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Abstract The rapidly evolving chloroplast matK gene

has nucleotide and amino acid substitution rates suggestive

of progression toward a pseudogene state. However,

molecular evidence has demonstrated that matK is

expressed and functional. We explore in this paper the

underlying factors behind the mode and tempo of matK

evolution that allow this protein coding gene to accom-

modate such elevated rates of substitution and yet maintain

functionality. Conservative amino acid replacement may

reconcile the fast evolutionary rate in matK with conser-

vation in protein function. Based on this premise, we have

examined putative amino acid sequences for MATK from

across green plants to determine constraint on this protein

as indicated by variation in composition of amino acid side

chain category. Amino acids in the MATK ORF were

divided into six categories based on chemical properties of

their side chains: nonpolar, uncharged (pH 7), basic, acidic,

aromatic, and ‘‘special’’ (amino acids that specifically

affect protein structure, i.e., proline, glycine, and cysteine).

The amount of standard deviation (SD) in side chain

composition was used as a measure of variation and con-

straint, where a low SD implied high evolutionary

constraint and a high SD implied low constraint. Further,

we used secondary structure prediction to evaluate if con-

servation observed in side chain composition was reflected

in stable predicted structure. The results of this study

demonstrate evolutionary constraint on MATK, identify

three regions of functional importance, show highly con-

served secondary structure, and support the putative

function of MATK as a group II intron maturase.

Keywords matK � Amino acid composition �
Functional constraint � Phylogenetics �
Rapidly evolving gene

Introduction

Several hypotheses have been proposed regarding factors

that govern evolutionary constraint on protein coding genes

(Jukes and Kimura 1984; Graur 1985; Xia and Li 1998;

Ophir et al. 1999). One of the most widely accepted

hypotheses in protein evolution is that stringency in

structural and functional constraint determines the rate of

amino acid substitution in a coding sequence (e.g., Jukes

and Kimura 1984; Ophir et al. 1999). In other words,

proteins (or regions of proteins) with very strict functional

and structural requirements will undergo negative selection

and have low amino acid substitution rates (Tourasse and

Li 2000). The converse is that relatively high amino acid

substitution rates in protein-coding genes imply low func-

tional and structural constraints. This loss of constraint

could signify a trend toward loss of function and descent

into a pseudogene state. The rapidly evolving chloroplast

matK gene, however, appears to contradict this assumption

despite substitution rates three times those of some chlo-

roplast protein-coding genes at the nucleotide level and

sixfold at the amino acid level (Olmstead and Palmer 1994;

Soltis and Soltis 1998).

The matK gene is located in the large single-copy region

of the chloroplast genome, nested between the 5’ and the 3’

exons of trnK, tRNA-lysine, within a group II intron. The
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gene is approximately 1500 bp in length, corresponding to

500 amino acids. Nucleotide variation per site in matK is

three times higher than in rbcL (the large subunit of RU-

BISCO) (Soltis and Soltis 1998), and the amino acid

substitution rate is six times that of rbcL (Olmstead and

Palmer 1994). Contributing to the high amino acid sub-

stitution rate in matK are the almost-equal ratios of

substitutions among all three codon positions (Johnson and

Soltis 1994; Hilu and Liang 1997; Xiang et al. 1998; Hilu

et al. 2003). The high rate of substitution in this gene has

resulted in an increased number of parsimony informative

sites and strong phylogenetic signal, contributing to its use

to discern evolutionary histories at several taxonomic lev-

els (e.g., Johnson and Soltis 1994; Hayashi and Kawano

2000; Hilu et al. 2003; Cameron 2005; Müller et al. 2006).

The wealth of phylogenetic information generated from

matK has made it an extremely valuable gene for system-

atic and evolutionary studies.

In addition to the importance of matK in systematic

studies, it is the only putative group II intron maturase

encoded in the chloroplast genome (Neuhaus and Link

1987). This putative function is based on the homology of a

region in the carboxy terminus of MATK to domain X of

mitochondrial group II intron maturases (Neuhaus and Link

1987). Maturases are enzymes that catalyze nonautocata-

lytic intron removal from premature RNAs. Substrates

proposed to require MATK for intron excision include

RNA transcripts for the trnK, trnA, trnI, rps12, rpl2, and

atpF genes (Ems et al. 1995; Jenkins et al. 1997; Vogel

et al. 1997, 1999). The tRNA or protein products from

these genes are required for normal chloroplast function,

implicating an essential function for MATK in the

chloroplast.

Recent study has demonstrated that matK is transcribed

and translated into a protein product, which functions in

light-regulated activities and plant development (Barthet

and Hilu 2007). These findings suggest that functional and

structural constraint must exist at some level in this protein

to maintain its expression and activity in the plant. We

propose that both functional and structural constraint exists

on matK but these constraints are imposed at higher levels

of protein structure rather than amino acid sequence. We

hypothesize that the majority of amino acid substitution in

MATK is constrained at the structural and biochemical

level by chemically conserved amino acid replacement.

Chemically conserved amino acid replacement here refers

to the substitution of one amino acid for another of similar

side chain chemical properties (e.g., acidic for an acidic or

basic for a basic amino acid). Because these replacements

may not change the polarity or structural framework of the

protein, they act as a form of silent mutation (Graur and Li

1988; Kellogg and Juliano 1997; Wolfe and dePamphilis

1998), minimizing the impact of nonsynonymous

substitutions on protein structure and function. Thus,

despite the high rate of nonsynonymous substitution in

matK, most of these substitutions may be chemically

conserved and act similarly to silent mutations, not altering

protein structure and function.

In this study, we have used the matK gene as a model to

determine whether conservative amino acid replacement

could reconcile fast evolution on a nucleotide level with

expressed and functional protein in rapidly evolving pro-

tein-coding genes. We examined whether conservative

amino acid replacement is occurring in the rapidly evolving

protein MATK and then determined if this process is

maintaining elements of structure in this protein. To test

this hypothesis, we have examined the predicted open

reading frame (ORF) of MATK from several green plant

species and characterized composition (side chain compo-

sition) for the six amino acid categories: nonpolar,

uncharged (pH 7), basic, acid, aromatic, and ‘‘special’’

(amino acids that specifically affect protein structure, i.e.,

proline, glycine, and cysteine). Further, we analyzed vari-

ation in side chain composition in order to determine if

constraint exists on these six categories. These six amino

acid categories represent the main chemical groups by

which amino acids are typically divided with reference to

structure and function (Zvelebil et al. 1987; Lodish et al.

2000). Further, we identified regions of high functional

constraint in MATK, reflecting the core elements required

for function of this protein. We also compared side chain

composition and amount of deviation in this composition in

MATK to those of the slowly evolving protein RBCL, the

pseudogene infA, and the mitochondrial maturase MATR.

This comparison has provided a context for determining

the level of functional constraint observed in MATK rel-

ative to other proteins in the plant cell that exhibit different

modes and tempos of evolution. Further, we have used

secondary structure prediction to determine if structure is

maintained in MATK regardless of the high amino acid

substitution rate. We compared this predicted secondary

structure to that of the well-characterized bacterial group II

intron maturase LTRA (Matsuura et al. 1997; Saldanha

et al. 1999; Blocker et al. 2005; Cui et al. 2004; Rambo

and Doudna 2004) in order to determine if the predicted

MATK structure is characteristic of proteins with this

function.

Materials and Methods

Source of Sequence Data

All amino acid sequences were downloaded directly from

the protein database of GenBank with the exception of the

matK ORF from Huperzia lucida and Anthoceros formosae
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and all infA protein sequences, as amino acid sequences for

these were lacking. Nucleotide sequences for infA, as well

as the matK ORF of Huperzia lucida and Anthoceros for-

mosae, were downloaded from GenBank and translated

into amino acid in MacVector or Accelrys DsGene.

MATK Side Chain Composition

Amino acid sequence from a total of 68 species from 53

families ranging across green plants was used to assess side

chain composition and variability of the MATK ORF

(Supplementary Table S1). This data set was split into

three smaller data sets (A, B, and C) to simplify exami-

nation of side chain composition across the full-length

ORF (data set A), among domains and sectors (data set B),

and in comparison to data sets with and without indels

(data set C). Methods for all analyses and reasons for the

inclusion or exclusion of species or plant groups in each

data set (A, B, and C) are discussed in the following

sections.

Full-Length MATK ORF Side Chain Composition

(Data Set A)

A data set of 58 species from 49 families (data set A;

Supplementary Table S1) spanning green plants was used

to evaluate MATK amino acid composition using the SAPS

program (Brendel et al. 1992) in the San Diego Super-

computer Center’s (SDSC) Biology Workbench (version

3.2). Forty-one of these species represent various angio-

sperm lineages (the largest land plant lineage), while the

remaining species represent algae (one), bryophytes

(three), monilophytes (three), and gymnosperms (four).

Amino acids were classified into the following six cate-

gories based on the chemical properties of their side chains:

nonpolar (hydrophobic), polar uncharged (pH 7), basic,

acid, aromatic, and special. Division of amino acid cate-

gories followed that of Lodish et al. (2000) and Zvelebil

et al. (1987), with two exceptions; tyrosine was included in

the polar uncharged (pH 7) and aromatic categories but not

the nonpolar category, and histidine was only included in

the basic amino acid category, and not considered aro-

matic. The classification of tyrosine and histidine conflicted

between Lodish et al. (2000) and Zvelebil et al. (1987).

Therefore, the categorization of these two amino acids

followed a consensus based on Zvelebil et al. (1987), Lo-

dish et al. (2000), and Alberts et al. (2002). The

composition of each amino acid category was evaluated as

a percentage of total protein, and the standard deviation

(SD) of this composition was calculated as a measure of

variation.

MATK Domains and Sectors (Data Set B)

The MATK ORF of 31 green plant species (data set B;

Supplementary Table S1) was divided into the two

domains, N-terminal region and domain X, for comparison

of hypothesized functional versus nonfunctional segments

in this protein. Data set B is a subset of data set A. Species

used in data set B covered the same evolutionary range as

data set A and included species from green algae (Chae-

tosphaeridium) to angiosperms. However, the number of

angiosperm species examined was reduced to lessen the

weight given to this particular plant lineage, and the bry-

ophytes Marchantia and Anthoceros were excluded.

Anthoceros was excluded because the MATK ORF from

this bryophyte contained several premature stop codons,

which may bias analysis of different regions of MATK.

Several amino acids were missing from the N-terminal

region of the MATK ORF from Marchantia, thus this

bryophyte was also eliminated from data set B. Boundaries

of each domain were determined by Pfam (Bateman et al.

2002). The Pfam program uses sequences stored in Gen-

Bank to generate multiple sequence alignments of an

entered sequence of interest and identifies regions homol-

ogous to known protein family domains. The MATK ORF

was further subdivided into seven sectors since division

into only the two large domains of the N-terminal region

and domain X may overlook smaller regions of functional

constraint and result in overestimation of variation in side

chain composition. Each sector had 72 amino acids on

average, with the exception of the carboxy terminus sector,

which had an average of 80 amino acids. Because the

MATK ORF contains several indels that can adjust the

position of otherwise similar sequence elements, bound-

aries of sectors were determined by regions of conserved

sequence on both sides of the sector. These conserved

sequence elements were identified by alignment of the

MATK ORF from species in data set B using MacVector

and Accelrys DsGene. Validity of this amino acid align-

ment was determined by phylogenetic parsimony analysis

using PAUP* (version 4.0b6; Swofford 2001) with a 50%

majority-rule heuristic search strategy with stepwise addi-

tion. To provide a stringent test of the alignment, taxon

sampling included all species in data set A in tree recon-

struction. Bootstrap values for trees were calculated using

500 replicates. Gaps were treated as missing data and all

aligned positions were given equal weight. Chaetospiridi-

um was used as the outgroup taxon. A consensus tree was

compiled and compared to the land plant phylogeny pro-

duced by Magallón and Sanderson (2002). The program

MEME (Bailey and Elkan 1994) was used to further con-

firm sector boundaries identified by alignment. MEME is a

program designed specifically to find conserved motifs in

unaligned sequences and, therefore, presents a completely
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unbiased identification of conserved amino acid sequences

in the MATK ORF.

Side chain composition and variability for the domains

and sectors were determined as previously stated for the

entire MATK ORF. Side chain compositions of each

domain or sector within MATK were compared against

each other using a Student t-test in Excel. Since the side

chain composition for each chemical group is a percentage

of the total protein, data were transformed using arcsin

square root transformation prior to statistical comparison.

Because amino acids defined for the aromatic and ‘‘spe-

cial’’ amino acid categories overlap those of the nonpolar

and uncharged (pH 7) side chain categories, only the four

amino acid categories of nonpolar, uncharged (pH 7),

basic, and acidic amino acids were included for SD com-

parisons between domains and sectors of MATK.

Examination of the Impact of Indels on Composition

(Data Set C)

An alignment of sequences from 14 seed plant species

(angiosperms and gymnosperms: data set C; Supplemen-

tary Table S1) that contained only a maximum of 2-amino

acid indels was analyzed in the same manner as described

previously and compared to the results from data sets A

and B to determine the impact of indels on estimation of

side chain composition and variability in the MATK ORF.

Only seed plants were used in this part of the study because

inclusion of taxa beyond this group greatly increased the

number and size of indels present in this protein.

Comparison of the MATK ORF to That of Other

Proteins

The amount of functional constraint in MATK (high, low, or

intermediate) was determined by comparison of variation in

side chain composition in the MATK ORF to the pseudogene

infA (Millen et al. 2001), the slow-evolving functional pro-

tein RBCL (Wolfe et al. 1987; Chase et al. 1993; Kellogg

and Juliano 1997), and the mitochondrial maturase MATR

(Farré and Araya 1999). Pseudogenes, such as infA, lack

selective constraint (Echols et al. 2002), while the conserved

protein RBCL has very high functional constraint (Albert

et al. 1994; Kellogg and Juliano 1997), presenting two

extremes of constraint for comparison. Comparison to

MATR, another group II intron maturase, provided a stan-

dard to determine if the level of variation observed in MATK

is normal for this particular enzyme family. Seven angio-

sperm species from two families were used to compare

variation in side chain composition between INFA and

MATK (Supplementary Table S2). The chloroplast infA

gene has been horizontally transferred to the nucleus in

several plants, but a residual pseudogene copy has been

retained in several chloroplast genomes (Millen et al. 2001).

Only the pseudogene copy of infA was used in this analysis.

Protein sequences for this pseudogene were generated by in

silico translation in Accelrys DsGene and included pre-

mature stop codons. Thirty-two plant species from 31

families across land plants were used to compare MATK and

MATR side chain composition and variability (Supple-

mentary Table S3). Comparisons between MATK and

RBCL were based on sequences for 21 species from 16 green

plant families (Supplementary Table S4). Selection of spe-

cies for each comparison was determined by availability in

GenBank of complete sequences for each protein in the exact

same species. Side chain composition and variability were

determined as described previously for the MATK ORF.

MATK Secondary Structure Prediction

The secondary structure of MATK was predicted using the

PredictProtein server (Rost and Sander 1993; Rost et al.

2004) and JPRED (Cuff et al. 1998; Cuff and Barton 2000).

Methodology of prediction from both servers includes input

of sequence data into PSI-BLAST to scan the SWISS/PROT/

TRMBL database for homologous sequences and generate a

multiple sequence alignment. The PredictProtein server also

utilizes MaxHom (Sander and Schneider 1991) to generate a

second alignment profile. In the JPRED program, alignment

profiles are input into Jnet neural networks trained on several

hundred known protein structures, to generate the predicted

secondary structure. JPRED prediction is reported as 76.4%

accurate (Cuff and Barton 2000). The PredictProtein server

contains the two secondary structure prediction programs

PHD and PROF. PROF predictions have been shown to be

more accurate than those from PHD (Rost 2001; Rost et al.

2004). Only PROF predictions, therefore, were used in the

current study. PROF predictions employed in this study were

those generated with the addition of a position-specific

reliability index, shown to increase accuracy in the predic-

tion to 82% (Rost and Sander 1993). Input sequences used for

secondary structure prediction include the MATK ORF from

Oryza sativa, Arabidopsis thaliana, Pinus korainsis (Sup-

plementary Table S1), and the group II intron maturase

LTRA (GenBank accession no. P0A3U0). The evolutionary

breadth of species used for comparison of predicted MATK

secondary structures allowed comparison of conserved

structural elements between monocots and eudicots as well

as among angiosperms and gymnosperms. Although pre-

dictions from PROF are reported to be more accurate than

those of JPRED (Rost 2001), secondary structure prediction

was performed for the MATK ORF from Oryza sativa using

both PROF and JPED in order to compare the accuracy of

PROF to another prediction program exterior to this server.
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Potential for transmembrane helices was determined

using TMAP and TMHMM transmembrane prediction

computer programs (Persson and Argos 1994) in SDSC’s

Biology Workbench. Transmembrane regions were ana-

lyzed for the MATK ORF from all species in data set A as

well as for the group II intron maturases MATR (GenBank

accession no. AE47664), COB-I1 (GenBank accession no.

X54421), COX1-I2 (GenBank accession nos. NC_005256

and CAC28096), and LTRA.

Results

MATK Side Chain Composition

Full-length ORF (data set A)

Examination of the putative MATK reading frame from

species in data set A revealed an average of 47% ± 1.6%

nonpolar (hydrophobic), 28% ± 1.7% uncharged (pH 7),

17% ± 1.2% basic, and 8% ± 0.9% acidic amino acids

(Table 1, Fig. 1A). When these amino acid groups were

divided further, it was observed that MATK had an average

of 15% ± 2.0% aromatic and 8% ± 1.0% ‘‘special’’ (pro-

line, glycine, and cysteine) amino acids. This composition

was fairly uniform across all green plant taxa examined, with

the exception of the Gnetophyta (Fig. 1B), which displayed

an average 12.5% increase in nonpolar amino acids com-

pared to other plant taxa. For all species examined, nonpolar

amino acids constituted the largest percentage of any type of

amino acid in MATK (47% ± 1.6%), while acidic and

‘‘special’’amino acids comprised the smallest proportion

(8% ± 0.9% and 8% ± 1.0%, respectively) (Table 1).

The considerable increase in nonpolar amino acids in the

two Gnetophyta species Gnetum gnemon and Welwitschia

mirabilis was paralleled by a 25% increase in aromatic

amino acid content (Fig. 1B). To test if the hydrophobic

content observed for the Gnetophyta was significantly higher

than that for other plant genera, we increased the number of

Gnetophyta species examined to six by adding Ephedra

Table 1 Side chain composition of MATK

Region Amino acid category (% ± SD)

Nonpolar Uncharged Basic Acid Aromatic ‘‘Special’’ Average

SD

MATK ORF 47 ± 1.65 28 ± 1.64 17 ± 1.25 8 ± 0.84 15 ± 1.93 8 ± 1.05 ±1.35

47 ± 0.79 28 ± 1.35 17 ± 0.98 8 ± 0.74 15 ± 1.76 8 ± 0.95 ±0.96

N-terminal

region

47 ± 2.32 28 ± 2.23 16 ± 1.61 8 ± 0.91 16 ± 2.25 8 ± 1.44 ±1.77

47 ± 1.26 29 ± 1.50 16 ± 1.15 8 ± 0.80 16 ± 1.94 7 ± 1.12 ±1.18

Domain X 46 ± 1.84 21 ± 3.31 21 ± 1.82 8 ± 1.55 13 ± 0.59 10 ± 1.56 ±2.13

46 ± 1.51 24 ± 1.98 22 ± 1.63 8 ± 0.78 11 ± 1.76 10 ± 0.98 ±1.48

Sector 1 42 ± 4.17 31 ± 3.43 17 ± 3.72 10 ± 2.80 15 ± 3.94 7 ± 2.91 ±3.53

42 ± 2.54 31 ± 2.40 16 ± 3.52 11 ± 3.31 14 ± 2.48 7 ± 2.10 ±2.94

Sector 2 47 ± 2.91 28 ± 3.87 13 ± 2.26 11 ± 2.22 13 ± 3.01 8 ± 1.96 ±2.81

48 ± 1.80 30 ± 1.64 13 ± 3.34 10 ± 2.62 12 ± 3.12 8 ± 1.88 ±2.35

Sector 3 52 ± 4.51 24 ± 3.54 18 ± 2.62 6 ± 1.23 16 ± 4.26 7 ± 2.97 ±2.97

51 ± 1.69 25 ± 0.70 18 ± 2.19 6 ± 2.19 17 ± 4.57 6 ± 2.02 ±1.69

Sector 4 44 ± 3.61 29 ± 3.21 19 ± 3.98 8 ± 1.74 20 ± 3.03 7 ± 2.69 ±3.13

44 ± 3.81 29 ± 1.65 18 ± 1.90 9 ± 3.39 20 ± 2.70 8 ± 2.84 ±2.69

Sector 5 51 ± 3.45 30 ± 4.18 15 ± 2.55 3 ± 1.29 19 ± 4.38 9 ± 2.73 ±2.87

50 ± 2.37 31 ± 1.10 15 ± 3.59 3 ± 2.02 17 ± 3.30 8 ± 1.95 ±2.27

Sector 6 48 ± 2.82 25 ± 3.10 18 ± 2.86 9 ± 2.72 11 ± 3.27 13 ± 1.71 ±2.88

48 ± 2.40 25 ± 1.99 19 ± 2.86 8 ± 3.11 10 ± 2.35 13 ± 1.31 ±2.59

Sector 7 46 ± 3.11 24 ± 4.86 20 ± 2.92 9 ± 2.43 12 ± 3.52 7 ± 2.08 ±3.33

47 ± 2.41 23 ± 1.28 20 ± 4.80 10 ± 2.98 11 ± 2.55 7 ± 2.17 ±2.87

Note. ‘‘Uncharged’’ refers to amino acids uncharged at pH 7. Categories consisted of the following amino acids: nonpolar (A, G, V, L, I, P, F, M,

W, C); uncharged, pH 7 (N, Q, S, T, Y); basic (K, R, H); acidic (D, E); aromatic (F, W, Y); and ‘‘special’’ (C, G, P). Side chain composition and

corresponding SD for data set C (species with few indels) are noted in italics. Side chain composition and SD for the full-length MATK ORF

from species in data set A is noted as ‘‘MATK ORF.’’ Composition and SD of each domain and sector were determined using species from data

set B. Average SD is the average standard deviation in the four amino acid categories of nonpolar, uncharged (pH 7), basic, and acidic. Aromatic

and ‘‘special’’ amino acids were not included in the average SD calculation to avoid overestimation of SD due to redundancy of amino acids

among these two groups and that of the other four amino acid categories
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sinica, Ephedra sarcocarpa, Gnetum africanum, and Gne-

tum gnemonoides (Supplementary Table S1). We then

compared the nonpolar amino acid composition of these six

gnetophytes to an equal number of (1) other gymnosperm

species (Pinus korainsis, Cryptomeria japonica, Phyllocla-

dus trichomanoides, Taxus cuspidate, Sequiadendron

giganteum, Ginkgo biloba; Supplementary Table S1), (2)

bryophytes (excluding Marchantia) and monilophytes (data

set A), and (3) basal angiosperms (the first six angiosperms

from data set A; Supplementary Table S1). This comparison

revealed that the nonpolar content of MATK protein in

gnetophytes was significantly higher than that from all three

groups examined (Student’s t-test, t10 = 10.9, 6.4, and 7.3,

respectively; p \ 0.0001 for all comparisons). These results

suggest a molecular evolutionary shift in MATK composi-

tion in this one plant lineage.

Domains and sectors (data set B)

Division of the MATK ORF into the two major domains,

N-terminal region and domain X, or separation into

seven sectors revealed a similar pattern of composition as

seen with the full-length ORF (Table 1, Fig. 2). Although

the overall proportions of side chain categories were

similar across domains and sectors, there were several

differences in chemical amino acid makeup that may be

relevant to the specific structure and function of each

region. Domain X had a significantly higher amount of

basic amino acids (21% ± 1.8%) compared to the N-

terminal region (16% ± 1.6%; Student’s t-test, t58 = 10.5,

p \ 0.0001). The percentage of ‘‘special’’ amino acids,

which directly affect elements of protein structure, were

also statistically higher in domain X (10% ± 1.5%) than

in the N-terminal region (8% ± 1.4%; t58 = –6.6,

p \ 0.0001), suggesting the existence of a complex

structure for this domain.

Evaluation of the seven sectors revealed two large peaks

of nonpolar amino acids in sectors 3 and 5 (52% ± 4.51%

and 51% ± 3.45%, respectively) (Table 1, Fig. 2C). These

peaks could form hydrophobic pockets in MATK protein

structure. The distribution of aromatic and ‘‘special’’ amino

acids varied among sectors. Sector 6, which overlaps
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Fig. 1 Average side chain

composition of the full-length

MATK ORF (data set A).

Amino acids were categorized

as nonpolar, uncharged polar at

pH 7, basic, acid, aromatic, or

‘‘special.’’ Categories consisted

of the following amino acids:

nonpolar (A, G, V, L, I, P, F, M,

W, C); uncharged, pH 7 (N, Q,

S, T, Y); basic (K, R, H); acidic

(D, E); aromatic (F, W, Y); and

‘‘special’’ (C, G, P). Standard

error is shown. A Average

percentage of each amino acid

category in total protein. B Side

chain composition of MATK

across representative green

plant genera. Taxa are arranged

in phylogenetic order from left

(basal lineages) to right

(recently diverged lineages)
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domain X, had the highest proportion of ‘‘special‘‘amino

acids (13% ± 1.7%) (Fig. 2C).

Constraint on MATK

We evaluated functional constraint on MATK protein

evolution by calculating the SD in side chain composi-

tion, where a high SD would indicate less constraint, and

a low SD would indicate high constraint. Amount of

acidic amino acids (SD, ± 0.89) in MATK was highly

invariable across all green plants studied (Table 1),

demonstrating high evolutionary constraint on this amino

acid group compared to the other amino acid categories.

In contrast, the composition of nonpolar (SD, ± 1.65) and

uncharged (pH 7) amino acids (SD, ± 1.64) was the least

constrained.

Although domain X is the putative functional domain

for MATK maturase activity (Neuhaus and Link 1987;

Mohr et al. 1993) and would be expected to have higher

functional constraint than the N-terminal region, no sig-

nificant difference in average SD of side chain composition

was observed between the two domains (Student’s t-test,

t10 = 0.92, p = 0.18). In fact, comparison of the average SD

for the amino acid categories nonpolar, uncharged (pH 7),

basic, and acid between the two domains showed that

the N-terminal region had less variation in side chain

composition than domain X (SD, ± 1.77 and ± 2.13,

respectively; Table 1).

Analysis of variation in side chain composition for each

of the seven sectors revealed three regions of high functional

constraint (low standard deviation) and two ‘‘hot spots’’ of

variation (SD, ± 3.53 and ± 3.33 for sectors 1 and 7,

respectively). Sectors 2, 5, and 6 had the lowest variation in

side chain composition (Fig. 3A) and had similar SDs

( ± 2.8, ± 3.0, and ± 2.9, respectively). Sectors 5 and 6

correspond to functional domains previously identified by

sequence comparison (Mohr et al. 1993). Sector 5 overlaps

the remaining elements of the reverse-transcriptase (RT)

domain found in other group II intron maturases (Fig. 3B

and C), while sector 6 overlaps domain X.

Sector 2 does not overlap any previously determined

functional domains for MATK. Therefore, Pfam analysis

was conducted to determine similarity to known protein

domains. Pfam analysis was performed using the Pfam

gathering threshold or E-values from 1.0 to 10.0 on 10 taxa

from data set A (noted by an asterisk in Supplementary

Table S1), which represent land plants from bryophytes to

angiosperms. No significant similarity to known protein

domains was identified for this sector by Pfam analysis

other than as part of the N-terminal region of MATK.

Impact of MATK Indels (Data Set C)

Compared across green plants, the MATK ORF contains

several indels that may bias our analyses of side chain

composition. We analyzed, therefore, an alignment of 14

taxa (data set C), containing a minimal number of indels, for

percentage side chain composition and SD of each amino

acid category for the entire MATK ORF, the two domains,

and the seven sectors and compared with corresponding

results from data sets A (overall ORF) and B (domains and

sectors). The percentages of each side chain category for the

entire ORF, the two domains, and the seven sectors were not

statistically different among data sets C and A or B (Table 1).

SD was lower in almost all cases for data set C compared to

the larger data sets A and B (Table 1), but these differences

were not statistically significant and are most likely due to

differences in evolutionary breadth of taxa sampled. The 14

taxa in data set C included 13 angiosperms and 1 gymno-

sperm, compared to a very broad sampling of green plants for

data sets A and B. To examine the impact of data sampling,

species in data sets A and B were separated into more closely

related phylogenetic groups (bryophytes and monilophytes,

gymnosperms, and angiosperms) and reassessed for SD in
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side chain composition. The SD for each amino acid category

was lower when comparing the angiosperm subset with the

full data set, but higher in some categories when comparing

the bryophyte and gymnosperm subsets (data not shown).

Therefore, we conclude that indels did not impact our

assessment of side chain composition or SD in MATK and

that the small difference in SD of side chain composition

observed with data set C can be attributed to taxon sampling.

Side Chain Composition in MATK Versus INFA,

RBCL, and MATR

In order to determine if the amount of SD observed in

MATK side chain composition was an indication of

functional constraint, this SD was compared to those of the

translated pseudogene infA, the highly conserved protein

RBCL, and the mitochondrial maturase MATR. Our anal-

ysis showed that these three proteins did not differ in

relative side chain composition from MATK (Table 2).

The four proteins did, however, differ considerably in SD

of side chain composition. SD in side chain composition

from translated infA pseudogene sequences was signifi-

cantly higher than that of MATK (SD, ± 2.81 and ± 0.75,

respectively; Student’s t-test, t6 = –2.9, p = 0.027) (Table

3). No significant difference was found in variation of side

chain composition between MATK and the mitochondrial

maturase MATR (SD, ± 1.75 and ± 0.98, respectively;

t6 = –1.5, p = 0.195) (Table 2). MATK, however, had a

significantly higher amount of SD in side chain
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Fig. 3 Evaluation of variation in side chain composition for the

seven sectors of the MATK ORF. A Average SD of the four amino

acid categories of nonpolar, acidic, basic, and uncharged (pH 7) for

each sector. B Schematic representation of the division of the MATK

ORF into the seven sectors, with the relative position of the N-

terminal region, RT domain, and domain X plotted. The positions of

the N-terminal region and domain X were determined by Blastp

search in GenBank. The location of the RT domain was based on

consensus sequence determined by Mohr et al. (1993). C Alignment

of the homologous sequence blocks of the RT domain in Euglena
gracilis (Eg) PSBC (ORF located in psbC intron 4), Lactococcus
lactis (Ll) LTRA group II intron maturase, and O. sativa (Os; rice)

MATK. Sequence blocks are noted as 5, 6, and 7 following Mohr

et al. (1993). The YXDD conserved sequence found in the majority of

functional reverse transcriptases is boxed. One hundred percent

identity in sequence is highlighted in dark gray, consensus match is

highlighted in light gray, and mismatched amino acids are in white
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composition than RBCL (SD, ± 1.38 and ± 0.46, respec-

tively; t6 = –.8, p = 0.001).

MATK Structural Elements

A crystal structure does not exist for any group II intron

maturase. We, therefore, used secondary structure predic-

tion to determine if MATK has conserved structural

elements across land plants and if those elements show

homology to other group II intron maturases, specifically

the Lactococcus lactis group II intron maturase LTRA. We

examined predicted secondary structure for three model

species (Arabidopsis thaliana, Oryza sativa, and Pinus ko-

riansis). We compared predicted secondary structure for O.

sativa from two different programs (JPRED and Prof from

the Predict Protein server) to determine the reliability of

these structural predictions. Overall predictions from both

programs were in agreement, although slight discrepancies

in number and size of a few helices were noticeable (data

not shown). Alignments shown in Figs. 4 and 5 were gen-

erated from PROF predictions, which are considered

slightly more accurate than JPRED predictions (Rost 2001).

The positions of nearly all structural elements in MATK

were identical for all three species examined except for two

predicted a-helical regions and a few loop and turn regions

(Fig. 4), supporting a conserved structure for MATK.

Alignment of the MATK predicted secondary structure

from rice to that of the bacterial group II intron maturase

LTRA identified several regions of highly conserved struc-

ture despite divergence in amino acid sequences (Fig. 5).

Structural homology was found in the N-terminal region of

MATK to sequence blocks RT0, RT3, RT5, RT6, and RT7

and insertion 3a of the LTRA RT domain previously aligned

to the RT domain of HIV-1 by Blocker et al. (2005). Further,

three a-helices in domain X of MATK correspond to helices

aH, aI, and aJ in domain X of LTRA (Fig. 5). MATK was

also found to contain a region homologous to the ‘‘ti’’

insertion found between helix aH and helix aI of domain X of

LTRA (Blocker et al. 2005) (Fig. 5).

Since hydrophobic segments in protein structure could

indicate transmembrane regions, we analyzed the MATK

reading frame from all taxa in data set A using the TMHMM

Table 2 Comparison of average percentage side chain composition ± SD of MATK to that of INFA, RBCL, and MATR

Amino acid category Protein

MATK1 INFA1 MATK2 MATR2 MATK3 RBCL3

Nonpolar (%) 47 ± 0.25 51 ± 4.81 41 ± 2.90 51 ± 1.56 47 ± 1.34 52 ± 0.65

Uncharged (%) 29 ± 1.33 25 ± 1.91 27 ± 1.78 22 ± 1.21 28 ± 1.48 19 ± 0.58

Basic (%) 16 ± 0.65 16 ± 2.17 23 ± 1.69 19 ± 0.73 17 ± 1.55 16 ± 0.42

Acid (%) 8 ± 0.77 8 ± 2.37 8 ± 0.63 9 ± 0.42 8 ± 1.14 13 ± 0.21

Aromatic (%) 15 ± 0.31 11 ± 2.04 14 ± 1.83 8 ± 0.63 15 ± 2.13 9 ± 0.16

‘‘Special’’ (%) 8 ± 0.27 11 ± 3.08 8 ± 0.77 14 ± 1.35 8 ± 1.47 16 ± 0.39

Average SD 0.75 2.81 1.75 0.98 1.38 0.46

Note. Superscripts refer to different data sets used for comparisons of MATK to 1INFA (Supplementary Table S2), 2MATR (Supplementary

Table S3), and 3RBCL (Supplementary Table S4). ‘‘Uncharged’’ refers to amino acids uncharged at pH 7. Amino acid categories are defined in

the Note to Table 1

Fig. 4 Secondary structure alignment of the MATK ORF from pine,

Arabidopsis (Arab), and rice. Secondary structures shown are those

predicted by PROF on the Predict Protein server. H, helices; L, loops;

E, B-pleated sheets. Gaps in alignment are noted with a dash
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and TMAP transmembrane prediction programs (Persson

and Argos 1994). We identified one to six putative trans-

membrane regions in all MATK protein sequences analyzed

with the exception of the whisk fern, Psilotum nudum, which

lacked putative transmembrane segments (data not shown).

For comparison, we used these same programs to predict

transmembrane regions in protein sequences from other

group II intron maturases. Putative transmembrane domains

were found in the ORF of the group II intron maturase MATR

from Triticum aesitivum (one domain), Cob-I1 from

Schizosaccharomyces pombe (nine domains), Cox1-I2 from

Yarrowia lipolytica (two domains), and Penicillium mar-

neffei (one domain). No transmembrane segments, however,

were identified in the ORF of LTRA.

Discussion

The inherent high rate of nucleotide and amino acid sub-

stitution in matK is expected to negatively impact its

protein structure and function. Experimental evidence,

however, has demonstrated that MATK is expressed and

functional in the plant (Vogel et al. 1999; Barthet and Hilu

2007). These findings suggest that constraint exists at some

level on MATK to maintain its functional properties. Our

analysis of conservative amino acid replacement has

demonstrated that, despite its unusual mode and tempo of

evolution, MATK is under functional and structural con-

straint. Further, we have shown that by using SD in side

chain composition, we can identify putative functional

domains for molecular analysis not easily recognized by

sequence similarity alone.

Composition and Structure

The strong similarity in biochemical composition and

structural elements between MATK and LTRA supports

the predicted function of MATK as a group II intron

maturase. The LTRA group II intron maturase has been

well studied for its maturase activity (Matsuura et al.

1997; Saldanha et al. 1999; Blocker et al. 2005; Cui et al.

2004; Rambo and Doudna 2004). Some of the structural

and biochemical elements required for LTRA maturase

activity include several highly conserved a-helices that

form a homodimer when assembled on intron RNA

(Saldanha et al. 1999; Rambo and Doudna 2004; Blocker

et al. 2005). The MATK ORF is highly hydrophobic

(Fig. 1A). Secondary structure prediction demonstrated

that this high hydrophobicity is packed into several a-

helical regions similar in position to those of LTRA

(Fig. 5), suggesting similarity in structure between these

two proteins. Furthermore, the template-primer binding

tract in LTRA is described as identifiable by a ‘‘ribbon of

positive charge’’ and is composed of regions RT2, RT4,

RT5, and RT7 of the RT domain and the helices aH and

aI of domain X (Blocker et al. 2005). This positive

charge would have to be in the form of basic amino acids.

Domain X of MATK possesses a much higher amount of

basic amino acids than other regions of the ORF and

contains the conserved a-helices aH and aI (Figs. 2A

and 5). These features suggest that domain X in MATK

most likely forms part of the template-primer binding

tract as seen with LTRA (Blocker et al. 2005). Additional

features found in the MATK ORF common to LTRA

include the highly conserved a-helices aJ in domain X as

well as insertions 3a and ‘‘ti,’’ which were shown by

unigenic evolution analysis as possibly important for

maturase function (Cui et al. 2004; Blocker et al., 2005).

The combination of these common structural and bio-

chemical features between MATK and LTRA supports

the proposed function of MATK as a group II intron

maturase.

Fig. 5 Comparison of secondary structure of the rice MATK ORF to

LTRA. Gray-shaded boxes denote regions of sequence and structure

homology to the RT domain from LTRA. Conserved sequence is

highlighted in bold white. Sequence blocks of the RT domain are

noted as RT0, RT1, RT2, RT3, RT4, RT5, RT6, and RT7 as

delineated by Blocker et al. (2005). The dark-gray-shaded box

denotes insertion 3a. Open boxes surround conserved a-helices aH,

aI, and aJ of domain X. The ‘‘ti’’ insertion is noted. A line with an

arrow delineates where domain X begins and ends relative to the

ORFs
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Previous analysis of sequence homology between

MATK and LTRA identified only sequence blocks RT5,

RT6, and RT7 to be conserved in the RT domain of MATK

(Mohr et al. 1993). Our secondary structure alignment

indicated that sequence blocks RT0 and RT3 are also

retained as part of the RT domain in the MATK ORF

(Fig. 5). The RT0 region has been suggested to be part of

an extended fingers region required for successful binding

of the RNA template (Cui et al. 2004). The RT0 block in

LTRA is characterized by an a-helix in the N-terminal

region containing a conserved alanine residue (Blocker

et al. 2005). Both of these features are maintained in the

RT0 region of MATK as determined by secondary struc-

ture alignment despite the almost-complete lack of

sequence similarity (Fig. 5).

MATK Nonpolar Composition in the Gnetophyta

The only significant deviation in side chain composition

evident in MATK from across angiosperms was in the

Gnetophyta. This group of gymnosperms had a 12.5 %

increase in hydrophobic amino acids compared to other

green plant taxa (Fig. 1B). Gnetophytes are an evolution-

arily unique group of plants with morphological

characteristics common to both gymnosperms and angio-

sperms (Carmichael and Friedman 1995; Donoghue and

Doyle 2000) and a disputable position in land plant phy-

logeny (see Won and Renner 2006). The divergence in

hydrophobic amino acid composition in MATK observed

in the gnetophytes may be yet another unique trait to this

enigmatic plant lineage. Further investigation is required to

determine if the increase in MATK hydrophobicity is sig-

nificant with reference to function of this protein in the

gnetophytes.

MATK Localization

The suborganelle location of MATK is currently unknown.

However, identification of putative transmembrane helices

in the MATK ORF suggests that this protein may be

associated with a membrane. Similar transmembrane

regions were found for the eukaryotic group II intron

maturases, MATR, COB-I1, and COX1-I2. The lack of

these transmembrane segments in LTRA is one of the few

structural divergences between these two maturases. These

results imply that the evolution of transmembrane regions,

and, consequently, putative membrane association, in

group II intron maturases is a trait acquired after the

divergence of eukaryotic organisms from their prokaryotic

ancestors.

Evolutionary Constraint on MATK

Analysis of side chain composition in MATK across green

plants displayed surprisingly little variation despite the

accelerated nonsynonymous amino acid substitution rate in

this protein (Fig. 1B). Further, comparison of the predicted

MATK secondary structure from pine, rice, and Arabid-

opsis demonstrated remarkable homology in structure

(Fig. 4). Thus, not only is the biochemical makeup of

MATK conserved across a wide range of evolutionarily

divergent plant lineages, but also its deduced secondary

structure. This evolutionary constraint was evident across

the entire MATK ORF. Previous studies based on nucle-

otide substitution rates have indicated that domain X, the

chief domain required for maturase activity (Moran et al.

1994; Cui et al. 2004), is the most highly conserved region

in MATK (Hilu and Liang 1997). Our analysis of variation

in side chain composition, however, demonstrated rela-

tively equal constraint in both domains (Fig. 2A),

suggesting that regions of high functional and structural

importance also reside in the N-terminal domain. Likewise,

comparison of mutation rates in third versus first and sec-

ond codon position in nonphotosynthetic plants

demonstrated no significant difference in constraint on

domain X versus the rest of the matK gene (Young and

dePamphilis 2000). Division of the N-terminal region into

sectors indicated that there were at least two conserved

regions in this domain, sector 2 and sector 5 (Fig. 3A).

Further molecular experimentation is required to determine

the specific role of sector 2 in MATK function. Sector 5

overlaps a region with sequence similarity to sequence

blocks 5, 6, and 7 of the RT domain of other group II intron

maturases (Mohr et al. 1993). These RT sequence blocks

have been shown in other maturases to function as part of

the palm region (one of three structures that form the

template-primer binding tract) required for efficient ma-

turase activity (Cui et al. 2004). Detection of the RT

domain (sector 5) and domain X (sector 6) as highly con-

served regions by examination of SD in side chain

composition supports the reliability of this method to

identify regions of structural and functional importance in

MATK.

High or low evolutionary constraints are relative terms

and cannot be stated without comparison to proteins on

either end of this spectrum. We compared variation in

side chain composition of this protein to that of three

other proteins, RBCL, INFA, and MATR in order to

establish the mode and relative degree of evolutionary

constraint on MATK. Variation in side chain composition

of MATK was shown to be higher than that of the well-

conserved chloroplast protein RBCL but not as fast as

translated sequences from the pseudogene infA. Evolu-

tionary constraint on MATK at this higher level of
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protein structure, therefore, appears to fall somewhere in

the middle of these two extremes. This placement would

suggest that overall mutations in MATK are neutral and

do not result in change (positive or negative) in protein

structure. Müller et al. (2006), using a likelihood ratio

test on the ratio of nonsynonymous to synonymous sub-

stitutions in angiosperm taxa, also found that matK

evolves closer to neutrality. Further comparison of vari-

ation in MATK side chain composition to the

mitochondrial maturase MATR revealed that the level of

variation evident in MATK is typical of this kind of

enzyme (Table 2).

Conclusion

Evolutionary constraint is generally determined by the

rate of nucleotide and amino acid substitution (Garcia-

Maroto et al. 1991; Wolfe and dePamphilis 1998; Ophir

et al. 1999; Halligan et al. 2004). Synonymous substitu-

tions are regarded as neutral or silent mutations, whereas

nonsynonymous substitutions are indicative of selective

pressures (Ophir et al. 1999; Young and dePamphilis

2005). Conservative amino acid replacement, however,

must be taken into account to obtain a more accurate

view of evolution in rapidly evolving genes. By deter-

mining amino acid side chain composition and variation

of this composition in the MATK ORF, we have shown

that this rapidly evolving gene is under functional and

structural constraint. Comparison of predicted secondary

structure for this protein among three divergent taxa and

to the LTRA group II intron maturase further supported

our side chain composition data and demonstrated very

strong structural constraint on MATK. This comparison of

secondary structure has also revealed that MATK contains

several structural features required for maturase function,

including the ‘‘ti’’ insertion inherent to the LTRA group II

intron maturase but not the more distantly related HIV-1

RT (Blocker et al. 2005). Taken together, these results

have uncovered structural and functional information for

MATK that can aid in molecular investigations of this

important maturase, including the identification of a new

region (sector 2) that may contribute to MATK maturase

activity. We have also demonstrated the utility of using

side chain composition and variation in this composition

in determining evolutionary constraint in rapidly evolving

genes.
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