
ordered array of up to zero to seven mismatches. The
following results (average hits ± SD) were obtained: 0
mismatches (7.5 ± 9.7), 1 (8.2 ± 11.1), 2 (9.3 ± 11.5), 3
(9.6 ± 11.7), 4 (28.4 ± 23.2), 5 (399 ± 442.7), 6 (4736 ±
4357), and 7 (31,721 ± 16,927).

Goodness of Fit to the Motif.Figure 1 provides a
comparison of this predictive motif with a series of
bHLH domain sequences representing the various evo-
lutionary lineages (4clades) from the phylogenetic
analyses of Atchley and Fitch (1997). Figure 1 gives the
numbering system and the relevant elements of the pre-
dictive motif; the extent of agreement within the various
representative sequences is given in boldface. From Fig.
1, it can be seen that the degree of fit to the predictive
motif ranges from zero mismatches (perfect fit) for
dHand, ASCT5, and MyoD (Group A) to seven mis-
matches for ID (Group D) and eight mismatches for
Sim1 (Group C) and Ino2 so sequences from these two
groups cannot be expected to be singled out by the pres-
ent Group A/B adapted predictive motif. The highest
levels of correct matches are found in proteins represen-
tative of Groups A and B, and with the exception of the
Mad sequence, the extent of mismatches in this group of
representative proteins ranges from zero to three.

The greatest lack of fit to this predictive model is
found in proteins representative of Group D (ID) and

Group C (Sim1) (Atchley and Fitch 1997) or in se-
quences whose E-box binding affinities are uncertain
(e.g., Ino2). For Group D (ID and related proteins), there
is no basic DNA binding region and these proteins func-
tion as dominant negative regulators. Indeed, five of the
seven mismatches in ID are in the basic region, while
those in Ah (Group C) are more equally distributed over
the various components of the domain. Ino2, on the other
hand, has all of its mismatches in the two helix regions.
Indeed, the first residue in the H2 region is a proline, an
amino acid known to break helices.

Table 6 summarizes the goodness of fit of the se-
quences to the predictive motif summarized over the four
evolutionary groups (as described by Atchley and Fitch
1997). Most of the sequences in the data set are Group A
and B proteins, and only 27 of 392 fall into Groups C and
D. Over the entire database, Table 7 shows that sites that
best conform to the predictive motif (those with mis-
matches <9%) over all sequences are basic region sites 9,
10, and 12; Helix 1 sites 20 and 23, both buried; and
Helix 2 sites 50, 53, 54, and 61, also buried.

However, when concordance to the predictive motif is
examined within the four groups, quite different results
occur. Clearly, Groups C and D fit much less than
Groups A and B. Groups A and B constitute the vast
majority of the sequences in the database. The fit to the
motif by Group A proteins is excellent for sites 2, 9, 10,
12, 16, 17, 20, 23, 50, 53, 54, 57, 61, and 64, where the
percentage of mismatches is <4% at each site. The fit by
Group B sequences is of that order only for sites 9, 10,
20, 23, 47, and 54, with up to 10% mismatches for sites
2, 12, 16, 50, and 53.

Table 8 describes the goodness of fit of the predictive
motif to the database in terms of the average number of
mismatches per component of the motif. Thus, for the
178 sequences classified as Group A an average of 0.13
mismatches is observed in the basic component, 0.34 in
Helix 1, and 0.52 in Helix 2. Overall, there is an average
of 1.26 mismatches over the entire motif among Group A
proteins. Group B has, on average, about twice as many
mismatches as Group A, with an average of 2.62 mis-
matches over all of the motif. Groups C and D have

Fig. 6. Bivariate scatter plot of the rank of the ShannonH values
versus the rank of thepa values for clade.

Table 6. Goodness of fit of predictive model to observed basic helix–
loop–helix data for the four groups that reflect E-box binding affinities:
Average number of mismatches (with SD in parentheses) for each
component of the bHLH domain

Total n Basic Helix 1 Loop Helix 2 Total

A 178 0.13 0.34 0.26 0.52 1.26
(0.10) (0.15) (0.08) (0.18) (0.12)

B 182 0.30 0.75 0.09 1.47 2.62
(0.15) (0.22) (0.05) (0.30) (0.17)

C 10 3.40 1.30 0.30 2.30 7.30
(0.44) (0.28) (0.08) (0.36) (0.28)

D 16 4.38 2.06 0.31 1.44 8.19
(0.47) (0.35) (0.09) (0.29) (0.30)
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much greater mismatch frequencies. Group C has 3.4
mismatches in the basic region alone and the remaining
3.9 in the remainder of the motif. The identifying char-
acteristic of Group D is the absence of a DNA-binding
component, which is reflected by an average of 4.4 mis-
matches in the basic component. Regarding the remain-
ing part of the motif, the average of 3.8 mismatches per
protein is slightly smaller than in Group C.

Table 8 also gives mismatch frequencies by compo-
nent for the major protein clades. The fit is quite good in
some evolutionary lineages (e.g., achaete–scute, Dhand,
and MyoD, with mismatches below 0.25 over the whole
motif) but poor in others. For example, Mad has a con-
siderable lack of fit in the Helix 2 component and a
mismatch rate of 6.0 overall. Considered over all clades
the goodness of fit in the basic and Helix 1 components
is high for most clades and considerably lower in Helix 2.

To ascertain the relative efficacy of the functional
components of the bHLH domain to the predictive
model, we probed GenBank and SwissProt using ele-
ments of the predictive motif corresponding to the func-
tional components of the domain. Using only those ele-
ments corresponding to the basic region (++X3–6E+XR),
the search reported 2819 sequences with no mismatches.
Searching with the Hel ix 1 component only
(aNX2fX2L+) gave 2091 sequences with no mis-
matches. Thus, there are many other proteins in addition
to those with a bHLH domain that contain these two
small motifs. Searching with the Helix 2 component only
(KX2dLX2AdXYAX 2L) gave 172 sequences with no
mismatches, 475 with one mismatch, and 4930 with up
to two mismatches. Using the Helix 1 + Helix 2 compo-

nents (no basic component) without specifying order or
loop length gave 120 sequences with zero mismatches,
236 sequences with one mismatch, and 461 with two
mismatches. The latter search is important for identifying
Group C and D proteins, which do not have a defined
basic region. No attempt was made as yet to ascertain
how many of these sequences actually are bHLH pro-
teins.

Discussion

At the outset, we asked several questions about the
bHLH domain. First, we inquired what primary sequence
structure identifies a bHLH protein and how this se-
quence structure varies among related proteins. To re-
solve this question, we deduced a 19-elementpredictive
motif based on relative variability at sites from the basic
and helix components. This motif shows considerable
efficacy for identifying putative bHLH proteins. It is
quite accurate, in particular, in identifying those that be-
long to Groups A and B and considerably less accurate

Table 7. Extent of variation in amino acids at each site from the
predictive model for the four major bHLH groups of proteins as defined
by Atchley and Fitch (1997)

Position Model

Percentage mismatches per site in group

A (157) B (177) C (11) D (16) Total

1 (b) KR 13 12 64 81 18
2 (b) KR 1 10 55 56 10
9 (b) E — — 100 100 7

10 (b) KR 1 1 — 100 5
12 (b) R — 6 64 100 9
16 (h1) ILV 4 7 36 100 10
17 (h1) N 1 53 — 6 26
20 (h1) FIL 1 — — 100 5
23 (h1) L 3 1 — — 2
24 (h1) KR 18 15 100 — 18
47 (L) KR 18 — 36 31 18
50 (h2) K 1 10 — 38 7
53 (h2) ITV — 7 — — 4
54 (h2) L — 2 36 6 2
57 (h2) A 4 32 100 100 25
58 (h2) ITV 25 14 — — 19
60 (h2) Y 18 27 — — 24
61 (h2) ILV 1 12 — — 6
64 (h2) L 2 40 91 — 21

Table 8. Goodness of fit of predictive model to observed basic helix–
loop–helix data in selected individual clades (protein (families): Aver-
age number of mismatches (with SD in parentheses) for each compo-
nent and the total bHLH domain

Taxon N Basic Helix 1 Loop Helix 2 Total

ACS 21 0.10 0.00 0.00 0.05 0.14
(0.09) (0.06) (0.04)

Atonal 6 0.00 0.17 0.33 1.00 1.50
(0.11) (0.09) (0.25) (0.13)

Dhand 7 0.14 0.00 0.00 0.00 0.14
(0.10) (0.04)

E12 47 0.00 0.96 0.96 1.00 2.91
(0.24) (0.15) (0.25) (0.18)

Hen 6 1.17 1.17 0.00 0.00 2.33
(0.29) (0.27) (0.16)

LYL 14 0.07 0.07 0.00 0.93 1.07
(0.07) (0.07) (0.24) (0.11)

MyoD 59 0.02 0.08 0.00 0.14 0.24
(0.04) (0.07) (0.09) (0.05)

Twist 11 1.00 0.18 0.00 0.82 2.00
(0.27) (0.11) (0.23) (0.15)

Hairy 32 0.25 0.16 0.00 2.50 2.91
(0.14) (0.10) (0.37) (0.18)

Mad 7 1.00 1.00 0.00 4.00 6.00
(0.27) (0.25) (0.44) (0.26)

Myc 83 0.01 1.04 0.01 0.99 2.05
(0.03) (0.25) (0.02) (0.25) (0.15)

R 23 1.00 0.04 0.00 1.26 2.30
(0.27) (0.05) (0.28) (0.16)

SREBP 9 1.00 0.00 0.00 0.22 1.22
(0.27) (0.12) (0.12)

USF 10 0.10 0.90 0.90 1.10 3.00
(0.09) (0.24) (0.14) (0.26) (0.18)

AH/Sim 10 3.40 1.30 0.30 2.30 7.30
(0.44) (0.28) (0.08) (0.36) (0.28)

ID 16 4.38 2.06 0.31 1.44 8.19
(0.47) (0.35) (0.09) (0.29) (0.30)
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with proteins belonging to Groups C and D. The primary
reason for the loss of accuracy in the latter two groups is
the absence of a well-defined basic or DNA-binding re-
gion in Groups C and D. The predictive motif shows
considerable promise regarding the identification and
evolutionary classification of putative bHLH proteins.
Work is currently under way using the predictive motif
to identify open reading frames, cosmids, and other simi-
lar data in various databases that could be bHLH proteins
so that they can be verified with more detailed experi-
mental analyses.

Second, we inquired about the relative distribution of
highly conserved and variable sites within the motif and
how these relate to function and phylogeny. Computation
of entropy values for each site in the domain indicates
patterns of highly conserved and highly variable sites
that tend to relate to sites constrained by function or by
evolution, respectively.

Third, we asked about whether dependencies exist
between specific amino acid sites and various extrinsic
variables such as loop length, group, and clade assign-
ments. There are various sites that show high levels of
association with the length of the loop and clade mem-
bership. Further, we have described maximum cliques
among sites where significant levels of association occur
among amino acids at various sites. These results offer
strong impetus for further analyses regarding the func-
tional and phylogenetic bases for these high association
values.

Fourth, we asked whether significant associations oc-
cur between functions of residues and their evolutionary
conservation. Another way of stating this is to ask for the
amount of “information” contained in the various sites in
the bHLH domain. The relative information content is
reflected in the extent of diversity and/or conservation in
amino acid residues at each site in the domain. Sites that
are highly conserved and that show very little amino acid
diversity over almost all bHLH proteins tell us about
preservation of function in the entire group of bHLH
proteins. High levels of overall conservation probably
reflect functions shared by all the proteins in the bHLH
family. Thus, the presence of a glutamic acid residue at
site 9 in the basic region is well-known to be associated
with DNA binding, and this amino acid is found in all of
the Group A and B but in none of the Group C and D
proteins. Similar instances of amino acid conservation
probably related to function include the sites starting
both a-helices (sites 2 and 50). In both instances, these
sites contain basic residues (K or R) in 93% of all the
proteins. Likewise, site 47 has been shown in Max to
stabilize the path of the loop, and in 82% of the proteins
this site has a basic residue (K or R). In other instances,
single residues are highly conserved at specific sites but
the function of these sites is less clear, i.e., leucine resi-
dues at sites 23 and 54 occur in 98% of all the proteins.
Clearly, it is important to determine the function of such

sites. What functional role do these positions play that
has necessitated such rigorous constraints.

In other instances, variability is clearly restricted
within highly conserved functional groups of amino ac-
ids. For example, sites 61 and 16 exhibit an aliphatic
residue (I, L, or V) for 92% or more of the proteins.
Hopefully, additional crystal structure studies on a di-
verse set of bHLH proteins will provide the necessary
information regarding the role of functional amino acid
classes.

Correspondingly, the high levels of diversity in amino
acid composition at a number of interesting sites within
the bHLH domain tell us about patterns of evolutionary
divergence. Sites with highE values are often the sites
that best distinguish various clades in the phylogenetic
tree and often show a high degree of association with
phylogenetic structure as indicated by the “group” and
“clade” variables. Clade structure clearly reflects the
functionality component in that it reflects families of
transcription factors that have well-specified roles in spe-
cific developmental processes, e.g., neurogenesis, myo-
genesis, and cell proliferation.

The results given here point to the value of formal
mathematical modeling for understanding the structure
and function of large families of related proteins. These
results provide considerable quantitative insight into the
structure of the bHLH domain, its evolution, and its
function. Similar analyses of other transcription factor
families would probably also be highly beneficial.
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