
ABSTRACT 

BUCK, MICHAEL JOSEPH.  Protein Evolution From Sequence To Structure.  

(Under the direction of William R. Atchley.) 

   The purpose of this research is to elucidate how natural selection shapes 

protein evolution.  The question was addressed by exploring protein sequence 

evolution, 3D structural evolution, and analysis of the multidimensional nature of 

amino acid covariation.  This thesis begins with a study of protein sequence 

evolution.  118 different bHLH genes in the completely sequenced Arabidopsis 

thaliana genome and 131 bHLH genes in the rice genome were identified and 

characterized using phylogenetic analysis.  These plant proteins were classified into 

15 distinct plant clades and were under weaker selective constraints than their 

animal counterparts.  Additionally, it was shown that lineage specific expansions and 

subfunctionalization have fashioned regulatory proteins for plant specific functions.     

 To further characterize the bHLH domain, a canonical 3D structure was 

created from solved structures.  This canonical structure was used as a template for 

producing 3D models for other representative bHLH proteins, which were then 

compared, contrasted, and grouped based on structural characteristics.  Structural 

similarities were discovered within the bHLH domain between three clades (Max, 

Myc, and PbHLH-LZ).   In addition, structural models of the Sat proteins suggest a 

strong similarity to other bHLH proteins, which is in disagreement with previous 

functional characterization. 

   To further understand the dimensionality of protein evolution, the 

independence of amino acid sites was explored using multivariate factor analysis.  A 



matrix of pairwise normalized mutual information values were computed among 

amino acid sites for the serpin proteins.  The normalized mutual information matrix 

was partitioned into orthogonal dimensions by factor analysis.  Each eigenvector 

from the factor analysis can be interpreted as having phylogenetic or 

structural/functional explanations or combinations of both.  This approach discerns 

strong amino acid covariation within several key functional regions including the 

RCL, shutter, and breach.  In addition, this approach elucidates hydrogen bonding, 

hydrophobic, and electrostatic interactions within the serpin protein family.   
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Introduction 

 Genome-sequencing projects provide a tremendous amount of information 

about the genetic make-up of an organism.  Unfortunately the billions of bases of 

DNA sequence do not tell us what all genes do, how they interact, and how they 

affect an organism.  While sequence technology has rapidly advanced, functional 

characterization of proteins still requires extensive, time-consuming examination 

using biochemistry.  By the end of 2002, GenBank contained over 22 million 

sequences.  In contrast, Swiss-Prot contained only 122,000 characterized proteins.  

If Swiss-Prot database can yield an accurate estimate of the number of functionally 

characterized genes, then less than 1% of all sequences have been characterized.  

If computational techniques could be developed that would facilitate the functional 

interpretation of raw sequence data they would greatly accelerate the biological 

interpretation of sequence data.  The goal of computational biology is to integrate 

mathematical, statistical, and computational approaches to provide clues to the 

structure and function of uncharacterized genes.  Bench scientists can use the 

results of these analyses to create testable hypotheses.  While computational 

techniques will never replace molecular experiments for determining the function of 

genes, they can hasten the process by directing researchers along a faster path.   

 Herein, I discuss three computational techniques that show considerable 

promise for quantitative analysis of protein structure and evolution.  The first two 

chapters of this dissertation involve genomic and structural analyses using the basic 

helix-loop-helix (bHLH) proteins.  bHLH is a group of functionally diverse 

transcription factors found in both plants and animals.  These proteins evolved early 
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in eukaryotic cells before the split of animals and plants, but appear to function in 

‘plant-specific’ or ‘animal-specific’ processes.  In animals, bHLH proteins are 

involved in regulation of a wide variety of essential developmental processes 

(Massari and Murre 2000).  In contrast, bHLH domain containing proteins have not 

been extensively studied in plants; those that have been characterized function in 

anthocyanin biosynthesis, phytochrome signaling, and globulin expression, fruit 

dehiscence, as well as, carpel and epidermal development (Kawagoe, Campbell et 

al. 1994; Kaiser, Finnegan et al. 1998; Weisshaar and Jenkins 1998; Heisler, 

Atkinson et al. 2001; Rajani and Sundaresan 2001).  Analysis of sequence 

homology is the fastest and most widely used computational technique to estimate 

protein function.  The null hypothesis is that sequences with strong similarity in their 

primary structure will have the same 3D structure and function.  The BLAST 

algorithm is commonly used to identify related sequences and subsequently to 

extrapolate sequence similarity to common function (Altschul, Madden et al. 1997).  

BLAST has been widely used to provide a rough functional prediction for most genes 

in GenBank.   

 Chapter 1 describes research to expand the number of known bHLH proteins 

and to explore the little studied plant bHLH proteins.  More specifically, homology 

searches found 118 different bHLH genes in the complete Arabidopsis thaliana 

genome and 131 bHLH genes in the rice genome.  Complementing the homology 

searches, phylogenetic analyses were used to group sequences based on estimated 

evolutionary history and phylogenetic relationship.  From these results, 15 distinct 

plant clades were identified.  Grouping sequences into clades facilitates 
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characterization of their common features.  This work is in press in the Journal of 

Molecular Evolution.   

 Only five plant bHLH clades (SAT, SPATULA, 7E/PG, R, GBOF) contain 

proteins which have been characterized with regard to function.  Consequently, the 

phylogenetic approach could only provide limited extrapolation to functional 

considerations, because some of the clades are not statistically well supported.  

Therefore, evolutionary relationships among many plant bHLH proteins could not be 

easily resolved.  To further characterize these bHLH proteins, I applied some novel 

3D structural comparison techniques.  Generally, structure-based prediction of 

protein function is preferred over sequence-based approaches.  Structure is 

evolutionarily more conserved and permits more accurate conclusions about 

function than does analyses of sequences alone.  Structural comparisons may 

provide the most detailed information about shared function, but it requires solved 

structures.  Creating an x-ray crystallographic structure for a protein is difficult, time 

consuming, and costly.  For the bHLH proteins only six proteins have been solved 

and one of the structures is inaccurate.  Therefore, homology modeling was used to 

create models for representative bHLH proteins.   

In chapter 2, I created homology models from the average or “canonical” 

bHLH structure for representative proteins from each bHLH clade.  The resultant 

homology models were compared using three structural comparison techniques: i) a 

modified pairwise root mean square deviation, ii) a new structural parsimony 

approach, and iii) site by site multidimensional scaling.  Using these techniques 

structural similarity was discovered within the bHLH domain between two animal 
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(Max and Myc) and one plant clade (PbHLH-LZ).  Each of these clades contains a 

C-terminal leucine zipper immediately following the bHLH domain.  In addition, 

structural models of the Sat proteins suggest a strong similarity to other bHLH 

proteins, which is unexpected due to its unique function as a symbiotic ammonium 

transporter.     

 In chapter 3, some recently developed computational and multivariate 

statistical techniques were used to explore the molecular structure of the serpin 

protein family.  The serpins are structurally more complex than bHLH proteins and 

consequently are used here to evaluate the relative efficacy of new procedures 

recently developed in the William R. Atchley lab.  Serpins (serine protease inhibitors) 

are a super family of proteins whose membership is based on the presence of a 

single common core domain consisting of three β-sheets and 8-9 α-helices (Gettins 

2002).  They are widely distributed among eukaryotes and in some viruses that 

infect them (Irving, Pike et al. 2000).  They are absent from fungi and chlorophytes, 

despite being found in higher plants and recently discovered in prokaryotes (Irving, 

Pike et al. 2000; Irving, Steenbakkers et al. 2002).  Despite the presence of a 

common fold of approximately 350 residues in all serpins, pairwise identity of 

primary structures can be as low as 25 % (Gettins 2002).  The majority of serpins 

are functionally characterized as proteinase inbibitors, for chymotrypsin like serine 

proteinases, but some inhibit other types of proteinases.  Serpins regulate numerous 

separate cellular and extracellular processes including blood coagulation, 

fibrinolysis, cell complementation, tumor suppression, and other functions.  Some 

serpins have lost their inhibitory role and function in blood pressure regulation, 
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hormone binding, as chaperones, or as storage proteins in egg albumin (Gettins 

2002).   

In contrast to the first two sections, which attempt to predict the function of a 

protein, chapter 3 elucidates the structural/functional characteristics of regions of a 

protein.  The conserved complex structure of serpins and their extensive sequence 

divergence make them good model proteins to study covariation among protein 

residues.  It is expected that the residues at certain sites of the protein will strongly 

affect evolution of other sites in close three-dimensional proximity.  At such sites, 

residue substitutions which tend to destabilize a particular structure or function are 

probably corrected or compensated for by other substitutions at neighboring sites.  

For example, if a substitution causes a reduction of volume in the protein core, which 

destabilizes the protein, only compensating substitutions in a few adjacent residues 

would be able to fill the space.  The resulting correlation between these sites should 

be detectable by detailed statistical analyses.  In addition to structural and functional 

correlations, the evolutionary history of the proteins creates correlations between 

sites. 

  To explore compensating substitutions, we used the multivariate statistical 

technique of factor analysis to determine the common underlying “factors” which 

effect variation in the residue composition among sites.  These underlying factors 

can be interpreted as having phylogenetic or structural/functional bases.  Using this 

approach we have described two underlying phylogenetic factors of covariation and 

13 underlying structural/functional factors.  These structural/functional factors 

describe the important regions of the serpin proteins. 
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 Two additional chapters are provided in the form of appendices.  The first 

contains a graphical representation of serpin cleavage that may be useful as a 

reference for chapter 3.  The second appendix contains a paper entitled “Coordinate 

expression of the PDK4 gene:  a means of regulating fuel selection in a hibernating 

mammal”.  This paper represents some of the work completed earlier with Mathew 

Andrews during the first three years of my graduate studies.  It has been published 

in Physiological Genomics in 2002 (Buck, Squire et al. 2002). 
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Abstract: 

The basic helix-loop-helix (bHLH) family of proteins is a group of functionally diverse 

transcription factors found in both plants and animals.  These proteins evolved early 

in eukaryotic cells before the split of animals and plants, but appear to function in 

‘plant-specific’ or ‘animal-specific’ processes.  In animals, bHLH proteins are 

involved in regulation of a wide variety of essential developmental processes.  In 

contrast, bHLH proteins have not been extensively studied in plants; those that have 

been characterized function in anthocyanin biosynthesis, phytochrome signaling, 

globulin expression, fruit dehiscence, carpel and epidermal development.  We have 

identified 118 different bHLH genes in the completely sequenced Arabidopsis 

thaliana genome and 131 bHLH genes in the rice genome.  Here we report a 

phylogenetic analysis of these genes, including 46 genes from other plant species 

and a classification of these proteins into 15 distinct plant clades.  Results imply a 

polyphyletic origin for the plant bHLH proteins related only by  their bHLH DNA 

binding motif.  We suggest that plant bHLH proteins are under weaker selective 

constraints than their animal counterparts and that lineage specific expansions and 

subfunctionalization have fashioned regulatory proteins for plant specific functions.   

 

Keywords:  basic helix-loop-helix, Arabidopsis thaliana, rice, phylogeny, 

transcription factors, G-box, R genes, E-box, genome searching, blast search, 

lineage specific expansion, subfunctionalization. 
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Introduction: 

The basic helix-loop-helix (bHLH) family of proteins is a group of functionally 

diverse transcription factors found in both plants and animals (reviews in Garrell and 

Campuzano 1991; Mol et al. 1998; Quail 2000; Wright 1992).  The distinguishing 

characteristic of the family is a bipartite domain consisting of approximately 60 

amino acids.  This bipartite domain is comprised of a DNA-binding basic region, 

which binds to a consensus hexanucleotide E-box and two α-helices separated by a 

variable loop region.  The two α-helices promote dimerization, allowing the formation 

of homo- and heterodimers between different family members.  While the bHLH 

domain is evolutionarily conserved (Atchley and Fitch 1997), there is little sequence 

similarity between clades beyond the domain (Morgenstern and Atchley 1999).   

In animals, bHLH proteins are involved in regulation of a wide variety of 

developmental processes including neurogenesis, myogenesis, cell proliferation and 

differentiation, cell lineage determination, sex determination, and other essential 

processes (reviewed by Massari and Murre 2000).  Phylogenetic analysis using only 

the bHLH domain uncovered 27 evolutionary lineages or clades, that represented 

groups of functionally similar proteins (Atchley and Fitch 1997).  Further 

phylogenetic analysis of completed animal genomes has expanded the number to 

44 orthologous families (Ledent and Vervoort 2001).   

These clades are classified into five major groups based on their basic DNA-

binding patterns (Atchley and Fitch 1997; Ledent and Vervoort 2001).  Group A 

proteins bind to the hexanucleotide CAGCTG E-box and include proteins such as 

Lyl, Twist, dHand, Achaete-Scute, Atonal, MyoD, and E12.  Group B proteins bind to 



 10

the CACGTG E-box, also known as G-box in plants, and include Srebp, Tfe, Myc, 

Mad, Mxil, Cbf1, ESC, R, and G-box.  Group C proteins, including Sim, Trh, and Ahr, 

have an uncharacteristic basic region and contain a pair of PAS repeats, which 

facilitates dimerization with other PAS-containing proteins.  Group D proteins lack 

the basic DNA binding region and act as dominant negative regulators of other 

bHLH proteins and include Id and Emc.  Recently an additional group E has been 

described that includes Gridlock, E(spl), Hey, and Hairy (Ledent and Vervoort 2001).  

This latter group contains proline or glycine residues within the basic region and 

shows a preference to bind the sequence CACGNG (Steidl et al. 2000; reviewed by 

Fisher and Caudy 1998).   

Most bHLH proteins characterized to date have been restricted to animals 

and only a few are known from plants.  Those bHLH proteins previously described 

from plants belong to group B (Atchley and Fitch 1997) and function in 

transcriptional regulation associated with anthocyanin biosynthesis, phytochrome 

signaling, globulin expression, fruit dehiscence, as well as, carpel and epidermal 

development.  Anthocyanin biosynthesis was first characterized in maize and is 

regulated by C1 (a helix-turn-helix Myb oncogene) with four bHLH genes of the R 

gene family (Mol et al. 1998; reviewed by Weisshaar and Jenkins 1998).  The R 

clade belongs to the DNA binding group B proteins, but has not been shown to bind 

DNA directly (Sainz et al. 1997).  The four R genes known from maize (R, B, Lc, Sn) 

have homologs in snapdragon (delila) (Goodrich et al. 1992), petunia (an1, jaf13) 

(Spelt et al. 2000), gerbera (gmyc1) (Elomaa et al. 1998), Arabidopsis (ttg) (Walker 

et al. 1999), and rice (Ra1, Rb2)(Hu et al. 2000).     
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The characterized plant bHLH proteins which have been demonstrated to 

bind the specific group B type E-box, know as a G-box in plants, belong in the 

clades 7E/PG and GBOF (alternatively G-box)(Kawagoe 1996; Loulergue et al. 

1998).  In addition, a soybean protein containing a bHLH domain has been 

characterized as a symbiotic ammonium transporter (Kaiser et al. 1998).  Another 

family of functionally and evolutionary distinct plant bHLH proteins, belonging to the 

PCF family has been described by Kosugi and Ohashi (1997).  However, the 

structure and DNA binding specificity of their bHLH motif is dissimilar and will not be 

discussed in the present paper.   

Here, we report the results of an extensive search carried out using available 

protein sequence databases to locate additional bHLH genes in plants.  This paper 

describes 118 and 131 potentially unique bHLH proteins found in the Arabidopsis 

thaliana and the Oryza sativa genomes respectively.  Phylogenetic analysis of these 

rice and Arabidopsis sequences together with an additional 58 bHLH sequences 

from other plant and animal species permitted us to generate a classification of the 

known plant bHLH sequences.  More specifically, most of the proteins discovered, 

93 from Arabidopsis and 64 from rice, can be clustered into distinct clades; only 29 

Arabidopsis and 67 rice proteins appear as orphans (not closely related) to the other 

clades.  Our results imply a polyphyletic origin for the plant bHLH proteins, which are 

related only by a bHLH DNA binding motif.  We suggest that plant bHLH proteins are 

under different evolutionary constraints compared to their animal counterparts and 

that subfunctionalization (Lynch and Force 2000) has partitioned their function.      
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Materials and methods  

A large collection of bHLH domain containing proteins from plants were 

assembled by searching three large sequence databases; TIGR Arabidopsis 

thaliana genome project (http://www.tigr.org/tdb/ath1/htmls/index.html), and a 

database comprised of all plant protein sequences available from NCBI.  A newly 

developed sequence search program ProtFamDB 

(http://coltrane.gnets.ncsu.edu/ProtFamDB.html) was implemented to facilitate 

database construction and to identify putative bHLH domain containing proteins.  

The search was initiated using representative bHLH sequences as “seeds” for 

BLASTP searches (Altschul et al. 1997).  The initial seed file included the bHLH 

domain for 196 proteins, previously analyzed by Atchley and Fitch (1997).  A 

stringent E-value (0.001) was used for the inclusion of sequences.  This search 

procedure was repeated using the newly available Oryza sativa predicted protein 

sequences (Yu et al. 2002).  The discovered predicted bHLH proteins in rice were 

included in our analysis, but are not shown in the neighbor joining tree.   

The bHLH domain of each resultant protein was aligned to a consensus 19-

element bHLH predictive motif.  This motif was previously shown by Atchley et al 

(1999) to identify bHLH domain containing proteins with a high degree of accuracy.  

The goodness of fit of each putative bHLH protein sequence to the predictive motif 

was assessed by counting the number of mismatches between the sequences 

identified and the motif.  Previous analyses have shown that this predictive motif is 

biased for detection of only group A and B proteins (Atchley et al. 1999).  Group C 

and D bHLH domains have an atypical basic region and, as a result, these latter 
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groups generate higher number of mismatches.  To assure that atypical bHLH 

domain proteins were not eliminated by lack of correspondence to the predictive 

motif, only sequences with more than ten mismatches were discarded.  This 

probably results in an exhaustive collection of proteins.  Further, all sequences with 

more than seven mismatches were examined by eye for goodness of fit.  Duplicate 

sequences within the bHLH domain were discarded.     

The flanking regions or non-bHLH components of the sequences were 

aligned within clades using DIALIGN2 (Morgenstern 1999).  Alignments were 

manually improved by eye.  Maximum-likelihood pairwise distances were estimated 

using the Blosum 62 distance matrix (Henikoff and Henikoff 1992) implemented by 

TREEPUZZLE (Strimmer and Haeseler 1996).  Neighbor joining and consensus 

trees were constructed using NEIGHBOR and CONSENSUS respectively from 

PHYLIP (Felsenstein 1993).  Sequences were bootstrapped 500 times using 

SEQBOOT (Felsenstein 1993).  Tree nodes with less than 35% bootstrap support 

were collapsed.   

  

Results: 

 A search of the sequence databases, implemented by ProtFamilyDB, 

identified 118 proteins from the Arabidopsis thaliana genome  and 131 proteins from 

the Oryza sativa genome that contained a putative bHLH domain (See supplemental 

tables at http://coltrane.gnets.ncsu.edu/plants/).  A phylogenetic tree was 

constructed using the neighbor joining method (Saitou and Nei 1987), which 

provided a hierarchical classification of the bHLH domains of these 118 Arabidopsis 
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and 131 rice proteins together with 46 additional domains from other plants and 12 

representative animal sequences (Table 1).  The relationships of lowly supported 

groups, as evidenced by small bootstrap values, were further explored by examining 

other conserved domains from full-length sequence alignments (See supplemental 

figures at http://coltrane.gnets.ncsu.edu/plants/).  Additional conserved domains 

located beyond the bHLH domain are only found between sequences within the 

same clade.  The flanking regions for two proteins from different clades may not be 

homologous, making sequence alignments inappropriate and inaccurate 

(Morgenstern and Atchley 1999).  Clusters of sequences from neighbor joining 

analysis were considered as distinct evolutionary groups (clades), if they met three 

criteria: a) contained more than four members from two or more species or the group 

contained more than six distinct sequences from Arabidopsis, b) the sequences in 

the group were delimited by a bootstrap value greater than 75% for either domain or 

full length sequence alignments, and c) the sequences within the group contained 

conserved residues beyond the bHLH domain or conserved loop length.   

We suggest that of these 295 plant sequences, most can be grouped into 15 

separate families or clades.  The remaining sequences appear as orphans (not 

closely related) to the other clades.  The grouping of these plant sequences into 15 

distinct families most likely underestimates the number of distinct families found in 

plants.  This analysis suggests the existence of as many as 13 additional plant 

groups, which have not been further delimited because of low statistical support.   

A set of representative sequences from each family has been aligned along 

with five animal/yeast group B proteins (Fig. 1.1).  The predictive motif described by 
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Atchley et al. (1999) is provided together with the numbering scheme for amino 

acids following the structural analysis of the Max protein by Ferre-D’ Amare et al. 

(1993).  The plant domains have several characteristic residues for binding a group 

B E-box.  The glutamate at position 9 makes several contacts with the E-box and is 

essential for specific DNA binding within bHLH proteins (Bacsi and Hankinson 

1996).  This residue is absent from sequences that do not bind DNA, whereas, it is 

conserved in 13 of the 15 distinct plant families, suggesting that all of these families 

bind DNA.  There are three sites, which are important for distinguishing between 

group A and group B DNA binding (Atchley and Fitch 1997).  Group A proteins have 

a configuration of xRx at sites 5, 8, and 13, where R is an arginine at site 8 and x is 

another amino acid at site 5 and 13.  Group B has the 5-8-13 configuration BxR with 

a basic amino acid (either H or K) at site 5 and an arginine at site 13.  All of these 

plant sequences fit best to the group B configuration.  At site 5, 71% have a basic 

residue (66% H, 5% K), at site 8 less than 5% have an arginine, and at site 13 97% 

of the sequences have an arginine.  Alternatively, none of the plant sequences 

examined appear to fit the group A DNA binding pattern of xRx.  Two plants clades 

(PbHLH5,6) do not appear to bind directly to an E-box, because both clades lack the 

essential glutamate at position 9.  These proteins may only function as heterodimers 

with other bHLH proteins, or may have unique DNA binding properties.         

The overall phylogeny constructed from plant bHLH domains shows extensive 

sequence divergence and many groups lack strong statistical support, i.e. the deep 

nodes of the tree have small bootstrap values (Fig. 1.2).  In plants, most lineages 

reflect evolutionarily ancient divergence events occurring deep in the tree.  Deep 
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nodes usually have a low statistical support, due to the small size of the conserved 

sequence and the existence of numerous ancient paralogs.  Nevertheless, the 

phylogeny provides support for 15 distinct apparently monophyletic groups (Table 2); 

four previously characterized groups (7E/PG, SAT, R, GBOF) and at least 11 new 

phylogenetic lineages, which probably reflect functionally distinct groups of proteins.  

Table 2 describes the plant bHLH families characterized in this paper, together with 

the bootstrap support for both the bHLH domain and full length alignments, the 

number of Arabidopsis and rice sequences in each family, the species distribution, 

and the extent of functional characterization performed on members of the family.  

All animal bHLH sequences used in this study cluster within three monophyletic 

groups in the tree.   

The largest group of bHLH sequences in Arabidopsis belongs to the GBOF 

family and includes thirteen proteins.  This family was formally named the G-box 

family (Kawagoe 1996); however this name can be misleading because the name 

“G-box” also refers to a well-studied collection of basic-leucine zipper proteins 

(Foster et al. 1994).  Thus, we distinguish bHLH proteins from bZIP proteins naming 

the former as GBOF.  This group of proteins only exhibits sequence similarity within 

the conserved bHLH domain.  Since the domain is small and there is not another 

conserved domain, further clarification of this group will require functional 

characterization.   

The R family is composed of a collection of orthologous genes found in many 

species that are involved in anthocyanin regulation.  For the R proteins, use of only 

the bHLH domain does not provide the level of support (<35% bootstrap value), 
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described above as the threshold for designating a monophyletic group, while full-

length sequence alignments are highly supported (95%).  R proteins have two 

additional conserved domains, a N-terminal transactivation domain and a weakly 

conserved C-terminal domain, which can be used to better delimit the evolutionary 

boundaries of this family.     

The 7E/PG family contains three characterized members MYC7E, RAP-1, 

and PG1, six uncharacterized Arabidopsis sequences and three uncharacterized 

rice sequences.  The characterized members of this family have varied functions, 

but have been demonstrated to bind to a group B type E-box (de Pater et al. 1997; 

Kawagoe 1996; Loulergue et al. 1998).       

The SAT family has representatives in four plant species: soybean, 

Mesembryanthemum crystallinum (common ice plant), Arabidopsis, and rice.  Within 

Arabidopsis the three SAT related proteins are closely linked on chromosome II and 

may represent a recent duplication event.  The soybean protein SAT1 has been 

characterized as a symbiotic ammonium transporter, which is localized to the 

peribacteroid membrane (Kaiser et al. 1998).  Kaiser suggests that the bHLH 

domain in this protein does not appear to function as a DNA binding domain.  

Rather, the helix-loop-helix domain could mediate dimerization or could be the 

hydrophilic portion that confers channel activity (Kaiser et al. 1998).  This seems 

unlikely since the proteins in this clade contain the conserved residues needed for 

DNA binding and a potential nuclear localization sequence within the bHLH domain.  

Other researchers suggested that SAT1 could be cleaved from the membrane and 
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subsequently translocated into the nucleus where it would function as transcription 

factor (Dommelen et al. 2001).        

The Spatula clade contains two characterized Arabidopsis genes, SPATULA 

and ALCATRAZ.  The ALCATRAZ protein is required for the development of a 

specialized cell layer which is nonlignifed and capable of autolysis, for fruit 

dehiscence (Rajani and Sundaresan 2001).  The SPATULA protein is required to 

promote the growth of carpel margins and of pollen tract tissues derived from them 

(Heisler et al. 2001).  Spatula expression was also seen in valve dehiscence zones 

indicating a possible role in abscission (Heisler et al. 2001).  Both of these proteins 

may share a common developmental function in abscission.     

Nine new families contain sequences only from the two most sequenced plant 

genomes, Arabidopsis and Oryza sativa.  These families were named plant bHLH 

(PbHLH1-8, LZ).  One additional group contains only members from Arabidopsis and 

may represent paralogous genes (AbHLH1).  These ten groups contain sequences, 

which have not had any functional characterization yet.   

The PbHLH-LZ group contains seven sequences from Arabidopsis and five 

predicted rice proteins, and involves a bHLH domain followed by a putative leucine 

zipper (Fig. 1.3).  In animals, there are six bHLH protein families containing a leucine 

zipper dimerization motif with the bHLH motif, including Myc/Max, Mad, Srebp, Ap4, 

USF, and Tfe families.  They are group B proteins and bind the core CACGTG 

hexanucleotide and have a specific HxR configuration for the 5-8-13 amino acid 

sites (Atchley and Fitch 1997).  The leucine zipper expands the dimerization surface 

by expanding the second α-helix.  Although both the animal bHLH-LZ and the plant 
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PbHLH-LZ proteins belong to group B, the plant PbHLH-LZ proteins do not share the 

specific HxR configuration that is found in animal sequences.  PbHLH-LZ has a KRR 

configuration at the 5-8-13 amino acid sites.  Furthermore, there is no phylogenetic 

evidence for an evolutionary relationship with the animals bHLH-LZ proteins.  This 

group represents a distinct plant bHLH-LZ clade, which is different from other animal 

bHLH-LZ groups. 

Discussion: 

 Of the 118 Arabidopsis bHLH domains characterized in this paper 104 appear 

to be group B bHLH proteins.  The remaining 14 belong to PbHLH5-6 and appear to 

be members of unique, uncharacterized DNA binding groups.  Furthermore, group B 

bHLH proteins are distributed throughout Eukaryota (Ledent and Vervoort 2001) 

whereas the alternative binding groups (A, C-E) are not found within plants.  This 

suggests the ancestral state for both the plant and animal bHLH domains was a 

group B protein.        

 Several striking differences occur when comparing bHLH proteins from 

animals with those from plants.  First, the number of bHLH proteins found in 

Arabidopsis and rice far exceeds the numbers found in any other sequenced animal 

genome.  Second, most animal bHLH proteins appear to be essential for 

development, while in plants bHLH proteins appear to be less essential or partially 

redundant.  Third,  plant bHLH appear to be evolving faster than animal bHLH 

proteins which appear to be highly conserved.  These disparities suggest that the 

evolutionary forces acting on bHLH proteins differ in plants and animals.  This might 

be expected due to their different developmental pathways.  Plant development is 
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partitioned into many stages (embyrogenesis, root, shoot, leaf, flower, etc.), 

whereas, animal development is one major cascade.  The partitioning of 

development in plants, permits duplicated regulator genes to be preserved by 

subfunctionalization (Lynch and Force 2000) and diversifying selection may act to 

maintain the nonredundant independent functions of both genes (Pickett and Meeks-

Wagner 1995).         

In the Arabidopsis genome there is a total of 118 bHLH domain containing 

proteins compared to 58 in Drosophila, 39 in C. elegans, and 125 in humans (Ledent 

et al. 2002).  Correcting for genome size, Arabidopsis has 1.3 to 2.7 fold more bHLH 

proteins than animals.  bHLH proteins appear to have been amplified within plants 

by five lineage specific expansions containing 96 bHLH proteins (Lespinet et al. 

2002).  These results indicate that the bHLH family has been amplified to regulate 

plant specific processes. 

Some evidence suggests that plant bHLH are partially redundant because 

mutations have limited phenotypic effects.  Mutations in plant bHLH genes have 

been shown to disrupt development of the pollen tract (Heisler et al. 2001), 

hypocotyls elongation and cotyledon expansion (Soh et al. 2000), or to prevent 

dehiscence of fruit (Rajani and Sundaresan 2001).  On the contrary, in animals 

nearly all bHLH genes are essential for normal development.  The literature is filled 

with examples of mutations of animal bHLH which have drastic effects on 

development; i.e.  misexpression of Hes1 causes severe affects in the brain, eye, 

and pancreas (Kageyama et al. 2000), mutations in dHAND or eHAND disrupt 

organogenesis in mesodermal and neural crest derivatives (Srivastava 1999), the 
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null mutation of Mash1 results in loss of olfactory and autonomic neurons and delays 

differentiation of retinal neurons (Kageyama et al. 1997).  Overall, animal bHLH 

proteins appear to play important roles in regulating developmental processes; 

therefore, their variability is tightly constrained by negative selection.  On the other 

hand, plant bHLH appear to be partially redundant, allowing diversifying selection to 

transform the function of these regulatory proteins.     

There is evidence that plant bHLH genes from the R clade are undergoing 

rapid evolution.  Purugganan and Wessler (1994) suggest that either most of the R 

proteins are under little functional constraints or that selection is acting to diversify 

the products of these regulatory loci.  This seems contrary to the bHLH protein in 

animals, which are highly conserved within clades from C. elgans to humans 

(Atchley and Fitch 1997; Ledent and Vervoort 2001).  These differences between 

plant and animal bHLH proteins suggest that within their lineage the selective forces 

are dissimilar and lineage specific expansions of the bHLH protein family in plants, 

have fashioned regulatory proteins to control plants specific processes.  This higher 

rate of diversifing selection in plants, may be attributed to a higher occurrence of 

genome duplications in plants compared to animals (Lawton-Rauh 2003; Wolfe and 

Shields 1997).   

The bHLH proteins are not the only family of transcription factors that have 

evolved along different pathways in animal and plant lineages.  The MYB proteins in 

animals are helix-turn-helix proteins that function as transcriptional regulator 

activators involved in the regulation of cell proliferation (proto-oncogenes).  In plants, 

on the other hand, most MYB proteins are involved with regulating processes 
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specific to plants, including secondary metabolism, responses to plant hormones, 

and regulating cellular morphogenesis (Martin and Paz-Ares 1997).    

There are several similarities between the MYB and bHLH proteins in plants.  

First of all, there are many more MYBs in plants (136) compared to 3 in flies.  MYB 

proteins like bHLH proteins have been greatly amplified to regulate plant specific 

processes (Stracke et al. 2001) and there have been two lineage specific 

expansions of these proteins in plants accounting for nearly all of the MYB proteins 

(Lespinet et al. 2002).  Second, both MYB and bHLH proteins have a polyphyletic 

origin in plants (Rosinski and Atchley 1998).   Lastly, MYB proteins interact directly 

or indirectly with bHLH proteins to regulate several secondary metabolic pathways.  

The bHLH protein R and the MYB gene C1 interact by an N-terminal transactivation 

domain to regulate pigmentation in plant tissues (Goff et al. 1992).  MYB and bHLH 

proteins also, co-regulate epidermal cell patterning (Payne et al. 2000) and the 

circadian clock (Martinez-Garcia et al. 2000).  On the whole, the bHLH and the MYB 

proteins appear to have diversified in plants.  

The results reported in this paper demonstrate that the bHLH family consists 

of numerous heterogeneous evolutionary lineages and there is evidence that plant 

and animal lineages are unrelated beyond the conserved DNA-binding domain.  Our 

analysis suggests that the ancestor of plants and animals contained several group B 

type bHLH proteins which, by lineage specific expansions in both lines, fashioned 

many regulatory proteins to control plant specific or animal specific functions.   
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Table 1.1.  Distribution of plant bHLH containing proteins in databases.  Sequences 
from the rices Oryza australiensis, Oryza eichingeri, Oryza officinalis, and Oryza 
rufipogon were grouped together. 
 

 Source Common Name bHLH 
proteins 

Arabidopsis thaliana thale cress 118 
Oryza sativa predicated proteins rice 131 
Oryza sativa from GeneBank rice 45 
Other rices not sativa   7 
Zea mays maize 6 
Pennisetum glaucum pearl millet 4 
Petunia x hybrida garden petunia 2 
Phaseolus vulgaris kidney bean 2 
Sorghum bicolor sorghum 2 
Glycine max soybean 2 
Gerbera hybrida   1 
Tripsacum australe   1 
Tulipa gesneriana   1 
Cicer arietinum chickpea 1 
Mesembryanthemum crystallinum common ice plant 1 
Antirrhinum majus snapdragon 1 
Phyllostachys acuta woody bamboo 1 
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Table 1.2.  The 15 distinct bHLH families in plants.  Families have been named 
according to the name of the first discovered or best known member for the family.  
For uncharacterized families with members from both Arabidopsis thaliana and 
Oryza sativa are named with the abbreviation PbHLH for plant bHLH, families with 
members from just Arabidopsis thaliana are named with the abbreviation AbHLH for 
Arabidopsis bHLH.  The plant bHLH leucine zipper family is named PbHLH-LZ.  
Bootstrap support has been classified as high (>75%), intermediate (50%-75%), or 
low (<50%).  The number of members from the Arabidopsis and rice genome are 
indicated.  The number of species is indicated by a = only in Arabidopsis; b = 
Arabidopsis and rice; c = three or more species.  Characterization status is: none = 
sequence only; low = preliminary functional data exist for one member; inter = 
functional data for multiple members; high = exhaustive characterization has been 
done. 
 

Family Name bHLH support Full length Support  Arabidopsis  Rice Species Characterization 
PbHLH1 inter high 3 1 b none 
PbHLH2 low high 4 3 b none 
PbHLH3 high high 4 3 b none 
PbHLH4 high inter 10 6 b none 
PbHLH5 high low 4 9 b none 
PbHLH6 low inter 12 12 b none 
PbHLH7 low inter 9 8 b none 
PbHLH8 high inter 1 2 b none 
PbHLH-LZ low high 7 5 b none 
AbHLH1 inter high 6 0 a none 
Spatula low high 2 1 b inter 
SAT low high 3 5 c low 
7E/PG high inter 7 5 c inter 
R low high 2 4 c high 

GBOF high high 13 11 c low 
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Figure 1.1.  Representative bHLH proteins, amino acid number scheme, and components of the
bHLH domain.  Designation of basic, helix, and loop regions and the numbering sequence for the
individual amino acids follow Ferre-D’Amare et al. (1993).  Predictive model and its relationship to
the aligned bHLH domain for representative sequence for major evolutionary lineages according to
Atchley and Fitch (1997).  Top 3 sequence are representative group B sequences from animals and
yeast, MYOD is representative group A sequence from animals, bottom 15 sequence are representative
for the distinct plant clades. The predictive motif from Atchley et al. (1999) is represented above the
sequences. Arabidopsis thaliana sequences are abbreviated with At.  + = K, R; α = I, L V;  φ = F, I,
L; δ = I, V, T; and K, R, E, and N are as defined; and X = any residue.  Mismatches to the bHLH motif
are underlined.
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Figure 1.2.  A neighbor-joining tree showing the evolutionary
relationship of most of the Arabidopsis bHLH domains.  The
tree rooting is arbitrary and tree should be considered
unrooted.  The branch lengths are not proportional to
distances between sequences.  Branches with less then 35
% bootstrap support have been collapsed.  Bootstrap support
by   = 50-75%;   = >75% support.  Each plant clade is labeled
in the shaded box.  All animal bHLH sequences used in this
study cluster within three monophyletic groups.  Species
abbreviations for uncharacterized sequences are as follows:
At, Arabidopsis thaliana; Os, Oryza sativa (rice); Ms,
Mesembryanthemum crystallinum (common ice plant).
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Helix 2 Leucine Zipper
5555555555666666666677777777778888888888999999999900000
0123456789012345678901234567890123456789012345678901230

At4g14410 : KPAILDDAIRILNQLRDEALKLEETNQKLLEEIKSLKAEKNELREEKLVLKADKE
At3g23210 : KSAILDDAIRVVNQLRGEAHELQETNQKLLEEIKSLKADKNELREEKLVLKAEKE
RiceSf204_3 : KAAILSDATRMVIQLRAEAKQLKDTNESLEDKIKELKAEKDELRDEKQKLKVEKE
RiceSf7393_2 : KSSILNDAIRVMAELRSEAQKLKESNESLQEKIKELKAEKNELRDEKQKLKAEKE
At5g54680 : KAAILVDAVRMVTQLRGEAQKLKDSNSSLQDKIKELKTEKNELRDEKQRLKTEKE
At1g51070 : KVAIINDAIRMVNQARDEAQKLKDLNSSLQEKIKELKDEKNELRDEKQKLKVEKE
RiceSf6534_2 : KANILSDAARLLAELRGEAEKLKESNEKLRETIKDLKVEKNELRDEKVTLKAEKE
At3g19860 : KATILTDTVQLLKELTSEVNKLKSEYTALTDESRELTQEKNDLREEKTSLKSDIE
At4g36060 : KASVLTDTIQMLKDVMNQVDRLKAEYETLSQESRELIQEKSELREEKATLKSDIE
RiceSf3645_3 : KACILTDTTRILRDLLSQVKSLRQENSTLQNESNYVTMERNELQDENGALRSEIS
At3g47640 : KASILCEATRFLKDVFGQIESLRKEHASLLSESSYVTTEKNELKEETSVLETEIS
RiceSf2825_2 : KACVLGETTRILKDLLSQVESLRKENSSLKNESHYVALERNELHDDNSMLRTEIL

Figure 1.3.  The alignment of the leucine zipper region for the seven Arabidopsis and five predicted 
rice members of the clade PbHLH-LZ.  The second helix of the bHLH motif and the predicted leucine 
zipper region is labeled above.     
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Supplemental Table 1.1.  The list of 118 bHLH protein sequences found in the Arabidopsis thaliana 
genome.  Families have been named according to the name of the first discovered or best known 
member for the family.  For uncharacterized families with members from both Arabidopsis thaliana 
and Oryza sativa are named with the abbreviation PbHLH for plant bHLH, families with members from 
just Arabidopsis thaliana are named with the abbreviation AbHLH for Arabidopsis bHLH.  The plant 
bHLH leucine zipper family is named PbHLH-LZ.  Name is the descriptive name for that protein if 
available.  For uncharacterized proteins the locus is used. 
 

LOCUS NAME CLADE 
At1g12540 At1g12540 AbHLH1 
At1g62975 At1g62975 AbHLH1 
At4g25400 At4g25400 AbHLH1 
At4g25410 At4g25410 AbHLH1 
At5g51780 At5g51780 AbHLH1 

At5g51790 At5g51790 AbHLH1 

At1g18400 At1g18400 GBOF 
At1g25330 At1g25330 GBOF 
At1g59640 At1g59640 GBOF 
At1g73830 At1g73830 GBOF 
At2g18300 At2g18300 GBOF 
At3g57800 At3g57800 GBOF 
At4g36540 At4g36540 GBOF 
At5g62610 At5g62610 GBOF 
At1g10120 At1g10120 GBOF 
At1g26260 At1g26260 GBOF 
At1g68920 At1g68920 GBOF 
At3g23690 At3g23690 GBOF 
At4g34530 At4g34530 GBOF 

At5g48560 At5g48560 GBOF 

At1g06170 At1g06170 PbHLH1 
At2g31210 At2g31210 PbHLH1 

At2g31220 At2g31220 PbHLH1 

At1g12860 At1g12860 PbHLH2 
At2g16910 At2g16910 PbHLH2 
At5g10570 At5g10570 PbHLH2 

At5g65640 At5g65640 PbHLH2 

At2g40200 At2g40200 PbHLH3 
At2g41130 At2g41130 PbHLH3 
At3g25710 At3g25710 PbHLH3 

At3g56770 At3g56770 PbHLH3 

At1g22490 At1g22490 PbHLH4 
At1g72210 At1g72210 PbHLH4 
At2g46810 At2g46810 PbHLH4 
At3g06120 At3g06120 PbHLH4 
At3g24140 At3g24140 PbHLH4 
At3g61950 At3g61950 PbHLH4 
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At4g01460 At4g01460 PbHLH4 
At5g46690 At5g46690 PbHLH4 
At5g53210 At5g53210 PbHLH4 

At5g65320 At5g65320 PbHLH4 

At1g27660 At1g27660 PbHLH5 
At3g19500 At3g19500 PbHLH5 
At3g20640 At3g20640 PbHLH5 

At4g05170 At4g05170 PbHLH5 

At1g27740 At1g27740 PbHLH6 
At1g30670 At1g30670 PbHLH6 
At1g66470 At1g66470 PbHLH6 
At2g34820 At2g34820 PbHLH6 
At3g21330 At3g21330 PbHLH6 
At3g50330 At3g50330 PbHLH6 
At4g00120 At4g00120 PbHLH6 
At4g33880 At4g33880 PbHLH6 
At5g01310 At5g01310 PbHLH6 
At5g09750 At5g09750 PbHLH6 
At5g37800 At5g37800 PbHLH6 

At5g43175 At5g43175 PbHLH6 

At1g03040 At1g03040 PbHLH7 
At1g51140 At1g51140 PbHLH7 
At2g24260 At2g24260 PbHLH7 
At2g42280 At2g42280 PbHLH7 
At2g43140 At2g43140 PbHLH7 
At4g02590 At4g02590 PbHLH7 
At4g09180 At4g09180 PbHLH7 
At4g30980 At4g30980 PbHLH7 

At5g58010 At5g58010 PbHLH7 

At5g56960 At5g56960 PbHLH8 

At1g51070 At1g51070 PBHLH-LZ
At3g19860 At3g19860 PBHLH-LZ
At3g23210 At3g23210 PBHLH-LZ
At3g47640 At3g47640 PBHLH-LZ
At4g14410 At4g14410 PBHLH-LZ
At4g36060 At4g36060 PBHLH-LZ

At5g54680 At5g54680 PBHLH-LZ

At4g00870 At4g00870 PG 
At5g46830 At5g46830 PG 
At1g01260 At1g01260 PG 
At1g32640 RAP1_ARATH PG 
At2g46510 At2g46510 PG 
At4g16430 At4g16430 PG 

At5g46760 At5g46760 PG 

At1g63650 At1g63650 R 
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At4g00480 At4g00480 R 
At5g41315 At5g41315 R 

At4g09820 TRT8_ARATH R 

At2g22750 At2g22750 SAT 
At2g22760 At2g22760 SAT 

At2g22770 At2g22770 SAT 

At4g36930 SPATULA_ARATH SPATULA 

At5g67110 ALCATRAZ_ARATH SPATULA 

At1g02340 At1g02340   
At1g10610 At1g10610   
At1g29950 At1g29950   
At1g35460 At1g35460   
At1g49770 At1g49770   
At1g49830 At1g49830   
At1g69010 At1g69010   
At2g28160 At2g28160   
At2g41240 At2g41240   
At3g56970 At3g56970   
At3g56980 At3g56980   
At4g20970 At4g20970   
At4g21330 At4g21330   
At4g28790 At4g28790   
At4g28800 At4g28800   
At4g00050 At4g00050   
At4g29930 At4g29930   
At4g38070 At4g38070   
At5g04150 At5g04150   
At5g08130 At5g08130   
At5g33210 At5g33210   
At5g38860 At5g38860   
At5g43650 At5g43650   
At5g57150 At5g57150   
At2g20180 At2g20180   
At3g59060 At3g59060   
At1g09530 PCAP3_ARATH   
At5g61270 At5g61270   
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Supplemental Table 1.2.  The list of 177 rice bHLH  proteins from the rice genome project and 
genebank.  Families have been named according to the name of the first discovered or best known 
member for the family.  For uncharacterized families with members from both Arabidopsis thaliana 
and Oryza sativa are named with the abbreviation PbHLH for plant bHLH, families with members from 
just Arabidopsis thaliana are named with the abbreviation AbHLH for Arabidopsis bHLH.  The plant 
bHLH leucine zipper family is named PbHLH-LZ.  For predict proteins from the rice genome project, 
the scaffold number and location is used for the accession and name.  Name is the descriptive name 
for that protein if available.  For uncharacterized proteins the accession is used. 
 
 

ACCESSION NAME CLADE OTHER NAMES 
Scaffold3741_2 Scaffold3741_2 GBOF   
Scaffold5384_2 Scaffold5384_2 GBOF   
Scaffold11264_1 Scaffold11264_1 GBOF   
Scaffold1853_1 Scaffold1853_1 GBOF   
Scaffold1424_4 Scaffold1424_4 GBOF   
BAB92673 OsBAB92673 GBOF   
Scaffold6057_1 Scaffold6057_1 GBOF   
Scaffold736_2 Scaffold736_2 GBOF   
Scaffold4152_1 Scaffold4152_1 GBOF   
Scaffold4582_1 Scaffold4582_1 GBOF   

BAB19345 OsBAB19345 GBOF   

BAA96639 OsBAA96639 PbHLH1   

Scaffold1855_1 Scaffold1855_1 PbHLH2   
AAN05491 OsAAN05491 PbHLH2   
Scaffold490_1 Scaffold490_1 PbHLH2   
AAG13585 OsAAG13585 PbHLH2   

BAB92907 OsBAB90745 PbHLH2   

BAA96767 OsBAA96767 PbHLH3   
BAB16490 OsBAB16490 PbHLH3   
Scaffold686_1 Scaffold686_1 PbHLH3   

Scaffold5425_1 Scaffold5425_1 PbHLH3   

Scaffold2928_4 Scaffold2928_4 PbHLH4   
Scaffold3094_1 Scaffold3094_1 PbHLH4   
Scaffold1168_5 Scaffold1168_5 PbHLH4   
AAN74827 OsAAN74827 PbHLH4   
Scaffold4022_1 Scaffold4022_1 PbHLH4   
AAN64142 OsAAN64142 PbHLH4   
Scaffold2332_4 Scaffold2332_4 PbHLH4   
Scaffold2297_4 Scaffold2297_4 PbHLH4   

AAM08539 OsAAM08539 PbHLH4   

Scaffold11150_2 Scaffold11150_2 PbHLH5   
Scaffold249_3 Scaffold249_3 PbHLH5   
Scaffold8457_2 Scaffold8457_2 PbHLH5   
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Scaffold3783_1 Scaffold3783_1 PbHLH5   
Scaffold830_4 Scaffold830_4 PbHLH5   
Scaffold11851_1 Scaffold11851_1 PbHLH5   
Scaffold7728_3 Scaffold7728_3 PbHLH5   
Scaffold1479_3 Scaffold1479_3 PbHLH5   
Scaffold1500_2 Scaffold1500_2 PbHLH5   

Scaffold9728_2 Scaffold9728_2 PbHLH5   

Scaffold6870_1 Scaffold6870_1 PbHLH6   
Scaffold6833_1 Scaffold6833_1 PbHLH6  BAB923391, BAB865301 
Scaffold3243_4 Scaffold3243_4 PbHLH6   
BAB39884 OsBAB39884 PbHLH6   
Scaffold3354_1 Scaffold3354_1 PbHLH6  AAN641421 
Scaffold3485_3 Scaffold3485_3 PbHLH6   
BAB92339 OsBAB92339 PbHLH6   
Scaffold10_4 Scaffold10_4 PbHLH6   
Scaffold639_1 Scaffold639_1 PbHLH6   
Scaffold1122_4 Scaffold1122_4 PbHLH6   
BAB86530 OsBAB86530 PbHLH6   
Scaffold336_2 Scaffold336_2 PbHLH6   
Scaffold7394_3 Scaffold7394_3 PbHLH6   
BAB89593 OsBAB89593 PbHLH6   
BAB63489 OsBAB63489 PbHLH6   
AAL34136 OsAAL34136 PbHLH6   
Scaffold16392_1 Scaffold16392_1 PbHLH6   

Scaffold306_6 Scaffold306_6 PbHLH6   

Scaffold8328_1 Scaffold8328_1 PbHLH7   
Scaffold3229_3 Scaffold3229_3 PbHLH7   
Scaffold571_1 Scaffold571_1 PbHLH7   
Scaffold1780_4 Scaffold1780_4 PbHLH7   
Scaffold936_5 Scaffold936_5 PbHLH7   
Scaffold493_4 Scaffold493_4 PbHLH7   
Scaffold9048_1 Scaffold9048_1 PbHLH7  BAB89954 

Scaffold4484_1 Scaffold4484_1 PbHLH7   

BAB61947 OsBAB61947 PbHLH8   
BAB61952 OsBAB61952 PbHLH8   
Scaffold13760_1 Scaffold13760_1 PbHLH8   
BAB61944 OsBAB61944 PbHLH8   
BAB90265 OsBAB90265 PbHLH8   

Scaffold1113_3 Scaffold1113_3 PbHLH8   

Scaffold6534_2 Scaffold6534_2 PBHLH-LZ   
Scaffold3645_3 Scaffold3645_3 PBHLH-LZ   
Scaffold2825_2 Scaffold2825_2 PBHLH-LZ  BAC20669 
Scaffold204_3 Scaffold204_3 PBHLH-LZ   

Scaffold7393_2 Scaffold7393_2 PBHLH-LZ   

AAK00453 OsAAK00453 PG   
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BAB44034 OsBAB44034 PG   

BAA92907 OsBAA92907 PG   

BAB64302 OsBAB64302 R   
Scaffold8031_1 Scaffold8031_1 R   
BAB32928 OsBAB32928 R   
Scaffold6437_2 Scaffold6437_2 R   
BAB91797 PRa_ORSA R   
BAB91807 OsBAB91807 R   

AAC49220 Rb_ORYSA R   

Scaffold5346_1 Scaffold5346_1 SAT   
Scaffold9570_1 Scaffold9570_1 SAT   
Scaffold9071_3 Scaffold9071_3 SAT   
Scaffold416_6 Scaffold416_6 SAT   
AAM27466 OsAAM27466 SAT   

AAK00421 OsAAK00421 SAT   

AAK98706 OsAAK98706 SPATULA   

Scaffold472_4 Scaffold472_4 SPATULA   

Scaffold1314_2 Scaffold1314_2    AAK554671 
Scaffold134_2 Scaffold134_2     
Scaffold135_7 Scaffold135_7    BAB199531, BAC214081 
Scaffold1815_2 Scaffold1815_2     
Scaffold11107_2 Scaffold11107_2     
Scaffold10872_1 Scaffold10872_1     
Scaffold13369_2 Scaffold13369_2    OsBAB39994 
Scaffold13763_1 Scaffold13763_1     
Scaffold1390_4 Scaffold1390_4     
Scaffold10825_1 Scaffold10825_1     
Scaffold104_6 Scaffold104_6    CAB55398 
BAB19099 OsBAB19099     
Scaffold1034_3 Scaffold1034_3     
Scaffold10266_2 Scaffold10266_2     
Scaffold10260_1 Scaffold10260_1    AAN054911 
Scaffold12525_2 Scaffold12525_2     
Scaffold1929_3 Scaffold1929_3    BAA96639 
Scaffold10116_1 Scaffold10116_1    OsBAB39884 
Scaffold1127_2 Scaffold1127_2    BAB902651 
Scaffold1462_2 Scaffold1462_2     
Scaffold8702_1 Scaffold8702_1     
Scaffold5684_1 Scaffold5684_1    AAM274661 
Scaffold589_6 Scaffold589_6    AAM085391 
Scaffold634_1 Scaffold634_1    BAA92907 
Scaffold6620_1 Scaffold6620_1    AAN748271 
Scaffold7164_3 Scaffold7164_3     
Scaffold736_5 Scaffold736_5    SCAFFOLD736_2 
Scaffold7476_2 Scaffold7476_2    BAB646891, BAB634891 
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Scaffold7575_1 Scaffold7575_1    BAB643021 
Scaffold763_2 Scaffold763_2    BAB619521 
Scaffold7838_2 Scaffold7838_2     
Scaffold4220_2 Scaffold4220_2     
Scaffold8122_2 Scaffold8122_2    AAK987061 
Scaffold5049_1 Scaffold5049_1     
Scaffold8739_3 Scaffold8739_3    BAB19099 
Scaffold9973_1 Scaffold9973_1     
Scaffold9993_1 Scaffold9993_1    OsS65802 
AAC49219 OsAAC49219     
BAB08206 BAB08206     
BAB64301 OsBAB64301     
BAB64689 OsBAB64689     
BAB86512 OsBAB86512     
BAB90745 BAB90745     
BAC00537 BAC00537     
BAC21408 BAC21408     
Scaffold81206_1 Scaffold81206_1     
Scaffold3635_2 Scaffold3635_2     
Scaffold1981_2 Scaffold1981_2     
Scaffold20214_1 Scaffold20214_1    BAB16490, BAC005371 
Scaffold2032_4 Scaffold2032_4     
Scaffold21450_1 Scaffold21450_1    BAB619441 
Scaffold2174_1 Scaffold2174_1     
Scaffold2423_1 Scaffold2423_1    BAB926731 
Scaffold2528_1 Scaffold2528_1     
Scaffold261_5 Scaffold261_5     
Scaffold3009_2 Scaffold3009_2     
Scaffold307_6 Scaffold307_6    OsBAA96767, BAB08206 
Scaffold3215_1 Scaffold3215_1     
Scaffold5425_2 Scaffold5425_2     
Scaffold3345_1 Scaffold3345_1     
Scaffold5360_2 Scaffold5360_2     
Scaffold4451_1 Scaffold4451_1     
CAD41010 OsCAD41010     
Scaffold4606_2 Scaffold4606_2     
Scaffold4766_2 Scaffold4766_2    OsAAG13585 
Scaffold4862_2 Scaffold4862_2     
Scaffold4870_2 Scaffold4870_2     
Scaffold492_6 Scaffold492_6     
Scaffold493_7 Scaffold493_7    SCAFFOLD493_4 
Scaffold4999_4 Scaffold4999_4    OsBAB44034, BAB865121 
Scaffold5031_2 Scaffold5031_2    BAB895931 
Scaffold19496_1 Scaffold19496_1    BAB32928, BAB918071 
Scaffold32398_1 Scaffold32398_1     
Scaffold2879_1 Scaffold2879_1     
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Scaffold1793_1 Scaffold1793_1     
Scaffold2826_3 Scaffold2826_3     
AAK09221 PIF_ORYSA     
AAK55467 OsAAK55467     
BAB39994 OsBAB39994     
Scaffold12926_2 Scaffold12926_2     
Scaffold16154_1 Scaffold16154_1     
BAC19953 PPIF4_ORSA     
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Supplemental Figure 1.1.  The conserved regions within each clade are shown in boxes, bHLH
domains are shaded, average protein size on right.  Most of the domains have unknown function.
R has a Myb interaction domain (MID), 7E/PG has a possible Myb interaction domain, SAT has
predicted membrane spanning domain (MSD), and PbHLH-LZ contains a leucine zipper (L-zip).
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Abstract 

Motivation:  Recently, there has been a tremendous influx of biological sequence 

data, with little accompanying information about structural attributes.  This deficiency 

argues for the development of objective techniques able to facilitate obtaining 

protein structural data from sequences.  Characterization of unknown proteins using 

computational methods has been limited to sequence-based homology predictions 

among closely related sequences.  Generally, structure-based prediction of protein 

function is preferred over sequence-based approaches because structure is 

evolutionarily more conserved and permits more accurate conclusions about 

function than does analysis of sequences alone.  The lack of available structural 

templates and the paucity of rigorous statistical techniques for comparing structures, 

limits the use of structure-based homologies to characterize new sequences.  

Herein, we use homology modeling and three novel techniques to compare 3D 

structures within the basic helix-loop-helix proteins (bHLH).  We are interested in 

uncovering the biological function and structure, of poorly understood members of 

the basic helix-loop-helix (bHLH) protein super-family of transcriptional regulators.  

bHLH proteins have evolved along many different lineages suggesting considerable 

functional divergence.  A number of divergent bHLH clades have been well 

characterized in terms of structure and function, but some clades discovered in 

genome sequencing projects have unknown functions and have ambiguous 

relationships to known clades.  Although the primary sequence of these proteins has 

diverged, their tertiary structures are expected to remain quite similar.   
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Results:  In our investigations, we defined four residue types based on sequence 

and structural diversity from an average bHLH protein.  We compared a number of 

3D structural models of well-characterized members of the bHLH family to bHLH 

proteins whose function has not been characterized.  We utilized three structural 

comparison techniques: i) a modified pairwise root mean square deviation, ii) a new 

structural parsimony approach, and iii) site by site multidimensional scaling.  Using 

these approaches we have discovered structural similarity within the bHLH domain 

between three clades (Max, Myc, and PbHLH-LZ).  Each of these clades contains a 

C-terminal leucine zipper immediately following the bHLH domain.  In addition, 

structural models of the Sat proteins suggest a strong similarity to other bHLH 

proteins, which is unexpected due to it unique functional characterization as a 

symbiotic ammonium transporter.   

Availability: Perl scripts available, contact author. 

Contact:  mjbuck@unity.ncsu.edu 

Keywords: basic helix-loop-helix; homology modeling; structural parsimony; root 

mean square deviation. 

 

Introduction: 

The basic helix-loop-helix (bHLH) family of proteins is a large group of 

functionally diverse transcription factors that function in the control of a number of 

important developmental processes in both plants and animals (Garrell and 

Campuzano 1991; Quail 2000; Wright 1992).  The distinguishing structural 

characteristic of the family is a bipartite domain of approximately 60 amino acids.  
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This bipartite domain is comprised of a DNA-binding basic region, which binds to a 

consensus hexanucleotide E-box (CANNTG) and two α-helices separated by a 

variable loop region.  The two α-helices promote dimerization, allowing the formation 

of homo- and heterodimers between different bHLH family members.  While the 

bHLH domain is evolutionarily conserved (Atchley and Fitch 1997), there is little 

sequence similarity between clades beyond the bHLH domain (Morgenstern and 

Atchley 1999).   

In animals, bHLH proteins are involved in regulation of a wide variety of 

developmental processes including neurogenesis, myogenesis, cell proliferation and 

differentiation, cell lineage determination, sex determination, and other essential 

processes (reviewed by Massari and Murre 2000).  In plants, bHLH proteins function 

in transcriptional regulation associated with anthocyanin biosynthesis, phytochrome 

signaling, and globulin expression.  Phylogenetic analysis using only the bHLH 

domain uncovered 44 orthologous clades in animals (Atchley and Fitch 1997; Ledent 

and Vervoort 2001) and 15 in plants (Buck and Atchley 2003).  Of these 15 plant 

clades only six have been functionally characterized.   

There are six solved 3D structures for the bHLH proteins including: Pho4 

(Shimizu et al. 1997), MyoD (Ma et al. 1994), USF (Ferre-D'Amare et al. 1994), Max 

(Brownlie et al. 1997), E47 (Ellenberger et al. 1994), and SREBP1 (Parraga et al. 

1998).  All of the solved structures share a common globular, parallel, left-handed, 

four-helix bundle, which is stabilized by a well-defined hydrophobic core (Ferre-

D'Amare and Burley 1995).  Several clades of bHLH proteins contain a C-terminal 

leucine zipper (LZ) following the 2nd helix.  This LZ expands the 2nd helix and 
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dimerization surface.  Removal of the LZ domain in USF, giving the minimal bHLH 

consensus results in a proteins that retains wild-type DNA specificity.  However,  the 

LZ deficient form has a equilibrium dissociation constant as much as 1000 fold 

higher then the intact bHLH-LZ protein (Ferre-D'Amare et al. 1994).  Absence of the 

LZ domain can be compensated by the presence of a few amino acid substitutions in 

the 2nd helix (Ferre-D'Amare and Burley 1995).           

There are a limited number of techniques for the comparison of protein 

structures.  Traditionally the most widely used measure, is a root-mean squared 

distance (RMSD) calculated between equivalent atoms in two separate proteins.  

RMSD is 0 for identical structures and its value increases as the two structures 

diverge.  Although, RMSD is a reliable indicator of similarity for closely related 

proteins, there are several disadvantages with this measure.  First, RMSD is an 

average distance.  Each site is given equal weight and, as a result, a few poorly 

fitting atoms can inflate the overall RMSD value.  Second, the distance is only 

calculated between equivalent atoms in two structures and the choice of the 

equivalent atoms is usually automatic and based on the structural alignment.  

Therefore, two RMSD from different pairs of structures may not be comparable, 

because of unequal number of atoms or selection of non-homologous atoms 

between the pairs.   For example, a multi-domain protein may share certain 

equivalent atoms from its first domain with protein A and other equivalent atoms 

from its second domain with protein B.  Thus, the resultant two RMSD values are not 

equivalent and distance based trees constructed from such data are inaccurate.  

Equivalent atoms have to be held constant throughout the analyses; otherwise the 
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distance matrix will not be conformable to two-dimensional graphic representations 

(trees).    

 Alternative distance measures have been proposed to deal with these 

problems.  At least two approaches address the problem of unequal numbers of 

equivalent atoms.  Relative RMSD (RRMSD) compares protein structures whose 

range of values is independent of protein size (Betancourt and Skolnick 2001).  

RRMSD is 0 between identical structures and 1 between structures that are as 

globally dissimilar as an average pair of random polypeptides of corresponding 

sizes.  This latter approach standardizes the RMSD by the average distance 

between random polypeptides of the same lengths.  An alternative approach for 

proteins of varying length is the normalized RMSD (RMSD) approach of Carugo and 

Pongor (2001).  These authors created a large dataset of protein alignments of non-

homologous structures to generate a normalization technique based on sequence 

length.  They define the RMSD100 as the normalized RMSD for structures too 100 

amino acids in length.  For example, using this measure, suppose that the Cα atoms 

of two pair of protein structures, 50 and 200 residues long can be superimposed to 

give a final RMSD of 1°A for both.  For the first pair of sequences sharing N=50 

equivalent residues the corresponding RMSD100 value will be 1.524 A.  For the 

n=200 RMSD100 = 0.741 A.  The normalized RMSD100 qualitatively reflects the 

intuitive view that larger structures have a higher probability to differ from each other 

then smaller structures. 

 An additional problem with the traditional RMSD is that it weighs each atom 

position equally, i.e., a poorly fitting atom in the core of the structure is given equal 
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weight to a poorly fitting atom in a highly variable surface loop.  Gerstein and Altman 

(1995) use the variance calculated as part of the average core structure to weight 

the deviations.  Subsequently these authors applied these “calibrated” deviations to 

calculate a better RMS (Gerstein and Altman 1995).  In essence, this is a statistical 

distance, where each distance unit is one standard deviation.  These approaches 

are useful for describing similarities of solved crystal structures, but are 

inappropriate when comparing models.  Homology models have varying regions of 

model accuracy and uncertainty; therefore, a few uncertain sites can distort a 

distance measure.   

Herein we present three structural comparison techniques.  These include:  i) 

a modified pairwise root mean square deviation, ii) structural parsimony , and iii) site 

by site multidimensional scaling.  Our modified RMSD is similar to the traditional 

RMSD, except that equivalent atoms are held constant between all structural pairs, 

allowing the direct comparison of these numbers.  The structural parsimony 

approach compares each modeled structure to the average crystal structure (ACS).  

Each model is scored site by site according to the ACS as similar or dissimilar by a 

threshold cutoff, and subsequently is used to construct the most parsimonious tree.   

These techniques combined with site by site multidimensional scaling allow us to 

estimate relationships between distinct clades and help to predict the function of 

uncharacterized members of the bHLH family.  Our results suggest structural 

similarities among Myc, Max, and PbHLH-LZ protein clades.  All of these proteins 

contain an additional LZ domain directly C-terminal to the 2nd helix.  In addition, 

structural models of the Sat proteins suggest a strong similarity to other bHLH 
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proteins, which is unexpected due to it unique functional characterization as a 

symbiotic ammonium transporter.    

Materials and Methods: 

Structure and sequence data: We used the six solved structures for the bHLH 

proteins including: Pho4 (Shimizu et al. 1997), MyoD (Ma et al. 1994), USF (Ferre-

D'Amare et al. 1994), Max (Brownlie et al. 1997), E47 (Ellenberger et al. 1994), and 

SREBP1 (Parraga et al. 1998).  Homology models and structural comparisons were 

limited to proteins from seven clades: five SAT proteins (SAT_SOY, AtAAC63586, 

MsAAD11428, AtAAC63588,and OsAAK00421), three MAX proteins 

(MAX_HUMAN, DMAX_DROME, and MAX1_CAEEL), four Srebp proteins 

(SRE1_HUMAN, SRE2_RAT, DmHLH106, and CeCAA21042), four MYC proteins 

(CMYC_HUMAN, CMYC_XENLA, MYCN_MOUSE, and LMY2_HUMAN), three 

MYOD proteins (MYOD1_HUMAN, MYOG_CHICK, and MYF6_MOUSE), three 

Atonal proteins (ATONH2_MOUSE, ATONH_CHICK, and ATON_DROME), and 

three PbHLH-LZ proteins (At3g23210, At4g14410, and At3g19860).  The PbHLH-LZ 

clade contains uncharacterized plant bHLH proteins which have a leucine zipper 

following the bHLH domain (Buck and Atchley 2003).  

Average crystallized structure (ACS):   An average crystallized bHLH domain was 

constructed from the six solved crystal structures.  The alpha-carbons from these 

structures were superimposed using rigid body superimposition implemented in 

Modeller 6v1 (Sali and Blundell 1993).  This was facilitated by use of a DIALIGN2 

(Morgenstern 1999)  sequence alignment as a guide.  Structural site variation was 

calculated for alpha and beta carbons by RMSD from the superimposed structures 
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and plotted with the sequence variation (entropy) (Figure 2.1).  The Boltzman-

Shannon entropy statistics was used to estimate variability (heterogeneity) at each 

site.  It was computed in two ways (Atchley et al. 1999).  First, E was computed at 

each site based upon 20 amino acid categories to give a maximum E value of 4.32.  

Second, EF was computed according to the following 8 amino acid catergories: 

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) (Atchley et al. 1999).  

The maximum EF  for eight categories is 3.00. 

Homology Modeling:  The bHLH domains from 25 representative proteins were 

aligned to sequences from five solved crystal structures (Pho4, MyoD, E47, Max, 

and SREBP1) using DIALIGN2 (Morgenstern 1999) and manually improved by eye.  

The USF structure could not be used as a template, because the solved structure 

was a truncated protein lacking its LZ.  This caused the 2nd helix to be 20˚ closer to 

the helical axis of the DNA (Ferre-D'Amare and Burley 1995), which made it an 

inaccurate template for modeling.  These same five solved crystal structures were 

used as templates for comparative protein modeling by satisfaction of spatial 

restraints implemented in Modeller 6v1 (Sali and Blundell 1993).  For each 

sequence, 50 models were generated.  The efficacy of each model was evaluated 

with Modeller’s internal objective function and the best five models were selected for 

each sequence to construct an “average model” by superimposing the alpha 

carbons by means of rigid body superimposition.  Each atom in the average model 

was located at the statistical mean, and the variance reflected the atom’s uncertainty 

(Aiσ; See equation 1), equivalent to the RMSD.   Where Aiσ is the uncertainty of 
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atom i; d is the distance between the statistical mean and model location; n is the 

model number, and N is the total number of models.  

N

dn
A ni

∑
=σ  

Two separate measures were used to assess the accuracy of the models, 

i.e., their average objective function and the overall model uncertainty value (See 

equation 2), where Mxσ is the total uncertainty of model x and X is the total number 

of atoms.   

X

A
M i

i

x

∑
=

σ
σ  

Any average model with a high objective function score and an overall atom 

uncertainty greater than 0.75 Å was removed from later analysis.        

 

Comparing Models:  Relationships between structures were compared by two 

structural comparison techniques: i) modified pair-wise RMSD and ii) a structural 

parsimony approach.  In both techniques, sites within the bHLH domain which are 

highly variable were not included, i.e., the first two sites in the basic region and the 

loop.  The RMSD data was determined from pairwise superimpositions of all 

average protein models.  The RMSD data was utilized to construct a distance matrix 

for building neighbor joining consensus trees using NEIGHBOR and CONSENSE 

from the Phylip package (Felsenstein 1993).  Node support was estimated after 

1000 bootstraps.   

(1) 

(2) 
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 Our structural parsimony technique compared the average model for each 

sequence to the overall average crystallized structure (ACS).  Parsimony scores for 

each structure were generated by comparing the average model for each sequence 

to the ACS.  Any site with a distance greater than that site’s parsimony threshold (Thi 

; see equation 3)  was scored as a difference ‘1’ and less than the threshold ‘0’.  

Phylogenetic trees were constructed using Wagner parsimony with the PENNY 

program (Felsenstein 1993).  Wagner parsimony allows both types of changes from 

‘0’ to ‘1’ and from ‘1’ to ‘0’.   The parsimony threshold Th for site i is the site’s 

average uncertainty for all models plus that site’s standard deviation.      

2)()( σσ iii AVarAAvgTh +=  

Multidimensional Scaling:   MDS was preformed using SAS to convert the original 

site by site distance dataset into weighted Euclidean distances in three dimensions 

(SAS-Institute 1999).  The starting data was a distance matrix for each site (41) in 

the alignment.  Multidimensional scaling (MDS), a graphical technique for displaying 

transformed multivariate data in low-dimensional space (Torgerson 1952), was then 

used to display to results.  Cluster/phylogenetic approaches use a single distance 

value to represent the similarity between structures.  MDS, on the other hand, 

attempts to reduce the dimensionality of all of the original data produces a 3D MDS 

map.  Items close to each other on the MDS map are positively correlated to each 

other.          

Results and Discussion: 

 Structural variation among the solved crystals was estimated as deviations 

from all six superimposed bHLH proteins.  The variations of both alpha- and beta-

(3) 
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carbons were plotted over their position in the bHLH motif (Atchley and Fitch 1997) 

(Figure 2.1).  There is periodicity in the entropy of 3-4 residues, suggestive of 

reduced variability on the inner faces of the helices, which forms the highly 

conserved hydrophobic core.  In addition, sequence variation and structural variation 

are not conserved throughout the domain.  Each site within the bHLH domain can be 

characterized as one of four types by it’s sequence and structural diversity: 1) sites 

conserved in both amino acid category (EF < 1.02 ) and space (Cα distance < 0.5 A), 

2) sites conserved in amino acid category but not space, 3) sites conserved in space 

but not amino acid category, and 4) sites not conserved in amino acid category or 

space. 

Sites conserved in category and space (type 1), are probably important for 

protein function.  These sites have low EF and low structural diversity and include 

most sites in the inner face of both helices.  For these sites, side chain 

characteristics and location are important, implying numerous structural contacts.  

The best example is the glutamate at position 9, which is required for DNA binding in 

bHLH proteins.  This amino acid makes two contacts to the 5’ CA in the E-box per 

dimer.  These sites are involved in DNA binding interactions or dimerization and are 

located in both helices.     

Type 2 sites are conserved in category (EF < 1.02 ) but not space (Cα 

distance > 0.5 A) , and are at the beginning of both helices and are involved in both 

non-specific DNA and protein-protein interactions.  Sites conserved in space (Cα 

distance < 0.5 A) but not amino acid category (EF > 1.02 ) (type 3) appear to be 

restrained by highly conserved neighboring type 1 amino acids.  Non-conserved 
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amino acids in the DNA binding domain are forced in a conformation that allows the 

conserved amino acids to be in the correct location to function, their only 

requirement is to be able to form a helix.  Lastly, sites not conserved in category or 

space (type 4) are found in loop regions and are the most highly variant regions of 

the proteins. 

In addition to the models used in this study, we produced models for 

representative sequences for the remaining 52 clades.  Modeller6 was able to 

dependably model most clades, but had problems with structurally distinct clades.  

The ID, ARNT, HIF, and BMAL clades could not be reliably modeled due to their 

divergent basic regions.  Id proteins lack the basic region common to most bHLH 

proteins and are dominant negative regulators of transcription and do not bind DNA.  

ARNT, HIF, and BMAL are all bHLH-PAS proteins and bind to the irregular E-box 

sequence NCGTG.  This is problematic for homology modeling, which requires 

homology for accurate modeling.  Therefore, de novo modeling or an additional 

template would be needed to model this region in these proteins.      

 Our homology models were compared in two ways.  First of all, the pairwise 

RMSD for whole structures was used to construct a consensus neighbor joining tree 

(Figure 2.2).  Second, the parsimony scores were used to construct the most 

parsimonious tree.  The two trees have similar clustering for many groups.  In 

particular, all Srebp and MyoD proteins cluster tightly, suggesting reduced structural 

variation when compared to the other clades.  Structural parsimony clusters all Myc 

and Max proteins together with two of the three PbHLH-LZ proteins (At3g23210 and 

At4g14410).  
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 In addition to converting our distance data into trees, we also used MDS to 

transform these multivariate data into three dimensional space.  MDS produced 

results similar to the tree diagrams, but was more informative.  Since the MDS used 

the site by site distance data rather then the average distance, better structural 

relationships are discernable.  As found in with both tree approaches the Srebp and 

MyoD proteins cluster tightly.  In addition, the models for Myc, Max, and two of the 

three PbHLH-LZ proteins appear to cluster in the MDS results (Figure 2.3).  The 

relationship of Myc and Max is not surprising, because they heterodimerize with 

each other and appear to be evolutionary related.  On the other hand, the PbHLH-LZ 

proteins are evolutionary distinct (Buck and Atchley 2003), and have divergent basic 

regions compared to Myc and Max.  It has been suggested that bHLH-LZ proteins 

have evolved to require the LZ region to brace the HLH in the orientation for optimal 

packing of the hydrophobic core and for achieving high-affinity dimerization (Ferre-

D'Amare and Burley 1995).  It has been shown that a few amino acid substitutions in 

helix 2 are sufficient to achieve stable dimerization without a C-terminal LZ (Ferre-

D'Amare and Burley 1995).  These results are exciting because we only modeled the 

bHLH domain and did include the additional LZ domain, suggesting that there are 

structural similarities elsewhere in the bHLH domain of bHLH-LZ proteins.  These 

similarities are over and beyond those seen with bHLH proteins lacking the LZ.  An 

alignment of these proteins show a conserved location of the LZ to the 2nd helix 

(Figure 2.4).  The LZ stabilizes the dimer interaction only if it is in the proper helical 

registration relative to helix 2 (Beckmann and Kadesch 1991).  Our results are still 
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ambiguous, because the SREBP protein also contain a C-terminal LZ but do not 

appear to cluster with the above three clades.   

 The presence of the LZ in PbHLH-LZ proteins also provide usefully functional 

information.  The structural requirement for the LZ prevents heterodimerization with 

bHLH proteins, thereby providing a first order selectivity “filter” (Ferre-D'Amare and 

Burley 1995).  Since PbHLH-LZ appear to be the only plant bHLH clade to contain a 

LZ domain, these proteins can only heterodimerize with other members in this clade.     

 Furthermore in all approaches, the five plant sequences that belong to the 

SAT clade (SAT_SOY, At2g22750, MsAAD11428, At2g22770, and OsAAK00421) 

do not appear distinct from the other bHLH proteins.  The SAT proteins have been 

characterized as a symbiotic ammonium transporter (Kaiser et al. 1998) and are not 

transcription factors like all other bHLH proteins.  The authors suggested that the 

bHLH domain could function for dimerization into the channel.  If these proteins do 

not function as transcription factors, you would expect them to be structurally distinct 

from all other bHLH proteins.  This does not appear to be the case; these proteins 

are not distinct structurally or by sequence homology from the other bHLH proteins.  

It has been suggested using sequence analysis by Buck and Atchley (2003) and 

Dommelen et al. (2001), that the SAT proteins are bHLH transcription factors, but 

are sequestered in the membrane by an additional membrane spanning domain, 

until released by proteolytic cleave.   

Conclusions: 

 Accurate homology modeling requires solved crystal structures as templates.  

Our attempts to model all representative bHLH proteins have demonstrated the need 
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for more crystal structures, specifically, for proteins which have divergent basic 

domains and do not bind DNA.  In addition, bHLH proteins exist in two states, bound 

and unbound to DNA.  Upon binding DNA the basic region undergoes a transition 

from a random coil to an α-helix.  Therefore, a complete understanding of the bHLH 

structure requires that unbound proteins need to be examined.     

 Genome sequencing projects are discovering proteins much faster than they 

can be characterized.  New computational approaches are necessary to predict 

function and direct future research to expedite functional determination.  The 

traditional RMSD approach for discerning similarity between two structures has 

drawbacks when examining models.  For homology models, where some sites are 

more accurately modeled than others, a RMSD may not be the best approach.  A 

few inaccurately modeled sites could miss-weight the RMSD.  Our structural 

parsimony approach is ideally suited for comparing models.  This procedure allows 

differentially weighting of accurately modeled sites against uncertain sites.  Since the 

parsimony threshold is on a site by site basis, uncertain sites in the models have a 

higher threshold to overcome being scored as a difference.   

 A major problem with working using structures is the inability for trees 

diagrams to accurately show the relationships between structures (May 1999).  The 

multidimensional relationships within the distance data may not be summarized in 

only two dimensions.  In this paper we have used MDS to transform 

multidimensional data into three dimensional space.  For this study MDS was very 

useful in supporting the relationships suspected from the trees.    
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Figure 2.1.  Variation in structure and sequence of bHLH proteins.   Structural variation of the solved 
crystals was estimated as deviations from six superimposed bHLH proteins.  The structural variation of 
both alpha- and beta-carbons (left axis) are plotted over their position in the bHLH motif.  Two entropy 
statistics were computed and plotted, right axis.  E (normal entropy) solid line; EF (functional group 
entropy) dashed line.  Arrow shows where loop has been removed.   
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Figure 2.2.  Neighbor Joining and Structural Parsimony Trees.  A.  Neighbor joining consensus
tree.  B.  Structural parsimony tree.  Proteins in both tree are shaded by their clade membership.
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Figure 2.3.  Multidimensional Scaling (MDS).  Protein models
from seven bHLH clades were used for MDS.  The lack-of-fit
criterion for MDS was 0.206 and the correlation between the
transformed distances to the original was 0.7.



                          *        20         *        40         *        60         *        80         *
At4g14410      : GGGTKACRERLRREKLNERFMDLSSVLEPGRT-PKTDKPAILDDAIRILNQLRDEALKLEETNQKLLEEIKSLKAEKNELREEKLVLKADKE
At3g23210      : KPGTKACREKLRREKLNDKFMDLSSVLEPGRT-PKTDKSAILDDAIRVVNQLRGEAHELQETNQKLLEEIKSLKADKNELREEKLVLKAEKE
Rice PP 204_3  : RPTSKASREKIRRDKMNDRFLELGTTLEPGKP-VKSDKAAILSDATRMVIQLRAEAKQLKDTNESLEDKIKELKAEKDELRDEKQKLKVEKE
At1g51070      : GSNSKACREKQRRDRLNDKFTELSSVLEPGRT-PKTDKVAIINDAIRMVNQARDEAQKLKDLNSSLQEKIKELKDEKNELRDEKQKLKVEKE
Rice PP 6534_2 : GPKSKACREKIRRDRLNDRFLELSSVINPDKQ-AKLDKANILSDAARLLAELRGEAEKLKESNEKLRETIKDLKVEKNELRDEKVTLKAEKE
At3g19860      : RKSQKAGREKLRREKLNEHFVELGNVLDPER--PKNDKATILTDTVQLLKELTSEVNKLKSEYTALTDESRELTQEKNDLREEKTSLKSDIE
Rice PP 2825_2 : KRIHKSEREKLKRDKQNDLFNELGNLLEPDRQ--NNGKACVLGETTRILKDLLSQVESLRKENSSLKNESHYVALERNELHDDNSMLRTEIL
MAX_HUMAN      : KRAHHNALERKRRDHIKDSFHSLRDSVPSLQG-EKASRAQILDKATEYIQYMRRKNHTHQQDIDDLKRQNALLEQQVRALEKARSSAQLQTN
MAX_XENLA      : KRAHHNALERKRRDHIKDSFHGLRDSVPSLQG-EKASRAQILDKATEYIQYMRRKNHTHQQDIDDLKRQNALLEQQVQISNPKPPSNGAPEQ
MYC2_XENLA     : KRRTHNVLERQRRNELKLSFFALRDQVPRWRNNEKAPKVVILKKATEYAISMQEDERRLIRETEQLKYRKEQLKQRLQQLRNSV--------
MYCL_HUMAN     : KRKNHNFLERKRRNDLRSRFLALRDQVPTLASCSKAPKVVILSKALEYLQALVGAEKRMATEKRQLRCRQQQLQKRIAYLSGY---------
MYCL_XENLA     : KKKNHNYLERKRRNDLRSRFLALREEVPSLTRSTKTPKVVVLSKATEFLKGLVIQEQQLTAERFKLWSRHQQLLRRISHLKGR---------
MYC_MOUSE      : KRRTHNVLERQRRNELKRSFFALRDQIPELENNEKAPKVVILKKATAYILSIQADEHKLTSEKDLLRKRREQLKHKLEQLRNSGA-------
                         E4 4R      F  L   6       k  4  66  a                    L      6      l

bHLH Leucine Zipper

Figure 2.4.  Alignment of PbHLH-LZ, Myc, and Myc.   The bHLH and the C-terminal LZ domain
for seven plant PbHLH-LZ proteins, two Max, and four Myc.  Heptad repeat of leucine shaded
yellow, conserved sites shaded black.  Arabidopsis thaliana genes named by locus, predicted rice
genes named by scaffold location.
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Abstract: 

Amino acids do not occur randomly in proteins; rather, their occurrence at any given 

site is strongly influenced by the amino acid composition at other sites, the structural 

and functional aspects of the region of the protein in which they occur, and the 

evolutionary history of the protein.  Herein, a matrix of pairwise normalized mutual 

information values were computed among amino acid sites for the serpin proteins.  

The serpins (serine protease inhibitors) contain a conserved 3-D structure inspite of 

extensive sequence divergence, which makes them a good model protein family for 

the study of the underlying causal nature of amino acid covariation.    The 

normalized mutual information matrix was partitioned into orthogonal dimensions by 

factor analysis.  Each eigenvector from the factor analysis can be interpreted as 

having phylogenetic or structural/functional explanations or combinations of both.  

This approach discerns strong amino acid covariation within several key functional 

regions including the RCL, shutter, and breach.  In addition, this approach elucidates 

hydrogen bonding, hydrophobic, and electrostatic interactions within the serpin 

protein family.   
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Introduction: 

 Serpins (serine protease inhibitors) are a family of proteins characterized by 

possession of a single common core domain consisting of three β-sheets and 8-9 α-

helices (Gettins 2002b).  Serpins are widely distributed among eukaryotes and occur 

in some viruses that infect them.  Serpins have been recently discovered in 

prokaryotes and in higher plants (Irving et al. 2000; Irving et al. 2002), but are absent 

from fungi and chlorphytes.  Despite the presence of a common fold of 

approximately 350 residues in all serpins, pairwise identity of primary structures can 

be as low as 25 % (Gettins 2002b).   

Serpins have been classified into 16 phylogenetic clades based on sequence 

alignments and function (Irving et al. 2000).  Most serpins function as proteinase 

inbibitors for chymotrypsin like serine proteinases, although some inhibit other types 

of proteinases.  Serpins regulate numerous separate cellular and extracellular 

processes including blood coagulation, fibrinolysis, cell complementation, tumor 

suppression, and other functions (Gettins 2002b).  Some serpins have lost an 

inhibitory role and function in blood pressure regulation, hormone binding, as 

chaperones, or as a storage protein in egg albumin. 

 There have been extensive structural studies of serpins resulting in 49 X-ray 

crystal structures available from 12 different proteins.  Figure 3.1 shows the structure 

of native α1-antitrypsin and defines some of the important secondary structural 

elements.  In the native state the reactive center loop (RCL) is exposed and 

accessible for interaction with a proteinase.  The RCL is crucial for the function of 

inhibitory serpins, which undergoes large structural changes that alter the folding 
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topology into the cleaved structure (Figure 3.1B).  The native to cleaved transition is 

associated with an increase in stability and is called the stressed to relaxed (S→R) 

transition (Carrell and Owen 1985).  The target proteinase binds to the RCL and 

cleaves the P1-P1’ bond (358-359 in α1-antitrypsin).  After cleavage the RCL inserts 

into the A β-sheet (sA).  The first residue to insert is P14 (345) and is followed by the 

flexible hinge region (P15-P9) of the RCL.  The hinge portion of the RCL provides 

the mobility essential for the conformational change of the RCL in the S→R 

transition (Hopkins et al. 1993).  The initial point of insertion of the RCL is the breach 

located at the top of sA (Whisstock et al. 2000).  The shutter is located near the 

center of sA and is composed of s3A, s5A, and neighboring sites.  The breach and 

the shutter are two important regions that facilitate sheet opening and accept the 

hinge of the RCL as it inserts (Whisstock et al. 2000).  To insert completely, hF is 

displaced until the RCL with the bound proteinase passes (Gettins 2002a).  Then hF 

returns, covering s3A and locks the proteanase 70 Å away from the starting position. 

 There is another conformation of serpins called the “latent” state, which is 

more stable than the native form but is inactive.  This conformation was first seen in 

the crystal structure of Plasminogen Activator Inhibitor-1 (PAI-1; (Mottonen et al. 

1992).  The latent state is an uncleaved state in which the RCL is inserted into the 

sA, without cleavage of the RCL.  This conformation is a stable state and there is 

evidence for its existence in α1-antitrypsin, antithrombin, and α1-antichymotrypsin 

(Carrell et al. 1994; Gooptu et al. 2000; Lomas et al. 1995). 

 The conserved complex structure of serpins and their extensive sequence 

divergence make them good model proteins for the study of covariation among 
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protein residues.  Recently, there has been a great deal of research on methods for 

detecting covariation in protein evolution (Afonnikov et al. 2001; Atchley et al. 2000; 

Chelvanayagam et al. 1997; Pollock and Taylor 1997; Pollock et al. 1999; Pritchard 

et al. 2001; Tuff and Darlu 2000; Atchley and Buck 2003).  It is expected that the 

residues at some sites will strongly affect evolution of certain other sites in close 

three-dimensional proximity.  At such sites, residue substitutions which tend to 

destabilize a particular structure or function are probably corrected by other 

substitutions at neighboring sites.  For example, if an amino acid substitution causes 

a reduction of volume in the protein core, which destabilizes the protein, only 

compensating substitutions in a few adjacent residues would be able to fill the 

space.  The resulting correlation between these sites should be detectable.   

 In addition to structural and functional correlations, the evolutionary history of 

the proteins will create correlations between sites.  Atchley et al. (2000) proposed 

that the covariance between amino acid site i and j Cij can be decomposed into its 

underlying components as  

  Cij = Cphylogeny + Cstructure + Cfunction + Cinteractions + Cstochastic            (1) 

   

 Herein, the multivariate statistical technique of factor analysis was used to 

determine the common underlying correlation structure that affects variation in 

amino acid sites (Johnson and Wichern 1988).  Each extracted factor or axis of 

common variation was characterized in terms of a phylogenetic or a 

structural/functional effect.  Two phylogenetic and 13 structural/functional common 

factors were characterized.  The structural/functional factors included most of the 
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important tertiary elements.  These elements included the RCL, shutter, breach, and 

hydrophobic core.  In addition, interaction networks were discovered that may be 

important for hF displacement, packing of hA, hB, and hD, as well as, movement of 

s3A over hB.  Lastly, long-range covariation between hydrophobic packing sites was 

uncovered.    

  

Materials and Methods 

 The analysis reported here involves a collection of 211 serpin proteins 

selected from the dataset previously analyzed by Irving et al (2000).  Columns with 

greater than 20% gaps were removed from the analysis.  Amino acid sites have 

been numbered according to the reference sequence α1-antitrypsin.  In this study, 

only sites 23-394 were considered. 

 Pairwise normalized mutual information (NMI) values were used to construct 

the 372 x 372 C matrix.  Normalized mutual information, NMI(x,y), is the relative 

information content of y contained in x where, E(x) and E(y) are the entropy values 

at sites x and y: 
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Note that NMI(x,y) = NMI(y,x) and if x and y are independent, the NMI(x,y) = 0 

corresponding to the fact that no information is obtained regarding y by finding out 



 65

about x.  NMI is analogous to a product moment correlation and is bounded by zero 

and unity.            

 The dimensionality of the C matrix was estimated using iterative principal 

factor analysis (Atchley and Buck 2003).  Factor analysis explains the observed 

covariablity among the original variables by a smaller number of unobservable latent 

variables generally referred as “common factors”.  Factor analysis estimates 

eigenvalues and eigenvectors of a correlation or covariance matrix.  Factor analysis 

differs from principal components analysis in that the latter is only a data 

compression technique that reduces the dimensionality of all of the covariation, while 

factor analysis partitions covariability into common and unique components.                

The factors were then rotated to “simple structure” using a varimax orthogonal 

rotation (Kaiser 1958).  The goal of factor rotation is to produce a set of common 

factors having only a small number of original variables exhibiting large factor 

loadings or coefficients.  Rotation generally increases the magnitude of large factor 

loadings, decreases the size of small loadings, and generally achieves more 

interpretable multivariate patterns of variability.  A site’s factor coefficient or loading 

is equivalent to it’s correlation to the underlying factor and is bounded between –1 

and 1.  Therefore, the sites which have high factor coefficient are highly correlated to 

the underlying factor.  These loadings are used to understand the importance of 

each variable to a given factor and to provide biological interpretation for that 

particular pattern of covariation.   For example, one might examine iron binding 

proteins and find all of the amino acid sites which are involved in iron binding have 

high coefficients for a particular factor.  This factor could then be considered a 
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multivariate construct involving the covariation of a number of amino acids that are 

involved in the ability to bind iron.      

The factor coefficients have been projected on the three-dimensional 

structure for native α1-antitrypsin (PDB entry 1QLP; Elliott et al. 1999) and cleaved 

α1-antitrypsin (7API; Loebermann et al. 1984), obtained from the Protein Data Bank 

(www.rcsb.org; Berman et al. 2000).  The results were color coded by the factor 

coefficient using RasMol Molecular Graphics v 2.6 (Sayle and Milner-White 1995).  

For the figures, the factor coefficients of each amino acid site have been color coded 

i.e., sites above 0.5-red; > 0.4-yellow; > 0.3-green; less then 0.3-blue.  For factors 5-

15 cyan is added for sites above 0.25. 

Mutual information statistics can be used to estimate the extent of association 

between amino acid composition at any given site with other external or extrinsic 

variables.  For example, phylogenetic signal is estimated by measuring the extent of 

association between amino acid compositions at each site and a dummy variable for 

clade membership from a phylogenetic tree (Atchley et al. 1999).  A diagnostic site is 

described as a site that exhibits significant information about clade membership.  A 

diagnostic site is determined by creating a dummy variable coded for one clade ‘1’ 

and all other clades ‘0’ and then determining the mutual information from each site to 

the clade dummy variable (MI to clade).  This mutual information value used to 

determine the diagnostic sites is also used to interpret the factors and will be 

referred to as the MI to clade A, B, etc.  This is repeated for each clade, and the top 

ten sites with ties for each clade are retained as diagnostic sites for that clade (Table 

1).  The technique describe above for finding diagnostic sites is not the same as 
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used by (Ragg et al. 2001), but the technique used in this paper not only finds all 

same sites as Ragg et al (2001) but some addition sites as well.          

 Residue accessibility for both native α1-antitrypsin and cleaved α1-antitrypsin 

was determined using the NACCESS program (Hubbard and Thornton 1992).  This 

program calculates the atomic accessible to surface defined by rolling a probe of 

given size around a van der Waals surface (Lee and Richards 1971).  For this 

analysis the total residue accessibility surface was used as site accessibility.   

 The rate of evolution at each site was estimated using the Rate4Site 

algorithm (Pupko et al. 2002).  Rate4Site uses a maximum likelihood criterion to 

estimate the normalized rate of evolution at each site, taking into consideration the 

topology and branch lengths of the phylogenetic tree.  Sites with a positive value are 

evolving faster than average and sites with a negative value are evolving slowing 

than average for that protein.  For each factor the average rate of evolution and the 

average accessibility was determined for sites with factor coefficients greater than 

0.3.    

 

Results and Discussion: 

 The matrix of pairwise normalized mutual information values, C, was 

subjected to principal factor analysis and followed by a Varimax rotation to simple 

structure.  15 orthogonal factors were extracted which reflect the major independent 

patterns of amino acid variation among the 211 serpin proteins.  Additional 

significant factors beyond these 15 exist but tend to reflect only pairs of covariable 

sites.  To assist in the biological interpretations of the underlying factors, sites with 
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coefficients greater then 0.3 for factors 1-4 and greater then 0.25 for factors 5-15 are 

used to help interpret the biological implications of the common factor.     

 

Factor 1. 

   Factor 1 accounts for the largest amount of covariability among the 372 sites.  

287 amino acid sites have Factor 1 coefficients greater than 0.3 and are distributed 

throughout the serpin structure.   The average evolutionary rate for the 287 sites, 

calculated using Rate4Site, was 0.32 and the Pearson product-moment correlation 

between evolutionary rate and Factor 1 coefficients was 0.56 (p<0.001).  Since, 

Rate4Site determines a normalized evolutionary rate; these results suggest that 

sites highly loading for Factor 1 are evolving quickly for the serpins compared to 

other sites in the protein.     

 Phylogenetic signal is also highly positively correlated to Factor 1 loadings 

(0.85, p<0.001) (Figure 3.1).  Thus, sites with large coefficients for Factor 1 are also 

sites whose residue combinations best predict clade membership.  Lastly, the factor 

1 coefficients were positively correlated to accessibility at 0.24 (p<0.001).  These 

results are similar for the basic helix-loop-helix (bHLH) proteins, where the sites with 

a high Factor 1 coefficient are on the outer, non-interacting helical face (Atchley and 

Buck 2003).  

  

Factor 2       

  Factor 2 represents an additional dimension of covarablity due to phylogeny.  

The average evolutionary rate for the 33 sites above 0.3 is –0.32.  Factor 2 
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coefficients are significantly correlated to MI to clade A (r = 0.52; p<0.001).  MI to 

clade A is the mutual information value used to select diagnostic sites for clade A.  In 

addition, all ten diagnostic sites for Factor 2 (Table 1) have a coefficient greater then 

0.37 and the highest five sites for Factor 2 are all diagnostic sites (187, 84, 250, 85, 

and 366).  Factor 2 represents a clade A specific factor of covariation over and 

above the overall phylogenetic covariation (Factor 1).  For this analysis clade A is 

the largest represented clade and contains 76 of the 206 total proteins.  Thus, Factor 

2 is a multivariate construct involving the covariation of amino acids sites due to 

being a member of clade A.   

 

Factor 3.     

 Factor 3 has 24 sites with factor coefficients greater than 0.3 (Table 3).  

These 24 sites had an average evolutionary rate of –1.02 and a change in 

accessibility of 29.89 Å2 from the native to cleaved forms.  An average evolutionary 

rate of –1.02 implies that sites highly loaded for Factor 3 evolve slower than average 

for serpin proteins.  Site 342 (P17) has the highest Factor 3 coefficient (0.71) and is 

located in the breach at the top of 5sA.  This site is a conserved Glu and acts as a 

hinge for the RCL, which either leaves sA in the stressed (uncleaved) form or makes 

a sharp turn to insert into sA in the relaxed (cleaved) form.  To fulfill this role, the 

sidechain of Glu 342 is held in position by hydrogen bonds to Thr 203 (coefficient 

0.46) and a salt bridge to Arg 290 (Harrop et al. 1999).  The importance of the 

anchoring of this glutamate sidechain is apparent by the aberrant properties of α1-

antitrypsin with Glu342 to Lys mutation (Jeppsson 1976).  The breach is the region 
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where the RCL first inserts.  Seven sites (345-351) had a decrease in accessibility of 

greater than 40 Å2 from the native to the cleaved states.  These sites are the 

complete hinge part of the RCL and represent the first seven residues inserted into 

the sA.  The hinge portion of the RCL provides the mobility essential for the 

conformational change of the RCL in the S→R transition (Hopkins et al. 1993).  In 

addition to sites in the RCL, sites 203, 244, 192, and 188 hydrogen bond to sites in 

the RCL.  Five sites are part of the shutter 169, 56, 335, 161, and 340.  The shutter 

is the region near the center of sA, that facilitates sheet opening and acceptance of 

the hinge region of the RCL as it inserts (Whisstock et al. 2000).  Site 312 is a 

conserved Phe (90%) that does not interact directly with the RCL, but packs 

underneath sA.  Site 180 is a conserved Thr (75%), which stabilizes the turn into 

s3A, and may be important for shutter opening.  Two sites appear to be included by 

correlation chaining, 246 hydrogen bonds to 244, and 291 hydrogen bonds to 340.  

The remaining three sites 254, 140, and 112 have an unclear relationship to the 

other sites.   

 Factor 3 contains the most important structural sites, including sites in the 

RCL, shutter, and breach.  The RCL is crucial for the function of inhibitory serpins 

undergoing large structural changes that alter the folding topology to the cleaved 

structure.  When the target proteinase cleaves the P1-P1’ bond the RCL inserts into 

the sA.  The first residue to insert is P14 (345; factor 3 loading = 0.45) and is 

followed by the flexible hinge region of the RCL with the following Factor 3 

coefficients 346 = 0.43; 347 = 0.62; 348 = 0.47; 349 = 0.43; 350 = 0.36; 351 = 0.41.  

Factor 3 contains these important residues and the sites they interact with as the 
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RCL inserts.  In addition, the shutter which has to separate to allow RCL insertion is 

also contained in this factor. 

In addition to structural/functional relationships for this factor, six of the 

diagnostic sites for clade H have high coefficients for this factor (56, 112, 180, 347, 

342, and 345).  This is very interesting and provides function interpretation.  Clade H 

(Hsp 47) proteins are non-inhibitory and function as a chaperone.  These proteins do 

not require an insertion of the RCL to function.  Therefore, changes in these sites 

distinguish clade H from all other clades.  Dissecting the underlying covaration due 

to Cinterations can be useful in describing functional/structural aspects of a factor.  Site 

56 is a conserved serine in the shutter of most serpins and hydrogen bonds to 

another site in the shutter a conserved Asn at 186 (Harrop et al. 1999).  In clade H 

site 56 is replaced with a valine which can not hydrogen bond to site 186, therefore, 

this bond is lost in these proteins.  Mutation of this site from a serine to an arginine in 

neuroserpin causes severe neurodegeneration in humans (Davis et al. 1999).  Site 

342, mentioned above, is a conserved glutamate in most serpins and hydrogen 

bonds to site 203 and has a salt bridge to site 290.  Mutation of site 342 to a Lys in 

α1-antitrypsin causes loss of the salt bridge to site 290 and decreased inhibitory 

activity causing liver disease (Stein and Carrell 1995).  All clade H proteins contain a 

threonine at this position, removing the salt bride to site 290.  Site 180 is a 

conserved Thr which stabilizes the turn into s3A by hydrogen bonding.  In clade H all 

proteins contain an aspartate which has an increase potential for hydrogen bonding.  

This substitution probably increases the number of hydrogen bonds in this region 

because the side chain of aspartate can accept four hydrogen bonds and threonine 
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can only accept two hydrogen bonds.  This substitution may remove needed 

flexibility in this region required for shutter opening.  Site 347 is a conserved alanine 

in the hinge region of the RCL.  Alanine has a small side chain which makes it easier 

to be inserted into the hydrophobic core.  In clade H proteins site 347 is an aromatic 

amino acid either phenylalanine or tyrosine.  Both of these amino acids have very 

large side chains making them difficult to be inserted into the hydrophobic core.    

 

Factor 4.    

 Factor 4 has 19 sites with coefficients greater then 0.3 and an average 

evolutionary rate of –1.02.  Five of these sites (54, 72, 307, 67, and 167) have been 

characterized as quick turns by (Irving et al. 2000), and are located at the start or 

end of a helix.  In addition, this factor includes many sites located in the region of hB 

and hC including sites: 54, 72, 67, 60, 59, and 63 (Figure 3.3).  Further, important 

sites are found in the loop between hI and s5A (317, 319, and 322) which interact 

with the loop between hB and hC.  Two sites 351 (P8) and 345 (P13) are in the RCL 

and three sites interact with the inserted RCL (221, 334, and 182).  Overall this 

factor appears to be related to the interaction with the insert RCL.  All the sites on hB 

are on the helical face which interacts with the RCL or s3A.  This factor appears to 

be another orthogonal dimension of covariablity related to RCL interaction.  The 

amino acid side chains projecting below sA make a number of contacts with the side 

chains on the one side of hB.  As the shutter opens the side chains on s3A are 

carried across the grooves of hB side chains into a new stable conformation (Wright 

1996).    
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Factor 5.     

Factor 5 contains 25 sites with coefficients above 0.25 comprised in four 

interaction networks, with an average evolutionary rate of –0.73.  An interaction 

network is group of sites in close proximity to each other, which have hydrogen 

bonds, electrostatic, or hydrophobic interactions.  The largest network contains eight 

sites above 0.25 in hA, hB, and hD and include 33, 62, 66, 69, 79, 82, 96, and 99.  

This network appears to represent the internal packing between these three helixes 

(Figure 3.4A).  The second network contains sites in the loop region from s1A to hF 

and consist of 141, 142, 145, 146, 147, and 153 (Figure 3.4B).  For the RCL to 

completely insert into sA, hF is temporary displaced until proteinase translocation 

(Gettins 2002a).  The sites in this network may be important for the movement of hF 

during RCL insertion.  Two networks contain a pair of interacting sites 186 with 184 

on s3A, and 344 (P15) with 192 (Figure 3.4C,D).  Seven additional sites above 0.25 

are not associated with one of these networks (171, 327, 240, 330, 322, 316, and 

300) and may belong to additional interaction networks.      

 

Factor 6. 

 Factor 6 includes 35 sites with coefficients above 0.25 and an average 

evolutionary rate of –0.71.  Most of these sites are conserved hydrophobic residues 

which are involved in internal packing (Table 4).  9 sites out of the top 16 are 

hydrophobic and involved in the internal packing interactions, and 19 of the top 35 

are hydrophobic.  In addition, two charged sites (267 and 387) are involved in an 
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internal salt bridge.  In total, 21 of the 35 sites are directly involved in internal 

packing interactions.  The additional sites appear to be related by proximity to these 

sites.  Overall, this factor appears to represent sites which have coevolved to 

maintain internal packing interactions.  These sites are not in close proximity to each 

other, but represent long range covariation required to maintain hydrophobic 

packing.      

  

Factor 7.  

 Factor 7 contains 13 highly conserved sites above 0.25.  This factor can be 

described as four separate interaction networks.  The largest network contains five 

sites including 208, 254, 255, 263, and 368 (Figure 3.6A).  Three of this sites 254, 

255, and 208 pack against the highly conserved Phe at 370.  In addition, 368 

hydrogen bonds to 370.  This network appears to be sites coevolving around 370.  

The second network in this factor contains 165, 167, and 169, and includes a 

hydrogen bond between 165 and 169 (Figure 3.6B).  The third network contains 

sites 67, 130, and 138 all of which are in close proximity to each other at the 

interaction between hB and hE (Figure 3.6C).  The last network contains 303 and 

307 which hydrogen bond to each other (Figure 3.6D).    

 

Factor 8. 

 Factor 8 contains 14 sites with factor coefficients above 0.25.  Sites 198 and 

194 have the largest Factor 8 coefficients and are conserved buried hydrophobic 

sites which interact with each other as part of the breach (Figure 3.7).   The breach 
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is the initial point of insertion of the RCL into sA.  They occur directly below site 342 

(P17) (coefficient for factor 7 = 0.15).  The importance of site 342 has been 

discussed in detail earlier.  There are several additional sites in proximity to 198 and 

194 which are also high for this factor and interact with 342.  A salt bridge occurs 

between 290 and 342 and hydrogen bonds between 203 and 342.  In addition, site 

191 has a salt bridge to site 341 (coefficient 0.23).  The remaining ten sites have an 

unknown relationship with each other and these sites.  Overall this factor appears to 

be related to conserved sites within the breach, specifically, around site 342 from the 

hinge.    

 

Factor 9. 

  For Factor 9, 11 of the 12 sites above 0.25 are located in the hydrophobic 

core region (Figure 3.8).  Sites included are 367, 368, 369, 370, 372, 374, 376, 383, 

384, 386, and 391.  Only site 344 (P15) is not located in the hydrophobic core.  

These residues in the hydrophobic core are the first side chains which will interact 

with P14 when the RCL is inserted.  In addition, the side chains for these sites 

extend towards the inserting RCL.  This factor represents sites in the hydrophobic 

core, containing s1C, s4B, and s5B.  Rapid folding of the hydrophobic core is 

essential for formation of the active native structure.  The native structure of most 

serpins is not the most stable state.  The native structure of serpins is metastable, in 

essence, trapped in a local minimal.  There is another conformation of serpins called 

the “latent” form, which is more stable then the native form but is inactive (Lomas et 

al. 1995).  The latent form of PAI-1 revealed that the RCL is inserted into the sA with 
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an accompanying displacement of strand s1C (Mottonen et al. 1992).  To insure that 

folding of serpins does not enter the latent and inactive state the hydrophobic core 

has to fold quickly to trap the molecular in the metastable state (Lee et al. 2001).  

Factor 9 appears to represent to covariation of hydrophobic sites on s1C, s4B, and 

s5B within the hydrophobic core.    

 

Factor 10-15.  

 Factor 10 appears to contain two interaction networks.  The larger network 

has seven sites on hC and the loop between hI and s5A (72, 76, 306, 316, 317, 318, 

and 327; Figure 3.9A).  The other network consists of five sites in the proximity of 

the breach (194, 288, 289, 344, and 347; Figure 3.9B).  Factor 11 represents sites 

which are coevolving due to their location on the interface of helices.  All nine sites 

above 0.25 are in the interface of a helix, and four sites are the same face of helix 

A(Figure 3.10).  Factor 12 includes four sites which are highly conserved for amino 

acid type, but do not appear to have direct interaction with each other.  Factor 13 

contains two small interacting networks of two and three sites, respectively.  One 

network contains 291 on s6A and 339-340 on s5A.  The second network contains 

two interacting sites 241 and 275.  Factor 14 consists of only six sites above 0.25.  

Sites 190 and 191 are both conserved sites in the breach.  Sites 316 and 311 are 

part of the loop between hI and s5A.   Factor 15 contains four sites above 0.25 with 

unknown relationships to each other.   
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Conclusions: 

 The first 15 factors extracted and examined in this analysis can be interpreted 

as either patterns of covariation reflecting evolutionary change among serpin 

proteins or patterns associated with structural/functional relationships.  The 

phylogenetic factors (1 and 2) have distinct characteristics.  First and foremost, their 

factor coefficients are highly correlated with either phylogenetic signal or mutual 

information to a particular evolutionary lineage or clade (diagnostic values).  For both 

the serpins and the basic helix-loop-helix proteins (bHLH) Factor 1 coefficients are 

highly positively correlated to clade membership (Atchley and Buck 2003; Atchley et 

al. 2000).  Therefore, in both of these studies, the largest common factor affecting 

variation is the evolutionary history of the proteins or Cphylogeny.  Cphylogeny reflects an 

association in residue composition among amino acid sites stemming from proteins 

having a common evolutionary origin.  Similarity among amino acid sequences due 

to descent is the reason multiple sequence alignment algorithm are successful and 

the major reason for the success of phylogenetic analysis of molecular data. 

 For the structural/functional factors (3-15) the average evolutionary rate for 

the sites with high factor coefficients was around –1.  Rate4Site calculates the 

relative rate of evolutionary at each site compared to the rest of the protein.  Sites 

with a negative rate value are evolving slower then the average compared to other 

sites in the molecule.  It is expected that sites which are important for the proteins 

structure or function would evolve slower, because of selection acting to maintain 

their function.  Three subclasses of structural/function factors have been defined: 

domains, interaction networks, and long-range interactions.  Four factors 3, 4, 8, and 
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9 represent key functional domains in the serpin proteins.  These four factors include 

most of the important functional domains in serpins including: RCL, shutter, hB, 

breach, and hydrophobic core.              

Interaction networks represent small networks where sites interact with each 

other by hydrogen bonding, electrostatic, or hydrophobic interactions.  Each factor 

can contain several small networks.  Factors 5, 7, 10, 11, 13, and 14 represent this 

type of structural/functional factor.  These type of factors do not have a clear overall 

biological explanation, but each network can be described.   

 In two of the interaction networks the fundamental residue is not highly loaded 

for that factor.  For Factor 7 the interaction network containing the sites 208, 254, 

255, 263, and 368, appear to evolve around the highly conserved phenylalanine (97 

%) at site 370 (Figure 3.7A).  This site has Factor 7 coefficient close to zero.  The 

phenylalanine at site 370 is a buried hydrophobic residue in the hydrophobic core.  

Since, site 370 does not vary and its function is important, neighboring sites which 

interact with 370 may compensate for each other.  Site 370 is included with other 

sites in the hydrophobic core region in Factor 9.  For Factor 8 sites 191, 194, 198, 

203, and 290 appear to interact with site 342.  Site 342 is a conserved glutamine in 

the breach and has Factor 8 coefficient of 0.15.  This site is highly loaded for 

Factor3, which includes other sites from the RCL.  The importance of site 342 has 

been discussed in detail earlier.  Sites 194 and 198 pack beneath 342 and against 

site 221.  Lastly, site 191 has a salt bridge to site 341 directly adjacent to 342.  

Coevolution in this manner is very interesting and demonstrates the highly 

multidimensional complexity of protein evolution.  For example, if a site is highly 
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conserved and the 3D location of its side chain is important, selection would restrict 

the neighboring sites, so that any change would maintain the function or be 

compensated for with additional changes.   

The last structural/functional subclass contains sites which share a common 

amino acid function or type and represent long range interactions.  In Factor 6 

almost all of the sites are conserved hydrophobic amino acids involved in internal 

stabilization.  Factor 6 represents a type of covariation which frustrates other 

techniques. The sites in Factor 6 contribute to the overall stability of the protein but 

do not have direct interactions.  This type of covariation may be very import for the 

evolution of globular proteins.  Substitutions which destabilize the hydrophobic core 

can be compensated by substations in many sites throughout the protein core.     
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Table 3.1.  The top ten diagnostic sites including ties for each clade.     

 
  

Clade Top Ten Sites 
A 187, 259, 160, 84, 258, 250, 366, 115, 85, 79 
B 219, 23, 110, 149, 390, 276, 209, 232, 143, 24 
C 24, 216, 65, 392, 84, 113, 104, 95, 319, 77, 87, 64, 292, 80 
D 27, 103, 121, 28, 150, 153, 118, 157, 53, 112 
E 222, 260, 259, 129, 245, 287, 236, 302, 104, 55, 30 
F 315, 153, 147, 259, 240, 146, 223, 63, 177 
G 147, 240, 297, 120, 309, 389, 307, 311, 98, 106, 310, 375, 367, 270, 272 
H 297, 142, 345, 112, 164, 180, 212, 121, 347, 56, 342, 192 
I 92, 206, 108, 199, 326, 394, 256, 25, 26, 65 
J 391, 85, 99, 214, 119, 314, 212, 210, 271, 113 
K 59, 275, 60, 106, 322, 385, 31, 35, 133, 276 
L 322, 251, 232, 30, 258, 272, 49, 390, 216, 229 
M 275, 231, 66, 247, 261, 116, 131, 192, 177, 84, 345, 339, 188, 336, 52, 242, 267 
N 66, 79, 229, 234, 146, 97, 164, 142, 322, 96, 171 

O 
229, 389, 263, 330, 214, 140, 134, 297, 320, 223, 62, 160, 274, 200, 280, 175, 143, 64, 368, 319, 57, 
307, 67, 255 

P 58, 211, 38, 275, 157, 27, 30, 227, 271, 295 
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Table 3.2.  List of factors with the number sites above 0.3, average rate of evolution 
calculated from Rate4Site, and the overall description of that factor.  
    
Factor # Sites > 0.3 Ave Rate Overall Description 

1 287 0.33Phylogenetic 
2 33 -0.32Phylogenetic for clade A 
3 24 -1.02RCL and interacting sites 
4 19 -1.03Quick turns, hB, and other sites which interact with the inserted RCL 
5 18 -0.73Four interaction networks (hA, hB, and hD;s1A-hF; s3A; Breach) 
6 17 -0.71Hydrophobic internal packing 
7 9 -1.34Four interaction networks (Pack against 370; hF-s3A; hB to hE; hI to hI-s5A) 
8 8 -1.09Breach 
9 8 -1.19Breach and hydrophobic region 

10 7 -1.28Two interaction networks (hC to hI-s5A; Breach) 
11 4 -0.85Interface of helices, specifically hA 
12 2 -1.61Unknown 
13 4 -0.76Two small interaction networks (s6A to s5A; s2B to hG) 
14 2  -1.40Breach and hI-s5A 
15 2  -1.31Unknown 
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Table 3.3.  Site with high coefficients for Factor 3. 

Site Location Factor Score Change Access Connection 
342 RCL P17 0.71 -3.89 RCL 
347 RCL P12 0.62 67.20 Hinge 
312   0.57 -15.02 Indirect 
169   0.54 0.01 Shutter 
56 hB 0.50 10.80 Shutter 

180   0.48 -0.14 Indirect 
348 RCL P10 0.47 91.97 Hinge 
203   0.46 -0.19 Hydrogen bond 
244 s2B 0.46 -1.84 Hydrogen bond 
345 RCL P14 0.45 47.62 Hinge 
346 RCL P13 0.43 131.66 Hinge 
349 RCL P10 0.43 51.90 Hinge 
335 s5A 0.42 9.07 Shutter 
351 RCL P8 0.41 188.47 Hinge 
161 hF 0.41 0.10 Shutter 
254   0.41 -0.16 ? 
192   0.40 -0.77 Hydrogen bond 
350 RCL P9 0.36 99.83 Hinge 
140   0.34 -0.47 ? 
188 s3A 0.33 2.95 Hydrogen bond 
291 s6A 0.32 10.90 Chain 
340 s5A 0.32 2.17 Shutter 
246   0.32 7.44 Chain 
112 s2A 0.31 17.66 ? 
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Table 3.4.  The 36 amino acids with factor 6 coefficient above 0.25.  The connection 
to the other sites is described as phobic for conserved hydrophobic amino acid or 
salt bridge.  Access is short for site accessibility.     
 
  
Site Location Fator 6 Score Connection Access 

220s3C 0.72phobic 1.16
157hF 0.52phobic 1.26
38hA 0.44phobic 5.34

246  0.42? 30.81
66hB 0.42phobic 31.07

264hG 0.41Salt Bridge 387 11.28
299  0.40phobic 1.25
275hG 0.39phobic 1.23
185s3A 0.39phobic 0.11
387s5B 0.37Salt Bridge 264 11.80
30hA 0.36? With 58 4.46

251  0.35phobic 0.07
322  0.33? 3.32
58hB 0.33? With 30 2.24

270hG 0.31N 90.35
286s2C 0.31phobic 0.37
211  0.30? 82.05
287s2C 0.29? 23.51
218s3C 0.28phobic 2.03
311  0.28phobic 0.41
241s2B 0.28N 13.91
82  0.28phobic 5.49
27hA 0.28? 2.33

391  0.28phobic 11.63
99hD 0.27phobic 0.32

320  0.26? 17.58
248  0.26phobic 0.76
153hF 0.26phobic 3.53
258  0.26? 75.57
49  0.26N 4.68
96hD 0.25phobic 0.87
50s6B 0.25phobic 5.46

271hG 0.25? 45.07
381  0.25? 0.30
51s6B 0.25phobic 0.17
65hB 0.25? 0.00

 

 



Figure 3.1. The structure of (a) native 1-antitrypsin and (b) cleaved 1-antitrypsin, indicating important
regions.  The RCL is colored yellow, sA red, sB green, hF cyan, and hB orange.  In (a) the positions
of the breach and shutter are labeled as defined by [Whisstock, 2000 #94].
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Figure 3.2.  Plot of Factor 1 coefficients vs phylogenetic signal.  Factor 1 coefficients are correlated 
to phylogenetic signal at 0.85;p < 0.001.    
 



Figure 3.3.  Factor 3 sites on the cleaved structure with RCL inserted.  Sites with factor 3 coefficient
greater then 0.5 colored coded red, > 0.4 yellow, and > 0.3 green. This factor contains the entire
hinge region 345-350 and sites which interact with the RCL.  Sites not shown and their coefficients
are 56 = 0.50, 254 = 0.41, 140 = 0.34, 188 = 0.33, 291 = 0.32.
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Figure 3.4.   Two views of Factor 4 highly loading sites on the cleaved serpin structure.  Five of
these sites (54, 72, 307, 67, and 167) have been characterized as quick turns.  The side chains of
sites 54, 59, 60, and 63 face toward the inserted RCL (345 and 351) and interact with the s3A and
the RCL.  Sites 317, 319, and 322 are in the loop between hI and s5A and interact with the loop
between hB and hC.  Sites not shown and their coefficients are 167 = 0.39, 275 = 0.36, 182 = 0.34,
239 = 0.33.
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Figure 3.5.   Factor 5 four interaction networks. A.  The interaction network between hA, hB, and
hD (33, 62, 66, 69, 79, 82, 96, and 99).  B.  Network of sites in loop s1A to hF (141, 142, 145, 146,
147, and 153).  C.  Sites on s3A (184 and 186) .  D.  Hydrogen bond network from 344 to 192.
Sites not shown and their coefficients are 171 = 0.38, 327 = 0.33, 240 = 0.32, 330 = 0.32, 322 =
0.25, 316 = 0.25, 300 = 0.25.
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Figure 3.6.  Factor 7 four interactions networks.  A.  Sites which pack or interact with the Phe at
370.  Sites 254, 255, and 208 all pack against 370 and site 368 Hydrogen bonds to 370.  B.
Hydrogen bond network between 165, 167 and 169.  C.  Interaction of hB and hE (67, 130, and
138).  D.  Hydrogen bond between sites 303 and 307.   All sites shown.
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Figure 3.7.   Factor 8 sites in the breach.  This factor contains many sites which pack in the breach
(191, 194, 198, 203, and 290).  Sites 194 and 198 pack below site 342 (low factor 7 loading 0.15).
 Sites not shown and their coefficients are 49 = 0.47, 383 = 0.45, 130 = 0.35, 306 = 0.31, 167 =
0.30, 334= 0.27.
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Figure 3.8.  Factor 9 hydrophobic core.  All side chains face towards the inserted RCL and are part
of the hydrophobic core.  All sites shown.
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Figure 3.9.   Factor 10 two interaction networks.  A.  Sites on hC and the loop between hI and s5A
(72, 76, 306, 316, 317, 318, and 327).  B.  Five sites in the breach (194, 288, 289, 344, and 347).
 Sites not shown and their coefficients are 158 = 0.36, 167 = 0.27, 115 = 0.25.
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Figure 3.10. Factor 11 sites on hA.  Four sites are the same face of hA (26, 33, 34, and 37) interact
with 80 on hC.   Sites not shown and their coefficients are 138 = 0.31, 267 = 0.29, 56 = 0.28, 67 =
0.26.
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Figure 3.11.  Factor 13 two small interaction networks.  A.  Sites interacting between s6A and s5A.
 B.  Sites 241 and 275 from s2B and hG respectively.  Sites not shown and their coefficients are
183 = 0.27, 26 = 0.27, 382 = 0.25.
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Conclusions 

 

 This dissertation describes several powerful computational techniques to 

search, characterize, compare, and explore families of proteins.  Included work is on 

characterizing plant bHLH proteins from Arabidopsis and rice, a canonical 3D 

structure of the bHLH domain, new structural comparison techniques, analyses of 

the multidimensional nature of amino acid covariation in serpins, and explorations on 

using multivariate statistical techniques to study protein evolution.    

 bHLH proteins have been classified into five major groups based on their 

basic DNA-binding patterns (Atchley and Fitch 1997; Ledent and Vervoort 2001).  

Group A proteins bind to the hexanucleotide CAGCTG E-box and include proteins 

such as Lyl, Twist, dHand, Achaete-Scute, Atonal, MyoD, and E12.  Group B 

proteins bind to the CACGTG E-box, also known as G-box in plants, and include 

Srebp, Tfe, Myc, Mad, Mxil, Cbf1, ESC, R, and G-box.  Group C proteins, including 

Sim, Trh, and Ahr, have an uncharacteristic basic region and contain a pair of PAS 

repeats, which facilitates dimerization with other PAS-containing proteins.  Group D 

proteins lack the basic DNA binding region and act as dominant negative regulators 

of other bHLH proteins and include Id and Emc.  Recently an additional group E has 

been described that includes Gridlock, E(spl), Hey, and Hairy (Ledent and Vervoort 

2001).  This latter group contains proline or glycine residues within the basic region 

and shows a preference to bind the sequence CACGNG (Fiser et al. 2002; Steidl et 

al. 2000).   
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 While performing homology searches for chapter 1, the conventional search 

techniques were found to be inadequate, especially for identifying bHLH proteins 

belonging to group C and D.  The group C and D bHLH proteins do not contain a 

similar DNA binding basic region, therefore, search techniques based on a pattern or 

motif will not identify them.  When the stringency, for these techniques, is relaxed 

enough to identify all bHLH proteins many false positives are included.  Use of PSI-

BLAST, Pattern-BLAST, or agrep produces incomplete or inaccurate datasets, with 

many false positive or missing group C and D bHLH proteins.  Previous work has 

been successful in identifying group C and D bHLH using both PSI-BLAST and 

agrep, but these studies did not report false positive results which had to be 

manually removed (Atchley et al. 1999; Ledent and Vervoort 2001).   For the 

research discussed in chapter 2, the approach that seemed to generate the best 

defined datasets were created by repeating the less sophisticated BLAST algorithm 

(Altschul et al. 1997).  This approach, known as ‘brute-force BLAST, was 

implemented by a software algorithm I created, called ProtFamDB which performs 

numerous stringent BLAST searches using a seed file of representative proteins.  

The technique appears to work better than others for small divergent protein 

domains, like bHLH.  

 Phylogenetic analysis on the plant bHLH proteins, suggests that the bHLH 

family consists of numerous heterogeneous evolutionary lineages, many of which 

are unrelated beyond the conserved DNA-binding domain.  Most plant bHLH belong 

to the DNA binding group B proteins, which are distributed throughout Eukaryota 
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(Ledent and Vervoort 2001).  The lack of the other DNA binding groups in plants 

strongly suggests that the ancestral bHLH DNA binding group was type B.      

 Comparative homology models were created to further characterize bHLH 

proteins.  One of the most interesting observations from the 3D models was the 

similarity between the well-studied Max and Myc proteins, and the recently 

described proteins from plants in the PbHLH-LZ clade.  The relationship of Myc and 

Max is not surprising, because they heterodimerize with each other and appear to be 

evolutionary related.  On the other hand, the PbHLH-LZ proteins are evolutionary 

quite distinct from Myc/Max and have a divergent basic region.  The results from this 

study are exciting, because they are based on models of the bHLH domain only, 

suggesting that there are structural similarities elsewhere in the bHLH domain of 

bHLH-LZ proteins.  It has been suggested that bHLH-LZ proteins acquired a leucine 

zipper region to support the HLH in the orientation for optimal packing of the 

hydrophobic core and for achieving high-affinity dimerization (Ferre-D'Amare and 

Burley 1995).  Previous studies showed that a few amino acid substitutions in helix 2 

were sufficient to achieve stable dimerization without a C-terminal LZ (Ferre-

D'Amare and Burley 1995).  The similarities seen between Myc, Max, and PbHLH-

LZ proteins are over and beyond those seen with bHLH proteins lacking the LZ.  An 

alignment of these proteins shows a conserved location of the LZ to the 2nd helix, i.e. 

there are no gaps in the alignment.  The LZ stabilizes dimer interaction only if it is in 

the proper helical registration relative to helix 2 (Beckmann and Kadesch 1991).  

The animal and plant bHLH-LZ proteins are structural similar but it appears that they 

have acquired the LZ domain independently.  
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 Accurate homology modeling requires solved crystal structures as templates.  

Our attempts to model all representative bHLH proteins have demonstrated the need 

for more crystal structures, specifically, for proteins which have divergent basic 

domains and do not bind DNA (Group C and D).  In addition, bHLH proteins exist in 

two states, bound and unbound to DNA.  Upon binding DNA the basic region 

undergoes a transition from a random coil to an α-helix.  Therefore, a complete 

understanding of the bHLH structure requires that unbound proteins need to be 

examined.  

  The results from the homology modeling were interesting, but require further 

research.  The disadvantage of working with structures is the lack of rigorously 

validated and tested structural comparison techniques.  It is difficult to simulate 

structural data to test new comparison algorithms.  When comparing homology 

models the task is even more difficult, because some sites are more accurately 

modeled than others.  A few inaccurately modeled sites could perturb a comparison 

technique using a root mean squared deviation.  The structural parsimony approach 

is ideally suited for comparing models.  This procedure allows differentially weighting 

of accurately modeled sites against uncertain sites.  Since the parsimony threshold 

is on a site by site basis, uncertain sites in the models have a higher threshold to 

overcome being scored as a difference.  For future research, the structural 

parsimony approach needs to be validated with a simulated dataset or with a well 

characterized protein family which contains documented structural differences and 

groupings.     
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 In chapter 3, information theory and multivariate statistics were used to 

dissect and interpret amino acid covariation in the serpins.  The serpin proteins are 

the optimum dataset for exploring covariation, given their conserved complex 

structure consisting of three β-sheets and 8-9 α-helices with extensive sequence 

divergence.  The dimensions of covariabity within serpins provide detailed structural 

and functional interpretations.  This approach has discerned strong amino acid 

covariation within several key functional regions including the RCL, shutter, and 

breach.  In addition, this approach elucidates hydrogen bonding , hydrophobic, and 

electrostatic interactions within this family of proteins.    

 Two phylogenetic and 13 structural/functional common factors were 

characterized.  The phylogenetic factors (1 and 2) have distinct characteristics.  First 

and foremost, their factor coefficients are highly correlated with either phylogenetic 

signal or mutual information to a particular evolutionary lineage or clade (diagnostic 

values).  For both the serpins and the basic helix-loop-helix proteins (bHLH) Factor 1 

coefficients are highly positively correlated to clade membership.  Therefore, in both 

of these studies, the largest common factor affecting variation is the evolutionary 

history of the protein.  Furthermore, one of the most interesting structural/functional 

findings was Factor 9.  Factor 9 had 12 sites all located in the hydrophobic core on 

s4B and s5B.  The side chains for these sites all faced toward the inserting RCL side 

chains.  This factor represents a very important structural region of the protein.  

Rapid folding of this hydrophobic region is essential for formation of the active native 

structure and not the latent inactive structure (Lee et al. 2001). 
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 To further explore the covariation patterns in the serpins some future 

experiments would be enlightening.  It would be interesting to repeat the factor 

analysis with a subset of the dataset.  If the factor analysis was repeated with one 

clade removed from the dataset, a clearer interpretation of the Cinteraction term will be 

possible.  For example, if a structural/functional factor is specific for a particular 

clade, when that clade is removed the corresponding eigenvector will disappear.  In 

addition, some sites have ambiguous relationships to the biological interpretation of 

a particular factor.  This could be due to some unknown phylogenetic relationship.  

From chapter 3, three sites (254, 140, and 112) have an unknown relationship to the 

common Factor 3, which appears to represent a functional axis related to RCL 

insertion and interaction.  There are several possible explanations for these sites.  

They may be important of RCL function, but have not been characterized by the 

bench scientist.  On other hand, these three sites may be uncorrelated to RCL 

function and the observed correlation is caused a phylogenetic relationship 

(Cinteraction).  By removing the clade, which contains this unseen phylogenetic 

relationship, the ambiguous sites will no longer be correlated to that factor.  Thus, a 

better biological explanation would be possible.           
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ABSTRACT 

Hibernation in mammals requires a metabolic shift away from the oxidation of 

carbohydrates and toward the combustion of stored fatty acids as the primary source 

of energy during torpor.  A key element involved in this fuel selection is pyruvate 

dehydrogenase kinase isoenzyme 4 (PDK4).  PDK4 inhibits pyruvate 

dehydrogenase and thus minimizes carbohydrate oxidation by preventing the flow of 

glycolytic products into the TCA cycle.  This paper examines expression of the PDK4 

gene during hibernation in heart, skeletal muscle, and white adipose tissue (WAT) of 

the thirteen-lined ground squirrel, Spermophilus tridecemlineatus.  During 

hibernation PDK4 mRNA levels increase 5-fold in skeletal muscle and 15-fold in 

WAT compared to summer-active levels.  Similarly, PDK4 protein is increased 3-fold 

in heart, 5-fold in skeletal muscle, and 8-fold in WAT.  High levels of serum insulin, 

likely to have an inhibitory effect on PDK4 gene expression, are seen during fall 

when PDK4 mRNA levels are low.  Coordinate up-regulation of PDK4 in three 

distinct tissues suggests a common signal that regulates PDK4 expression and fuel 

selection during hibernation. 

 

KEYWORDS 

hibernation, pyruvate dehydrogenase kinase isoenzyme 4 (PDK4), insulin, PPAR 

alpha, Spermophilus tridecemlineatus 
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INTRODUCTION 

Profound changes in body temperature, metabolism and heart rate allow 

hibernating mammals to survive seasonally cold environments for periods of several 

months with little or no food.  To accomplish this feat, individual organ systems 

undergo metabolic rate depression, minimize the use of carbohydrates and switch to 

stored triacylglycerols as their primary source of fuel (reviewed in 20).  In the 

absence of feeding, conservation of glucose for utilization by the brain becomes 

essential for survival and is controlled by inhibition of the mitochondrial pyruvate 

dehydrogenase complex (23).  In hibernating golden mantled ground squirrels, 

Brooks and Storey (6) observed a 96% reduction in cardiac pyruvate dehydrogenase 

activity during hibernation.  In the hearts of Djungarian hamsters, Heldmaier et al. 

(16) showed that inactivation of pyruvate dehydrogenase closely correlates with 

metabolic rate reduction seen during daily torpor.  Regulated long-term inhibition of 

pyruvate dehydrogenase activity is the result of phosphorylation of the pyruvate 

dehydrogenase complex by the activity of various isoenzymes of the pyruvate 

dehydrogenase kinase family (4).   

In this paper we address the regulation of the gene encoding pyruvate 

dehydrogenase kinase isoenzyme 4 (PDK4) in the hibernating thirteen-lined ground 

squirrel, Spermophilus tridecemlineatus.  We previously identified PDK4 as an up-

regulated gene in the ground squirrel heart during hibernation (1).  Inhibition of 

pyruvate dehydrogenase by PDK4-mediated phosphorylation reduces glucose 

oxidation by preventing the conversion of pyruvate to acetyl-CoA and CO2, thus 

stopping the flow of glycolytic intermediates into the TCA cycle (24).  PDK4 mRNA 
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exhibits its highest levels of expression in heart and skeletal muscle in both humans 

(24) and rats (4).  More moderate levels are also seen in brain, placenta, lung, liver, 

kidney and pancreas in humans (24) and in lung, liver, and kidney in rats (4).  

Among the PDK isoenzymes, expression of PDK4 appears to be the most 

responsive to physiological change (reviewed in 15).  Starvation (30-33) and 

diabetes (31, 33) are two conditions that stimulate PDK4 expression and show 

physiological characteristics related to the hibernating state.  

 Here we report on PDK4 gene expression in ten different ground squirrel 

tissues and quantify mRNA and protein levels in those tissues showing the highest 

levels of expression: heart, white adipose tissue (WAT), and skeletal muscle from 

the thigh (quadriceps femoris).  Our analysis begins in late summer and continues 

through the hibernation season to spring arousal when the animal resumes its 

activities.  We also explore the regulation of PDK4 by examining the seasonal 

expression of insulin.  Insulin is a key metabolic hormone that stimulates glucose 

uptake from the blood, activates glycogen synthase, inactivates glycogen breakdown 

and stimulates the storage of excess fuel as fat.  In diabetic rats an increase in 

insulin concentration has been shown to reduce the levels of both PDK4 protein and 

mRNA in heart and skeletal muscle (31, 33).   We have measured insulin levels 

during hibernation, cloned the ground squirrel insulin cDNA and measured insulin 

gene expression in the pancreas throughout the hibernation season.  These 

determinations have allowed us to contrast levels of PDK4 mRNA and protein with 

insulin mRNA and protein at various times of the year such as summer when the 

heartbeat is rapid (200-300 beats/min) and legs are flexing, versus deep hibernation 
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when the heart rate slows (2-10 beats/min) and the legs are inactive.  Based on the 

results described in this paper, and other recent studies on PDK4 regulation, we 

propose a regulatory mechanism that accounts for the switch from carbohydrate to 

fatty acids as the primary source of fuel during hibernation. 

 

MATERIALS AND METHODS 

Animals 

 Animal care and use was in accordance with Institutional Animal Care and 

Use Committee guidelines.  Thirteen-lined ground squirrels (Spermophilus 

tridecemlineatus) were received from TLS research (Bartlett, Illinois) within 3-4 days 

of wild capture during the first week of August.  Active August animals were 

maintained with water and sacrificed within 24 hours of arrival from the supplier.  All 

other animals were maintained in captivity on a diet of standard rodent chow 

supplemented with sunflower seeds and water ad libitum.  All squirrels were 

maintained at 23°C in August, 17°C in September, 11°C in October and 5°C from 

November through mid-March.  Animals were housed in a 12-12hr light-dark cycle 

from August through the end of October.  During hibernation from November to mid-

March the animals were housed in total darkness with only water ad libitum.  

Squirrels were observed daily during these months and hibernation patterns were 

determined using the sawdust technique (22).  Hibernating animals were at least in 

day 2 of a torpor bout when sacrificed and animals in interbout arousal (IBA) were 

collected after at least three previous hibernation bouts of 8 days or more.  IBAs are 

naturally occurring interruptions of the dormant state when hibernating animals raise 
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their body temperatures and show brief periods of activity (29).  The time of sacrifice 

within an IBA was not determined.  Hibernating animals sacrificed in October were 

often in their first torpor bout of the season, while hibernating animals collected from 

December through early March had experienced at least three previous torpor bouts 

of 8 days or more.  The hibernation phase of the study was concluded in mid-March 

by increasing room temperature to 23°C, re-establishing 12-hr dark:12-hr light cycle, 

and providing a diet of standard rodent chow and sunflower seeds ad libitum.  Rectal 

temperatures were measured at the time of sacrifice.  Ground squirrel tissue was 

promptly removed and frozen immediately in liquid nitrogen.  Pancreatic tissue was 

immersed directly in ice-cold guanidinium isothiocyanate, and RNA was prepared 

immediately due to high levels of RNase activity in the pancreas.  Whole blood was 

stored on ice, serum was prepared promptly, distributed into aliquots, frozen in liquid 

nitrogen and stored at -80°C until time of assay. 

RNA Isolation 

Total RNA was prepared from ground squirrel tissues using the method 

described by Andrews et al. (1) or by a modification of the protocol provided with the 

Totally RNA kit from Ambion.  For the latter method, all solutions were from the 

Totally RNA kit.  The tissue was homogenized with a rotary-blade homogenizer in 

guanidinium isothiocyanate.  The WAT homogenate was subjected to an initial 

centrifugation for 10 minutes at 3000×g after which the glycerol and lipid layer was 

removed.  The homogenate for all tissues was extracted with 

phenol:chloroform:isoamyl alcohol (25:24:1) followed by addition of sodium acetate 

to a final concentration of 0.2M.  This mixture was extracted once more with acid-
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phenol:chloroform (1:1).  All extractions were performed using phase lock tubes 

(Eppendorf) at 4500×g in a swinging bucket rotor.  The aqueous layer was divided 

into aliquots and stored as isopropanol precipitates.  Individual aliquots were 

centrifuged, rinsed with 70% ethanol, dissolved in water, and quantified by 

absorption spectrophotometry. 

Northern Blots  

Total RNAs from designated tissues of active and hibernating thirteen-lined 

ground squirrels were separated on agarose gels containing formaldehyde followed 

by transfer onto MagnaCharge nylon membranes (Osmonics) using 10× SSPE 

according to Sambrook et al. (25).  The multi-tissue blot used to examine PDK4 

mRNA levels in ten different hibernating tissues utilized 15 µg total RNA per lane.  

Individual heart, WAT, and skeletal muscle blots used to examine PDK4 mRNA 

levels at various time points throughout the hibernation season, utilized 8 µg total 

RNA per lane.  These Northern blots were hybridized with a 32P-random primed-

labeled (8, 9) PDK4 cDNA (accession AF020845).  Pancreas Northern blots used for 

detecting insulin mRNA contained 10 µg of total RNA per lane.  These blots were 

hybridized with a 32P-end-labeled (25) insulin oligonucleotide 

(5’TTGCAGTAGTTCTCCAGCTGGTAGAGGGAGCAGATG3’).   

RNA integrity was examined using a 1% agarose, 1X TAE non-denaturing gel 

stained with ethidium bromide.  Loading and integrity of RNA on Northern blots were 

examined by hybridization with a 32P-end-labeled (25) 18S rRNA oligonucleotide 

(5’CGACTTTTACTTCCTCTAGATAGTCAAGTTCGAC3’).  Oligonucleotide 

sequences for insulin and 18S rRNA were constructed from conserved domains for 
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each gene product as determined by multi-sequence alignment with several 

mammalian homologs.  PDK4 and insulin mRNA levels were determined by a 

STORM phosphorimager using ImageQuant software (Molecular Dynamics).  

Library Construction 

 A pancreas cDNA library was constructed from pancreatic poly (A)+ mRNA 

isolated from both a hibernating and an active thirteen-lined ground squirrel.  A 

directional cDNA library was created using the Superscript Plasmid System for 

cDNA Synthesis and Plasmid Cloning (Gibco BRL-Life Technologies) according to 

the manufacturer’s protocol.  The library was screened for the insulin cDNA using 

the 32P-end-labeled insulin oligonucleotide described in the Northern Blots section 

above.   

Serum Insulin Assay 

Whole blood collected at sacrifice was spun at 3500×g for 10 min, partially 

purified serum was transferred to 1.5 ml tubes and spun at 3500×g for 15 min at 

4°C.  Serum was divided into aliquots, frozen in liquid nitrogen and stored at -80°C 

until time of assay.  Serum was thawed on ice and the insulin concentration was 

determined by radioimmunoassay (Rat Insulin RIA Kit, Linco).  The minimal 

detection limit of the serum insulin assay is 0.1 ng/ml.  Two different concentrations 

of purified rat insulin provided by the manufacturer served as quality controls.  We 

measured the concentration and standard deviation of the control samples by 

replication before beginning the assays.  Experimental assays contained ground 

squirrel serum samples and the quality controls.  In this manner we assured 

ourselves that any assay is repeatable, because both of the quality control values 
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were within two standard deviations.  Samples from the same animals were 

performed in duplicate and the difference between the duplicates was less than 

10%.   

Western Blots 

Protein from WAT, heart, and skeletal muscle (quadriceps femoris) was 

prepared as acetone powder (14).  Powders were solubilized in 0.2M Tris-HCl (pH 

9.2) and 1M ethylene glycol and reconstituted by gentle agitation for 2-3 hrs at 4°C.  

The total solubilized protein concentration was determined by Bradford assay using 

dye reagents from Bio-Rad laboratories.  10 µg of solubilized protein was boiled in 

loading buffer (1.5 M Tris-HCl pH 8.9, 1.2% SDS, 1% DTT) and separated on the 

basis of size on a 10% polyacrylamide gel by discontinuous SDS polyacrylamide gel 

electrophoresis.  The separated proteins were subsequently transferred 

electrophoretically to NitroBind nitrocellulose membrane (Osmonics).  Membranes 

were then blocked overnight at room temperature with TBST (75mM NaCl, 10mM 

Tris-HCl, 0.5% Tween 20, pH 9.2) augmented with 3% (w/v) bovine serum albumin.  

For detection, membranes were incubated for 2 hours with a 1:10,000 dilution of 

polyclonal antisera against rat PDK4  (a gift from R.A. Harris).  After washing (3×10 

min) with TBST, membranes were incubated with anti-rabbit IgG secondary antibody 

linked with horseradish peroxidase (1:5000, in TBST) for 1 hour.  The blots were 

washed 4×10 min in TBST, and bound antibody was visualized using the ECL 

detection system (Amersham).  The blots were exposed to film, quantified by 

scanning densitometry and analyzed with ImageQuant software (Molecular 

Dynamics).  Films used for scanning densitometry were not overexposed to assure 
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that all densitometric quantifications were within the linear range of the film.   

Exposures used for densitometry involved 56 different tissue samples (heart – 19 

animals; skeletal muscle – 18 animals; WAT – 19 animals) quantified on films 

different than those shown for demonstration purposes in Figure 3. 

Statistical Analysis 

For Northern blots, loading was normalized by 18S rRNA and relative values 

determined by comparison to the average August value.  For Western blots, an 

equal amount of soluble protein was loaded for each sample and relative PDK4 

protein levels were then determined by comparison to the average August amount.  

For serum insulin levels, absolute concentrations were used for statistical 

comparisons.  One-way ANOVAs were used to determine significant differences in 

levels when compared with August active values.   The ANOVA calculations were 

preformed using version 7.1 of the SAS system (SAS Institute, Cary, NC). 

  

RESULTS 

 During hibernation in the thirteen-lined ground squirrel (Spermophilus 

tridecemlineatus) PDK4 mRNA was seen at low levels in the adrenals, brainstem, 

cerebrum, kidney, liver, pancreas, and testes; and at much higher levels in heart (1), 

skeletal muscle and WAT (Fig. 1A).   PDK4 mRNA was also detected during 

hibernation in the heart of the golden-mantled ground squirrel (S. lateralis) and in 

arctic ground squirrel (S. parryii) heart and WAT (data not shown).  Our investigation 

of PDK4 expression in thirteen-lined ground squirrels was conducted throughout the 

hibernation season to determine if there was evidence for common regulation 
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among the three tissues showing the highest mRNA levels.  Total RNA from heart, 

skeletal muscle from the thigh (quadriceps femoris), and abdominal WAT were 

prepared from individual animals at various states of activity from August through 

March. 

Expression of the PDK4 gene was similar in heart, skeletal muscle and WAT 

throughout the year (Fig. 1B).  PDK4 mRNA levels were relatively unchanged until 

the animal entered hibernation in October.  Hibernating animals in October showed 

a slight non-significant increase in expression in all three tissues relative to August 

values as shown graphically for skeletal muscle (Fig. 2A) and WAT (Fig. 2B).  Later 

in the hibernation season (December through March) there was a further increase in 

mRNA levels, with the greatest increase relative to August values seen during 

interbout arousals (IBAs).  After hibernation ceased in the spring, PDK4 message 

dropped back to near August levels.  In skeletal muscle, PDK4 message was 

increased 5-fold during hibernation and 7-fold during IBAs, when compared to 

August active values (P<0.01; Fig. 2A).  In WAT, there was a 15-fold increase in 

PDK4 mRNA during hibernation and a 20-fold increase during IBAs (P<0.05; Fig. 

2B).  Relative levels of PDK4 mRNA in heart were quantified previously (1) and 

closely resemble those seen in WAT.   

Western blot analysis using antiserum against rat PDK4 (a gift from R.A. 

Harris) was employed to measure thirteen-lined ground squirrel PDK4 protein levels 

in heart, skeletal muscle and WAT (Fig. 3).   PDK4 protein levels in these three 

tissues were consistent with their mRNA profiles.  In active August animals, PDK4 

protein was found at low levels within heart and skeletal muscle, but was barely 
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detectable in WAT.  When compared to August squirrels, PDK4 protein declined 

significantly in hearts from active September-October animals (P<0.01) and then 

increased 3-fold in hibernating hearts (P<0.01; Fig. 4A).  In skeletal muscle, PDK4 

protein remained relatively unchanged from August until entrance into hibernation 

when its level increased 5-fold (P<0.05) and reached its maximum during IBAs 

(P<0.01; Fig. 4B).  In WAT, PDK4 protein increased 2-fold (P<0.05) in September-

October animals and 8-fold (non-significant) in hibernating animals (Fig. 4C).  When 

comparing hibernating and non-hibernating animals sacrificed on the same day in 

October, the hibernating animal has an elevated level of PDK4 protein in all three 

tissues (Fig. 3).  This difference was most evident in WAT in which the PDK4 

protein, barely detectable during summer and fall, was seen at high levels after 

animals entered hibernation in October and then remained high during hibernation 

(Fig. 3C).  After hibernation concluded in spring, the relative concentration of PDK4 

protein dropped to summer levels in all three tissues examined (Figs. 3 and 4).  

The coordinate expression of PDK4 in different tissues during hibernation 

prompted us to measure circulating insulin levels because of the long-standing 

observation that insulin has a controlling influence on pyruvate dehydrogenase 

kinase activity (17).   More recent experiments with rat hearts (33) and skeletal 

muscle (31) have shown high levels of PDK4 mRNA were induced in animals 

rendered diabetic by treatment with an antibiotic that destroys the insulin-producing 

capacity of the pancreas.  Administration of insulin to these diabetic rats lowered 

PDK4 mRNA back to control levels.  In ground squirrels, we found the serum insulin 

concentration below 1 ng/ml for most of the year except during September and 
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October when the insulin concentration was increased 4-fold (P<0.01) compared to 

August active animals (Fig. 5A).  When serum insulin is highest in September-

October, active animals show significantly lower PDK4 protein levels in heart when 

compared to August animals, and all three tissues show lower PDK4 levels than 

hibernating animals (Fig. 4).   

A full-length insulin cDNA (Accession number AY038604) was isolated from a 

thirteen-lined ground squirrel pancreatic cDNA library derived from hibernating and 

non-hibernating animals.  Ground squirrel preproinsulin is 110 amino acids long and 

89% identical to the unprocessed human protein (Accession number P01308).  To 

investigate insulin gene expression, total RNA from pancreas was prepared from 

individual animals at various states of activity from August through June, 

immobilized on Northern blots and probed with an end-labeled oligonucleotide 

complementary to mammalian insulin mRNA (Fig. 5B).  Examination of insulin 

expression in the pancreas across the hibernation season revealed that mRNA 

levels within the pancreas did not correlate with serum insulin concentrations.   

When serum insulin levels were near their lowest point in December-January 

hibernating animals (Fig. 5A), insulin mRNA was up-regulated 4-fold (P<0.05) 

compared to summer active animals (Fig. 5C).  Elevated levels of insulin mRNA in 

the pancreas during hibernation may be held in reserve so that insulin protein can be 

released when needed such as resumption of feeding and subsequent glucose 

utilization at spring arousal. 

 

DISCUSSION 
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 During hibernation carbohydrates are spared and fatty acids become the 

primary source of fuel as observed by a respiratory quotient (RQ) of 0.7 (reviewed in 

20).  RQ is a unit-less value representing the moles of CO2 respired per moles of O2 

consumed.  A value of 1.0 indicates combustion of carbohydrates; however, an RQ 

of 0.7 indicates that fat is the major substrate for energy production.  The enzyme 

pyruvate dehydrogenase kinase isoenzyme 4 (PDK4) inhibits carbohydrate oxidation 

by phosphorylating the pyruvate dehydrogenase complex, thus impairing the flow of 

glycolytic intermediates into the TCA cycle.   We found that the gene encoding PDK4 

is up-regulated during hibernation in heart, white adipose tissue (WAT) and skeletal 

muscle of the thirteen-lined ground squirrel, Spermophilus tridecemlineatus.  

Hibernation-induced expression of the PDK4 gene results in increased mRNA and 

protein levels in all three tissues.   

Identification of specific genes associated with the hibernating state allows 

researchers to identify and test endogenous and exogenous factors that control 

differential gene expression during hibernation.  Factors important in hibernation-

related gene activity may be environmental such as cooler ambient temperatures 

and shorter daylight hours; and/or internal factors such as circannual rhythms and 

changes in metabolites and hormone levels.  Coordinate activation of the gene 

encoding PDK4 in different tissues throughout the body points to circulating effector 

molecules that regulate its expression during hibernation.  We propose a model (Fig. 

6) showing how changes in serum insulin and fatty acid levels regulate PDK4 

expression and ultimately the switch from carbohydrate- to fat-based catabolism 

during hibernation.  Figure 6 extends our previous model (27) on the regulation of 
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genes controlling metabolism during hibernation, and is based on results reported in 

this paper and recent experimental findings described in the following paragraphs.  

Injection of insulin into diabetic rats has been shown to reduce the levels of 

both PDK4 protein and mRNA in heart and skeletal muscle (31, 33).  In thirteen-lined 

ground squirrels we found high levels of serum insulin in fall active animals coincide 

with low levels of PDK4 expression in heart, skeletal muscle, and WAT.  An 

exception is seen in hibernating October animals when the level of PDK4 mRNA 

increases while the concentration of serum insulin remains high.  Despite the lack of 

feeding, high serum insulin levels in October persist for the first few days after 

hibernation begins and may be the result of reduced insulin turnover due to low body 

temperatures (12-13°C).  The increase in PDK4 mRNA is probably due to a 

competing PDK4-activation pathway (Fig. 6; described below), and/or by the onset 

of insulin resistance like that observed in another hibernator, the yellow-bellied 

marmot (Marmota flaviventris; 10).  Insulin resistance is a reduction in the ability of 

insulin to regulate glucose homeostasis, causing an increase in serum insulin or 

hyperinsulinemia.  Florant and colleagues (10) suggest that hyperinsulinemia and 

peripheral insulin resistance are maximal as the animal ceases to feed and enters 

hibernation.  

Our observation that levels of serum insulin increase in active fall animals 

(September-October), and then decline to less than 1 ng/ml in hibernating 

December-January animals, is also seen in the yellow-bellied marmot (28).  

Seasonal insulin concentrations in the marmot are similar to those shown in Figure 

5A for thirteen-lined ground squirrels.  Despite the depressed serum insulin levels in 
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December-January, we found that insulin mRNA levels in the pancreas are the 

highest in hibernating animals collected December through March (Figure 5C).  This 

observation is analogous to high insulin protein levels retained in the pancreas of the 

hibernating little brown bat (Myotis lucifugus; 3).  During hibernation the level of bat 

insulin protein steadily increases in the pancreas, reaching its maximal level just 

prior to spring arousal.  Bauman (3) notes that the increase in pancreatic insulin 

concentration, from early to late hibernation, may provide a rapidly releasable 

storage pool required for immediate secretion during spring arousal.  This 

suggestion could explain the increase in insulin mRNA that we report in hibernating 

thirteen-lined ground squirrels (Figure 5B-C). 

 While insulin acts as an inhibitor of PDK4 expression, a member of the 

peroxisome proliferator-activated receptor (PPAR) family is known to activate the 

PDK4 gene.  PPARs are ligand-dependent nuclear receptors that heterodimerize 

with the retinoid X receptor (19, 21) and thereby act as transcription factors.   PDK4 

expression is induced in skeletal muscle of rats and the hearts of mice by a 

hypolipidemic drug and known peroxisome proliferator, WY-14,643 (31, 32).  This 

finding indicates a role for peroxisome proliferator-activated receptor alpha (PPARα) 

in controlling PDK4 gene expression due to the fact that WY14,643 is a selective 

PPARα-activating ligand (12).  This role of PPARα in activating the PDK4 gene has 

also recently been confirmed using PPARα-null mice (32).   

Natural PPAR-activating ligands include long-chain free fatty acids, such as 

linoleic acid, linolenic acid, and arachidonic acid (18).  Elevated levels of fatty acids 

are observed in serum both prior and during hibernation (11, 13).  This elevation is 
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likely a consequence of increased food intake in the months leading up to 

hibernation when the animal is fattening and preparing for dormancy.  In thirteen-

lined ground squirrels, elevated serum fatty acid levels can also result from 

pancreatic triacylglycerol lipase-mediated lipolysis of triacylglycerols stored in WAT 

(2).  Unlike hormone sensitive lipase, which is the primary lipolytic enzyme in WAT, 

pancreatic triacylglycerol lipase is not inhibited by insulin and can therefore provide a 

steady supply of free fatty acids before and during hibernation.  The suggestion that 

free fatty acids can activate PDK4 expression in the presence of insulin is 

strengthened by a recent line of evidence showing that insulin is not effective in 

opposing or reversing WY-14,643 activation of the PDK4 gene in Morris 7800C1 

hepatoma cells (15).   This result, combined with potential insulin resistance (10), 

suggests that free fatty acid activation of PPARα can initiate PDK4 gene expression 

near the onset of hibernation despite relatively high serum insulin levels.  

Another activity of PPARα can be seen in activating genes involved in lipid 

metabolism (26).  Of key importance to hibernation is the potential role of PPARα in 

coordinating PDK4 gene expression with the expression of genes responsible for 

extracellular and intracellular lipid transport and mitochondrial β-oxidation of fatty 

acids (reviewed in 27).  As shown in Figure 6, activation of PPARα provides a 

mechanism linking the inhibition of carbohydrate oxidation with increased fatty acid 

oxidation, thus accounting for the switch in fuel selection during hibernation.  PPARα 

activity has also been associated with expression of uncoupling protein-3 (UCP3; 7).  

This finding connecting PPARα to UCP gene expression is especially relevant with 
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respect to hibernation and non-shivering thermogenesis (5).  In consideration of its 

role in the activation of genes associated with carbohydrate utilization, lipid 

catabolism, and non-shivering thermogenesis, PPARα is likely to act as a common 

regulator of the metabolic response during hibernation.    
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Figure. 1.  PDK4 gene expression in thirteen-lined ground squirrels.  (A)  Northern blot containing 
total RNA (15 µg per lane) isolated from multiple ground squirrel tissues during hibernation.  Tissues 
were taken from multiple animals sacrificed in December and January with body temperatures 
ranging from 6 to 10°C.  Tissues are indicated above each lane and the β-actin mRNA and 18S rRNA 
profiles are shown directly below.  (B)  Northern blot of total RNA (8 µg per lane) from heart (Hrt), 
skeletal muscle (Skl), and white adipose tissue (WAT) of the same animal for each time point.  
Ambient temperature (Ta), body temperature (Tb), and month of sacrifice are indicated above each 
lane.  The state of each animal is indicated as active (A), hibernating (H), or in interbout arousal (I).  
RNA integrity and gel loading was controlled by hybridization with 18S rRNA (not shown).  
Abbreviations: actin, β-actin mRNA;  18S, 18S rRNA;  Sk. muscle, skeletal muscle. 
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Figure. 2.  Bar graphs summarizing PDK4 mRNA levels in (A) skeletal muscle and (B) white adipose 
tissue.  Similar measurements of PDK4 mRNA levels in heart are published (1).  Ambient 
temperature (Ta), body temperature (Tb), and month(s) of sacrifice are indicated below each bar.  
The state of each animal is indicated above as active (A), hibernating (H), or in interbout arousal (I).  
The PDK4 level was normalized to the average August level.  The number of animals (n) for each 
time point is indicated below the bar graph.  Statistically significant comparisons to August mRNA 
levels were determined by one-way ANOVA:  *, 0.01<P<0.05; **, P<0.01.   
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Figure. 3.  Western blots of total protein (10 µg per lane) isolated from (A) heart, (B) skeletal muscle, 
and (C) WAT.  The blots were probed with anti-rat PDK4 antiserum.  Ambient temperature (Ta), body 
temperature (Tb), and month of sacrifice are indicated above each lane.  The state of each animal is 
indicated as active (A), hibernating (H), or in interbout arousal (I).  The size of PDK4 in kilodaltons 
(kD) is indicated on the left of each blot.  
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Figure. 4.  Bar graphs summarizing PDK4 protein levels in (A) heart, (B) skeletal muscle, and (C) 
WAT.   Ambient temperature (Ta), body temperature (Tb), and month(s) of sacrifice are indicated 
below each bar.  The activity state is indicated above as active (A), hibernating (H), or in interbout 
arousal (I).  The number of animals (n) for each time point is indicated below the bar graph.  The 
PDK4 level was normalized to the average August value.  Statistically significant comparisons to 
August protein levels were determined by one-way ANOVA:  *, 0.01<P<0.05; **, P<0.01.  
 
 
 
 
 
 
 
 
 
 
 



   

 140 

 
 
 
Figure. 5.  Seasonal expression of insulin.   (A)  Bar graph showing serum insulin levels at various 
times of the year.  Insulin concentration was determined by radioimmunoassay.  Ambient temperature 
(Ta), body temperature (Tb), and month(s) of sacrifice are indicated below each bar.  The activity 
state is indicated above as active (A), hibernating (H), or in interbout arousal (I).  The number of 
animals (n) for each time point is indicated below the bar graph.   (B)  Insulin gene expression in 
pancreas.  Northern blot of total RNA (10 µg per lane) isolated from pancreas and probed with an 
insulin-specific oligonucleotide.  Ambient temperature (Ta), body temperature (Tb), and month of 
sacrifice are indicated above each lane.  The state of each animal is indicated as active (A), 
hibernating (H), or in interbout arousal (I).  The 18S rRNA (18S) profile in the pancreas is shown 
directly below.  The size of the insulin message is indicated in kilobases (kb).  (C)  Bar graph 
summarizing relative insulin mRNA level in the pancreas.  The insulin mRNA level was normalized to 
the average August level.  The number of animals (n) for each time point is indicated below the bar 
graph.  Statistically significant comparisons to August mRNA levels were determined by one-way 
ANOVA:  *, 0.01<P<0.05. 
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Figure. 6.  Model showing regulation of PDK4 gene expression and the switch from carbohydrate to 
fatty acids as the primary source of fuel during hibernation.  Effects of serum levels of insulin and free 
fatty acids on PDK4 expression, carbohydrate oxidation and fatty acid oxidation in heart and skeletal 
muscle of active (PRE-HIB; September-October) and hibernating (HIB; December-January) animals 
are shown.  Long lines with arrowheads indicate up-regulation or activation and lines with blunt ends 
indicate down-regulation or inhibition.  Long solid lines show the active or predominant mode of 
regulation and dashed lines show potential secondary regulation.  Short vertical arrows pointing up 
indicate an increase in concentration or activity.  Short vertical arrows pointing down indicate a 
decrease in concentration or activity.  Abbreviations: ffa, free fatty acids; HIB, hibernating state; HSL, 
hormone sensitive lipase; PPARα, peroxisome proliferator activated receptor alpha; PRE-HIB, pre-
hibernating active state; TG, triacylglycerols; WAT, white adipose tissue. 
 


