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Skpl (S-phase kinase-associated protein 1) is a core component of SCF ubiquitin ligases and mediates protein
degradation, thereby regulating eukaryotic fundamental processes such as cell cycle progression, transcriptional
regulation, and signal transduction. Among the four components of the SCF complexes, Rbx1 and Cullin form a core
catalytic complex, an F-box protein acts as a receptor for target proteins, and Skpl is an adaptor between one of the
variable F-box proteins and Cullin. Whereas protists, fungi, and some vertebrates have a single SKP/ gene, many animal
and plant species possess multiple SKP/ homologs. It has been shown that the same Skp1 homolog can interact with two
or more F-box proteins, and different Skpl homologs from the same species sometimes can interact with the same F-box
protein. In this paper, we demonstrate that multiple Skpl homologs from the same species have evolved at highly
heterogeneous rates. Parametric bootstrap analyses suggested that the differences in evolutionary rate are so large that
true phylogenies were not recoverable from the full data set. Only when the original data set were partitioned into sets of
genes with slow, medium, and rapid rates of evolution and analyzed separately, better-resolved relationships were
observed. The slowly evolving Skp1l homologs, which are relatively highly conserved in sequence and expressed widely
and/or at high levels, usually have very low dy/ds values, suggesting that they have evolved under functional constraint
and serve the most fundamental function(s). On the other hand, the rapidly evolving members are structurally more
diverse and usually have limited expression patterns and higher dy/ds values, suggesting that they may have evolved
under relaxed or altered constraint, or even under positive selection. Some rapidly evolving members may have lost
their original function(s) and/or acquired new function(s) or become pseudogenes, as suggested by their expression
patterns, dy/dg values, and amino acid changes at key positions. In addition, our analyses revealed several monophyletic
groups within the SKPI gene family, one for each of protists, fungi, animals, and plants, as well as nematodes, arthro-
pods, and angiosperms, suggesting that the extant SKP/ genes within each of these eukaryote groups shared only one
common ancestor.

Introduction

In eukaryotes, the ubiquitin-mediated proteolysis by
the 26S proteosome is one of the most fundamental
regulatory mechanisms controlling cell cycle progression,
transcriptional regulation, signal transduction, and many
other cellular processes (Hershko and Ciechanover 1998;
Callis and Vierstra 2000; Zheng et al. 2002). The
ubiquitination of targets for degradation is a three-enzyme
process, in which the E1 ubiquitin-activating enzyme and
E2 ubiquitin-conjugating enzyme are relatively nonspe-
cific, whereas different E3 ubiquitin ligases recognize
specific substrates (Koepp et al. 2001). The largest known
group of E3 ubiquitin ligases is called the SCF (Skpl,
Cullin, and an F-box protein) complexes, which also
contain a fourth subunit, Rbx1 (Bai et al. 1996; Willems
et al. 1999; Zheng et al. 2002). Rbx1 and Cullin form
a core catalytic complex, an F-box protein acts as a factor
for recognizing target proteins, and Skpl (S-phase kinase-
associated protein 1) serves to link one of the variable F-
box proteins to Cullin (Bai et al. 1996; Krek 1998; Zheng
et al. 2002).

There is only one known functional Skpl protein in
human and yeasts. Nevertheless, this unique protein is able
to interact with different F-box proteins to ubiquinate
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different substrates (Schulman et al. 2000; Ilyin et al.
2002). The human Skpl, for example, was originally
identified as a protein that associates the cyclin A-CDK2
(cyclin-dependent kinase 2) complex with the F-box
protein Skp2, and the SCF*™*"* complex can ubiquitinate
the p27"! inhibitor of CDK, allowing CDK activity to
drive cells into S phase (Ganoth et al. 2001; Koepp et al.
2001). Another well-studied SCF complex in human,
SCF™P!  targets the NF-kB pathway and p-catenin,
a downstream signaling factor in the Wnt pathway of
development and proliferation (Hatakeyama et al. 1999;
Hattori et al. 1999). In budding yeast, SKP1 is essential for
cell cycle progress; SCF** has been shown to be
involved in the degradation of the Cdk inhibitor Sicl
and transcriptional regulator Gen4 (Perkins, Drury, and
Diffley 2001).

Unlike human and yeasts, Arabidopsis thaliana,
Caenorhabditis elegans, and Drosophila melanogaster
have multiple SKPI homologs (Farras et al. 2001; Nayak
et al. 2002; Yamanaka et al. 2002). In A. thaliana, the
SKP1 homolog ASK! (Arabidopsis SKP1-LIKE 1) gene is
part of the SCF™! and SCF®"" complexes that regulate
the responses to plant hormones auxin and jasmonate,
respectively (Gray et al. 1999; Xu et al. 2002). Genetic
studies also revealed that ASK/ is important for vegetative
and flower development and essential for male meiosis
(Samach et al. 1999; Yang et al. 1999; Zhao et al. 1999). In
addition to ASKI, the Arabidopsis genome has at least 18
other ASK genes, and recent studies indicated that some of
these Ask proteins have quite different ability to interact
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with F-box proteins (Gagne et al. 2002). Similarly, seven
and 21 SKPI homologs have been predicted in the
D. melanogaster and C. elegans genomes, respectively.
Two of the C. elegans SKPI-RELATED genes, SKR-1 and
SKR-2, play essential roles in both mitosis and meiosis,
whereas SKR-7, SKR-8, SKR-9, and SKR-10 are required
for other aspects of normal development (Nayak et al.
2002; Yamanaka et al. 2002).

The fact that protists and fungi have a single SKP/
gene, whereas many animal and plant species possess
multiple members, suggests that the ancestral SKP/ has
duplicated, giving rise to diverse gene families in various
lineages of multicellular organisms. Recently, a prelimi-
nary study on the phylogeny of 30 SKP/ homologs from
five fungal and animal species led to the conclusion that all
C. elegans SKR genes form a monophyletic group and all
the D. melanogaster SKPI homologs form a single clade
(Nayak et al. 2002). If this is the case, then gene
duplication occurred independently in these two animal
lineages. This led us to ask whether the SKP/ homologs
from plant species, such as A. thaliana or rice, comprise
distinct lineage-specific clades. Because the SKP/ homo-
logs from fungi, animals, and plants play very important
roles in such fundamental processes as mitosis and
meiosis, did duplicate genes maintain ancestral function
over evolutionary time? Alternatively, have some genes
lost their original function and/or acquired new functions
after duplication? Given the key roles of SKP/ homologs
in transcriptional regulation, signal transduction, cell cycle
processes, improved understanding of the evolutionary
history of this gene family will provide insights into the
origin and diversification of multicellular organisms.

Recently, the genomes of two rice subspecies have
been sequenced (Goff et al. 2002; Yu et al. 2002),
providing an excellent opportunity to compare the entire
sets of SKPI homologs of rice and Arabidopsis as well as
fungi and animals. In this paper, we report new results
from studies of structure, phylogeny, and expression of
SKP1I genes. Our analyses indicate that, at least in animal
and plant lineages, the multiple Skpl homologs from the
same species have evolved at highly heterogeneous rates.
The slowly evolving members are relatively conserved in
sequence and are expressed widely and/or at high levels,
suggesting that they may have the most fundamental
function(s). On the other hand, moderately and rapidly
evolving members are structurally much more diverse and
are usually more limited in expression, suggesting that
they may have lost their original function(s) and/or
acquired new function(s).

Materials and Methods
Data Retrieval

A search for the Skpl homologs was performed using
BlastP, tBlastN, and PsiBlast programs (Altschul et al.
1997; Schaffer et al. 2001) at the NCBI Web site against
the nonredundant (nr), expressed sequence tag (EST), and
high throughput genome sequence (htgs) databases on
December 20, 2002. We started our search with the yeast
and human Skp1 proteins and then continued with various
published Skpl homologs from C. elegans, D. mela-

nogaster, and A. thaliana to identify as many as possible
Skpl homologs from protists, fungi, animals, and plants.
In particular, searches were conducted for putative or
predicted Skpl homologs from those species whose
genome sequences are available. Only full-length or nearly
full-length protein sequences were selected for analysis,
with an E-value cutoff of le-10.

Sequence Alignment

Protein sequences were aligned with ClustalX version
1.81, using BLOSUM 30 as the protein weight matrix
(Henikoff and Henikoff 1992). Several values for both gap
opening and gap extension penalties were tried and
compared to identify the commonly resolved domains. A
combination of 9.0 and 0.3 was finally adopted because
conserved domains were aligned most accurately with few
gaps. Minor corrections were then performed manually on
the alignment based on the crystal structure of the human
Skpl (Schulman et al. 2000; Zheng et al. 2002). Several
regions were excluded because of ambiguous alignment,
leaving an E-value total of 155 amino acids residues in our
final analyses.

Phylogenetic Analyses

Phylogenetic analyses of the SKP/ gene family based
on amino acid sequences were carried out using neighbor-
joining (NJ), maximum-parsimony (MP), and maximum-
likelihood (ML) methods in MEGA version 2.1 (Kumar
et al. 2001), PAUP* version 4.10b (Swofford 2001), and
PHYLIP version 3.6a3 (Felsenstein 2002), respectively.
NJ analyses were done with the “‘pairwise deletion” or
“complete deletion” option selected, and distance esti-
mates were calculated using a poisson correction or
a variable rates correction with gamma set at 1.0. For
MP analyses, 10,000 replicates of random stepwise
addition with SPR (subtree pruning-regrafting) branch-
swamping were performed by using Heuristic Search, with
no more than two trees saved at each replicate, followed by
TBR (tree bisection reconnection) branch-swapping and
saving all trees, with all trees in memory as starting point.
For ML analysis, trees were estimated by the proml
program within PHYLIP using the Dayhoff substitution
model (Dayhoff, Schwartz, and Orcutt 1978) with and
without a correction for variable rates across sites and with
gamma set at 1.0. Support for each node was tested with
bootstrap (BS) analysis, 1,000 replicates for NJ, 250 for
MP, and 100 for ML, using random input order for each
replicate.

An ML phylogeny of ASK genes was also estimated
based on both amino acid and nucleotide sequences, with
Skpl homologs from pine and the fern Ceratopteris as
outgroups. The nucleotide-based analysis was done in
PAUP* using the HKY+gamma model with a ML estimate
of 1.0 for gamma, and the amino acid analysis was per-
formed using proml as described above. Bootstrap support
was estimated based on 100 replicates for both data sets.

Rate Evaluation

Considering that rate heterogeneity and long-branch at-
traction may have contributed to uncertainty in phylogeny



estimates and disagreement among methods, we applied
a likelihood ratio test for significant variation in sub-
stitution rates across the ML phylogeny. The ML topology
estimated in proml was loaded as a user-specified tree in
promlk, and the difference of the log likelihoods as
estimated with and without an enforced clock was doubled
and compared with the y? distribution with n — 2 (150)
degrees of freedom (Felsenstein 2002). Sources of
significant rate heterogeneity were localized in the
phylogenies by applying the two-cluster (TCT) and
branch-length tests (BLT) in LINTREE (Takezaki, Rzhet-
sky, and Nei 1995). The two-cluster test examines the
hypothesis of the molecular clock for the two lineages
above each interior node of a tree, whereas the branch-
length test examines the deviation of each root-to-tip
branch length relative to the average length (Takezaki,
Rzhetsky, and Nei 1995). The two-cluster and branch-
length tests were applied using both poisson and gamma
distance corrections.

Parametric bootstrap analyses were performed to
assess whether the considerable rate heterogeneity ob-
served among lineages might have confounded phyloge-
netic analyses susceptible to long-branch attraction
(Huelsenbeck, Hillis, and Jones 1996). The Pseq-Gen
simulation program (Grassly, Adachi, and Rambaut 1997)
was used to generate 100 data sets simulated on the ML
phylogeny (topology and branch lengths), assuming the
substitution probability matrix of Dayhoff, Schwartz, and
Orcutt (1978). Each simulated data set was analyzed using
the protdist and neighbor, proml and protpars programs
within PHYLIP. Distances and ML phylogenies were
estimated under the Dayhoff substitution model that was
used to generate the sequences. A majority rule consensus
tree was constructed and inspected for the frequency with
which the analysis was able to recover the monophyletic
clades observed in the ML phylogeny and expected for
nematodes, arthropods, and angiosperms.

To further elucidate the evolutionary fates of
duplicate SKPI homologs, ratios of nonsynonymous to
synonymous nucleotide substitutions (o = dy/ds) were
estimated for ASK genes using the codeml program of
PAML version 3.13 (Yang 1997). A likelihood ratio test
was used to test whether ASK genes on short branches
identified in the LINTREE analysis were significantly
more constrained than other ASK genes.

Expression Studies

Plants of A. thaliana (Columbia ecotype) were used
to examine expression patterns of ASK genes. RNA was
isolated from 3-day-old to 4-day-old seedlings, roots of 2-
week-old plants, leaves of 3-week-old to 4-week-old
plants, inflorescence stems and inflorescences of 5-week-
old plants, and 2-day to 10-day postpollination siliques.
Total RNA was isolated using the RNeasy mini kit
(QIAGEN, Valencia, Calif.) and were treated with DNase [
(Life Technologies/Gibco-BRL, Carlsbad, Calif.). The
first-strand cDNA was synthesized using Super Script 11
reverse transcriptase (Life Technologies/Gibco-BRL) and
used as a template for PCR with gene-specific primers
(table 1 in Supplementary Material online). The specificity
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of the primers was verified by sequencing the PCR
products from genomic DNA. PCR was carried out under
standard conditions using 10 pmol of each primer and 35
cycles of 94°C for 30 s, 56°C to 66°C for 40 s, and 72°C
for 60 s. Thirty microliters of PCR products were separated
on 1.5% agarose gels and visualized by UV. Adenine
phosphoribosyl transferase 1 (APTI) gene was also
amplified in all samples as a positive control. Negative
control PCRs without reverse transcriptase did not produce
any PCR bands. For most ASK genes, we used only one
pair of primers, but for some genes, nested primers were
utilized because the first run of PCR detected very weak
band(s) or nothing.

Results
Skp1-like Proteins

A large collection of amino acid sequences was
retrieved by Blast searches and then condensed to a set of
152 Skpl homologs (table 2 in Supplementary Material
online). No Skpl homolog was found in Eubacteria or
Archaea, and only a single Skpl homolog was obtained
from each of the two protists and 12 fungi. For C. elegans,
D. melanogaster, human, and A. thaliana, we included the
21, 7, 1, and 19 previous published Skpl homologs,
respectively. One Skpl homolog was also identified from
the newly finished puffer fish (Fugu rubripes) genome,
and 21 and 22 rice (Oryza sativa) Skpl homologs (Osk)
were obtained from the two subspecies, indica and

Japonica. Sequence comparison and phylogenetic analysis

indicated that there are 25 distinct OSK genes in rice,
including 11 identical between the two subspecies, seven
similar, and seven unique to one or the other (fig. 1 in
Supplementary Material online). Partial sequences were
also detected in the genome of several animal and plant
species, and a detailed analysis on these sequences will be
published elsewhere.

Sequence alignments of the Skpl homologs indicated
that although some parts of the amino acid sequence are
quite divergent, other regions are highly conserved (fig. 2
in Supplementary Material online). The conserved regions
correspond to the three B-strands (S1 to S3) and eight a-
helices (H1 to HS8) in the structure of the human Skpl in
co-crystals with other SCF subunits (Schulman et al. 2000;
Zheng et al. 2002). Many residues that were proposed to
be important for interaction with Cullin and F-box
proteins, such as the Asn 49, Leu 100, Ile 104, Leu 105,
Asn 108, Tyr 109, Leu 116, Cys 120, Val 123, Ile 127, and
Phe 139 of the human Skpl, are conserved in many of the
Skpl homologs from all major groups, suggesting that
they may have similar structure and function to the human
Skpl.

When multiple Skpl homologs exist in a species,
only one or few seem to be structurally more conserved
than others. In C. elegans, for example, Skr-1 is 70%
identical to the human Skp1 and contains all the conserved
regions and residues, whereas other Skr proteins are less
than 60% identical to the human Skpl and occasionally
lack some structurally conserved regions and residues. The
Leu 105 of human Skp1 has been replaced by Val in Skr-7,
Skr-8, Skr-9, Skr-10, and Skr-11; by Asn in Skr-15,
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Skr-16, and Skr-20; and by Thr, Lys, Arg, and Glu in Skr-
17, Skr-18, Skr-19, and Skr-21, respectively (table 1; fig. 2
in Supplementary Material online). Similarly, SkpA, Ask1/
2, and Oskl of D. melanogaster, A. thaliana, and rice,
respectively, seem to be more conserved than any other
Skpl homologs of these species.

Phylogenetic Analyses

In the NJ tree estimated for the whole data set, four
major groups were observed, although detailed relation-
ships among and within these groups are not very well
supported (fig. 3 in Supplementary Material online).
Taxonomically, these four groups correspond to protists
(Mycetozoa), fungi (Fungi), animals (Metazoa), and plants
(Viridiplantae) (Baldauf et al. 2000).

Within the plant clade, Ask1 and Ask2 were clustered
into a weakly supported group together with 26 short-
branched Skpl homologs from 15 other eudicot species,
and Oskl formed a fairly resolved group together with
seven short-branched Skpl homologs from five other
monocot species; the remaining Ask and Osk proteins,
however, have longer branches and formed several
lineage-specific clusters. The gymnosperm, fern, bryo-
phyte, and algal Skpl homologs were unexpectedly
scattered throughout the short-branch eudicot clade.
Similarly perplexing patterns were found in the animal
clade: short-branched Skr-1 and SkpA were clustered into
separate arthropod and nematode groups, and long-
branched Skpl homologs from these two species tended
to form species-specific clusters. The NJ trees estimated
under the gamma correction model (¢ = 1.0) or with
“‘complete deletion” option were not significantly differ-
ent from the tree in fig. 3 in Supplementary Material online
(data not shown).

In the most parsimonious trees, the monophyly of
protist, fungal, and plant clades was also supported,
whereas the animal Skpl proteins were resolved as
a paraphyletic group (fig. 4 in Supplementary Material
online). However, we could not reject the monophyly of
the animal group, because MP trees with animal Skpl
homologs constrained as monophyletic were only one step
longer than the most-parsimonious trees (fig. 5 in
Supplementary Material online). As in the NJ tree, short-
branched members from closely related species usually
clustered together, whereas long-branched members
tended to form one or several lineage-specific groups.
This pattern was also found in the ML trees estimated with
and without a correction for variation in rates across sites
(fig. 6 in Supplementary Material online).

Rate Heterogeneity and Long-Branch Attraction

All of our NJ, MP, and ML trees indicated a mixture
of short and long branches within each major group,
suggesting that members of the SKPJ/ gene family may
have evolved at quite different rates, and that long-branch
attraction may have contributed to the uncertainty and
disagreement among phylogenetic analyses. The possibil-
ity of a constant substitution rate across the phylogeny was
soundly rejected in the likelihood ratio test (A = 7868.88;

P < 0.001). Moreover, the results of our parametric
bootstrap analyses indicated that the observed rate
heterogeneity was extreme enough to cause long-branch
attraction. Simulations were performed assuming mono-
phyletic clades of angiosperm, arthropod, and nematode
Skpl homologs (as suggested in the ML results), but these
clades were only recovered for 6%, 11%, and 31% of our
replicates in the NJ analysis, respectively. MP and ML
analyses of the simulated data gave similar results: MP
recovered angiosperm, arthropod, and nematode clades in
12%, 11%, and 27% of the analyses, whereas ML
recovered these clades in 11%, 28%, and 35% of the
analyses. Inspection of sample trees indicated that un-
related long branches were commonly grouped together in
the incorrect trees, indicating clearly that long-branch
attraction had overridden phylogenetic signal.

The two-cluster test applied in LINTREE showed that
the paired clades above almost all the major interior nodes
as well as some smaller nodes evolved at significantly
heterogeneous rates (fig. 1). The branch-length test further
indicated that 65 of 150 sequences (43.3%) evolved
significantly slower than average, and that 32 of 150
sequences (21.3%) evolved significantly faster than
average. Skpl homologs sampled from the same animal
or plant species usually evolved at quite different rates. In
C. elegans, D. melanogaster, A. thaliana, and rice, Skr-1,
Dm.SkpA, Askl, Ask2, Ask4, and Oskl evolved signif-
icantly slower than others, whereas Skr-6 to Skr-21,
Dm.CG15800, and Osk2, Osk3, Osk7, Osk10, Oskll,
Osk13, Oskl14, Oskl7 to Osk22, and Osk24 evolved
significantly faster than others. The Skpl homologs from
fungal species, however, all evolved at moderate rates.

Given that 97 (or 70.3%) of the 138 Skpl homologs
from animals and plants were found to evolve at
significantly faster or slower than average rates, and this
variation was shown to be driving long-branch attraction,
we partitioned the original data set into three subsets based
on the results of the branch-length test. The first data set
(S-BRANCH) included 65 genes that have significantly
shorter than average root-to-top distances. The second
(M-BRANCH) and the third (L-BRANCH) data sets,
contained 53 moderately evolving Skpl homologs and 32
genes with significantly longer than average root-to-tip
distances, respectively. The two protist Skpl genes from
Dictyostelium discoideum and Physarum polycephalum
were included as outgroup sequences in all three data sets.
Amino acid positions corresponding to human Skpl
residues proposed to be important for interaction with
Cullin and F-box proteins were found to be highly
conserved in the S-BRANCH genes (fig. 2 and table 1).
Members of M-BRANCH and L-BRANCH data sets,
however, exhibited greater amino acid variation and
reduced frequencies for the most common residues, and
functionally different amino acids were often observed at
the key positions as compared with the human Skpl.

Our analyses of three partitions led to better-resolved
trees relative to the global phylogenies (fig. 3). In the NJ
tree of the S-BRANCH data set, a plant lineage and an
animal lineage are evident, and the bootstrap values for
them are 100% and 88%, respectively (fig. 3A). Within the
plant lineage, three Skpl homologs from nonangiosperm



plants were resolved as a poorly supported (56%) cluster,
whereas the remaining angiosperm genes formed a well-
supported (93%) cluster, in which a eudicot group and
a monocot group were also observed. Within the animal
lineage, four sequences from nematodes formed a basal
clade, followed by clades for echinoderms, arthropods,
platyhelminthes, and vertebrates. In the NJ tree of the M-
BRANCH data sets, three major lineages, corresponding to
fungi, animals, and plants, respectively, were recognizable,
and the fungal lineage possessed a closer affinity to
animals than to plants (fig. 3B). Within the animal lineage,
four and five moderately evolving Skpl homologs from C.
elegans and D. melanogaster formed a nematode and an
arthropod clade, respectively. Within the plant lineage,
a weakly supported angiosperm clade was recovered. The
L-BRANCH data set contained all the significantly rapidly
evolving members from animals and plants, and our
analysis also obtained two major lineages, one for each of
them (fig. 3C). The well-supported clades observed in all
of the NJ trees were also found in the MP and ML
phylogenies and bootstrap support values for all three
analyses are shown in figure 3.

Because of rate heterogeneity and long-branch attrac-
tion, it has been very difficult to reconstruct the phylogeny of
the Arabidopsis ASK genes using conventional NJ and MP
methods. However, ML analyses based on protein and DNA
matrixes resulted in very similar topologies (also similar to
the NJ tree based on gamma distance). Since the topology of
the bootstrap consensus trees for the nucleotide-based and
amino acid-based analyses were identical (fig. 4), we used
this topology as the constraint tree for the codeml analysis of
changes in dy/d;. First we tested whether branches leading
to Askl, Ask2, and Ask4 indicated a significantly different
level of constraint (dy/ds) than branches leading to all other
Ask protiens. We rejected the null hypothesis of a single rate
ratio for all Ask proteins in favor of the two rate ratio model
(A =147.75; P < 0.001). In a follow-up analysis, separate
rate ratios were estimated for each branch on the Ask
phylogeny. Inspection of these rate ratios confirmed the
inference from the two-rate ratio test: Ask1, Ask2, and Ask4
have evolved under strong purifying selection, whereas
evolution of the remaining Ask genes has been less

—

Fic. 1.—Highly heterogeneous rates of evolution of Skpl homologs
as indicated in the two-cluster test and branch-length tests of LINTREE.
The two-cluster test showed that the paired clades above almost all the
major interior nodes as well as some smaller nodes evolved at
significantly heterogeneous rates. The branch-length test further indicated
that 65 sequences evolved significantly slower than the average and that
32 sequences evolved significantly faster than the average. CP values for
the two-cluster test higher than 70% are shown at the interior nodes
concerned, and CP values for the branch-length test are shown in the
parenthesis after each sequence name; ““99%*” means the significance
level is 1%, and ““95*’* means the significance level is 5%. Plus (+) and
minus (—) symbols indicated the sequences that evolved significantly
faster and slower than the average, respectively, and “‘#” symbols
indicate the sequences that have been detected in EST databases. The
taxonomic categories for these organisms were abbreviated as follows:
PRO = protists; FUN = fungi; NEM = nematodes; ART = arthropods;
PLA = platyhelminthes; ECH = echinoderms; VER = vertebrates; ALG =
green algae; MOS = mosses; FER = ferns; GYN = gymnosperms; EUD =
eudicots; and MON = monocots.
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FiG. 2.—Comparison of S-BRANCH, M-BRANCH, and L-BRANCH data sets at the amino acid sequence level. For each data set, frequency of
the most common amino acids at each position along the sequence was calculated. Information from two protists, Dictyostelium discoideum and
Physarum polycephalum, was not included in the calculation. Only the relatively conserved regions used in phylogenetic analyses are shown, and six
numbers along the X-axis indicate the N-terminal and C-terminal of the corresponding regions. The 12 residues that were proposed to be structurally
important in interaction with Cullin and F-box proteins are marked in italic and regular font, respectively.

constrained. This inference is also supported by patterns of
amino acid change at “‘key’’ positions of these ASK genes
(fig. 4B). Structurally, Ask1 and Ask2 have the same amino
acids as the human Skpl at all the key positions that were
proposed to be important for interaction with Cullin and F-
box proteins, and Ask4 has only one change at Ile 127 (from
Ito M) (fig. 4B). The remaining Ask proteins exhibit greater
amino acid variations and have reduced frequencies for the
most common residues, sometimes with functionally
different amino acids at the key positions (fig. 4B).

Expression Patterns

Because multiple Skpl homologs from the same
animal and/or plant species tend to evolve at quite
heterogeneous rates, it is reasonable to expect that they
exhibit different expression patterns and/or gene functions.
Some paralogs may play the same fundamental role(s) as
the single Skp1 protein in protists, fungi, and vertebrates,
whereas others may have lost their original function(s)
and/or acquired new function(s). To further understand the
evolutionary fates of the Skpl homologs, we first searched
in the GenBank EST database for the expression in-
formation on the Skpl homologs analyzed in the present
study, then we investigated and compared the expression
pattern of the 19 ASK genes from A. thaliana. Both studies
indicated that, in some animal and plant species, when
multiple Skpl homologs exist, the rate heterogeneity of
evolution was usually accompanied by the differentiation
of expression pattern or gene function.

Our search of the GenBank EST database identified
numerous ESTs that match exactly to one of 83 SKPI
homologs. As shown in figure 1, 63 (96.9%) of the 65
significantly slowly evolving members have EST(s),
whereas 89 (93.7%) of the 95 moderately and rapidly
evolving members from animal and plant species do not.
Nevertheless, the finding of one EST for a rapidly evolving
SKPI homolog in the nematode species Ascaris suum
suggested that some moderately and rapidly evolving
members are still transcribed or even functional, but they
are generally not expressed widely or at high levels.

In addition, our RT-PCR studies indicated that 19
ASK genes have distinct expression patterns (fig. 4A).
ASK1 and ASK?2 are expressed in all tissues tested and at
relatively high levels. ASK4, ASK11, ASKI2, and ASKI8
are also expressed widely but at lower levels. The
expression of most other ASK genes can be detected in
one or a few different tissues, but their patterns and/or
levels are quite diverse. The expression of ASK7, ASKS,
ASKI10, ASKI16, and ASKI7 is mainly in the silique,
whereas that of ASKS5 is in the inflorescence. ASK3
and ASK14 are expressed in both inflorescence and silique,
but ASK3 has a higher expression level in silique, whereas
ASKI4 has a higher level in inflorescence. ASK9 and
ASK13 are similarly expressed in stem, inflorescence, and
silique, although ASKI3 is also expressed in leaf. For
ASKI11,ASKI2, and, ASK15, the first run of PCR detected
very weak band(s) or nothing, although clear signals
were finally observed when nested primers were utilized.
No detectable RT-PCR product was found for ASKG6,
the shortest ASK gene that lacks the last two of eight o-
helices (H7 and H8) (fig. 2 in Supplementary Material
online), suggesting that it is expressed at very low levels if
at all.

Discussion
Highly Heterogeneous Rate of Evolution

We have shown that members of the SKP/ gene
family, especially multiple SKP/ homologs from the same
animal or plant species, have evolved at highly heteroge-
neous rates. Such wide ranges of rate heterogeneity were
evident in the global NJ, MP, and ML analyses (figs. 3—6 in
Supplementary Material online) and verified by LINTREE
tests (fig. 1). The two-cluster test indicated that significant
rate heterogeneity exists at almost all the major interior
nodes, and the branch-length test suggested that 97 (70.3%)
of the 138 Skpl homologs from animals and plants have
evolved significantly slower or faster than average.

The high heterogeneity in rate of evolution con-
founded efforts to reconstruct the phylogenetic relation-
ships among all identified members of the SKP/ gene
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family. In particular, long-branch attraction has contrib- g
uted to the uncertainty in phylogenies and disagreement a S S .
among phylogenetic analyses. The NJ, MP, and ML 2 = S| S k-
analyses based on all of the Skpl homologs yielded quite el alalalalalale = 3
different phylogenetic trees and, given the effects of long- < £ » § =
branch attraction, it is very unlikely that any of them - é s g £ g
reflects the true history of the SKPI gene family. SKPI a = z 2 2 E
homologs on long branches tended to cluster together 0 (U — N § S—= § g
within plant and animal clades, and parametric bootstrap E R
analyses further demonstrated that the observed variation q < < 3 §
in branch lengths significantly reduced the ability to = % = % § S s
reconstruct relationships specified in the simulated phy- ddiddddddddads § &
logenies. When members with similar evolutionary rates 8 ~ S £
were analyzed separately, more highly supported ML, MP, S < < § §
and NJ phylogenetic trees were produced, and there was - E > $ ; 5 =
little conflict among the ML, MP, and NJ phylogenies. —=|dv|lvvvouvovuowo § =
Data partitioning has reduced the effects of long-branch % © @ < £ g
attraction. = i é = ¥ = % g
ElEo|aanSadansas| § 3
5 = 3
= = £ 3
Phylogenetic Relationships of the Skpl Homologs é’ E x § g
©~ 3
Phylogenetic analyses of three smaller data sets E S S a S g §
confirmed that the protist, fungal, animal, and Plant Skpl 3 5>_' o g\: o gw o :*\_ o g S ‘2
homologs each form separate monophyletic groups, = s “g
suggesting that four major groups indicated in the global E- w % 5 5
analyses may indeed reflect the evolutionary history of the S = < ;f 2
SKPI gene family at very basal levels. If so, then the R E S 5 < %
ancestors of eukaryotes as well as of the protist, fungal, i g g M g a E >
animal, and plant lineages each shared as few as one SKP! gl|==|rrrrrrrnzzz S =
gene. The protist, fungal, and vertebrate species included 2 B =) 3 f
in this paper consistently have one copy of the SKP/ gene, & & < <E E
suggesting that the size of the gene family did not increase G| 0 S ¥ : P
in these groups. The conservation of a single SKP/ gene g S E § § E g
through long periods of evolutionary history suggests that Ol 8ol dadaadan s =
either (1) these lineages did not experience gene b e £ 3
duplications, or (2) all but one SKP/ homologs have been HE < k& s & § IS
lost in vertebrates, fungi, and the sampled protists. The . 2z 2 4 4 s 3
phylogenetic position of distinct SKP/ homologs sampled = = ¢ =
from many animal and plant species, however, clearly g = = z 5
indicates that gene duplication occurred frequently and TS > E % = E 5 §
independently during the evolutionary history of these two :::- B | o e R R B R _ 5 s
lineages (fig. 3). Despite that, it is not yet clear whether the ©ls 5z §
striking contrast between the few-gene and many-gene %’J = - 2 > ~ § $
lineages is caused mainly by differences in gene birth El SR mrrmadaadanr B £
rates, by gene death rates, or by both. f x| 8% 2
In NJ, MP, and ML analyses of partition data sets, 2 = |z &
distinct nematode and arthropod clades are strongly ;5:0 2 S % % s é S 2
supported (fig. 34 and B), suggesting that multiple Skpl 2|z ¥ 9 g 9|35 &8
homologs within these two lineages shared a single B #|zrrrrrzzzzz s £ 5 “; §
common ancestor and that gene duplication in these two E e w Sw w § 55 ‘; e
lineages occurred separately. Similarly, it is very possible = T2E2 Z223|5:2S5
that the angiosperm Skpl homologs shared a single 2 #0#S <6896 S54% g
common ancestor. s . & SE5%3
Within the angiosperm lineage, Skpl homologs from 2 S S s R 3
eudicots and monocots formed two separate clades in S- 3 < § o, § g3 £ 52
BRANCH analysis (fig. 3A) but not in M-BRANCH < £ 28 . ?D;,, P
analysis (fig. 3B), suggesting that the evolutionary history & % 3 @ gz 2 ~§ 53 § =
of angiosperm Skpl homologs is still not clear. However, = gleg |23 T 2§ 3 IR
because the main relationships in figure 3B were not % g % RS § 5% § Tt e
strongly supported by NJ, MP, or ML analysis, our results =<l [£28 & 3= o §
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cannot reject the hypothesis that the eudicot and monocot
Skpl homologs will each form a single clade. Neverthe-

less, a cluster of short-branc

hed Skpl homologs from such

distantly related groups as the Caryophyllales (Mesembry-

anthemum), Rosales (Rosa
sypium), Fabales

(Glycine,

and Malus), Malvales (Gos-
Lotus, and Medicago),

Solanales (Solanum, Lycopersicon, and Nicotiana), Lam-

iales (Antirrhinum), and

Asterales (Stevia) (fig. 3A),

suggests a possible rapid diversification of Skpl genes at
the time or shortly after the origin of eudicots.

Functional and Evolutionary Implications

The most important known function of Skpl and its
closest homologs is its role in the SCF ubiquitin ligases; the
Skpl protein serves as an adaptor between Cullin and an F-
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pattern, and amino acid changes at the key positions of ASK genes.

box protein, allowing the enzyme to interact with its
substrate(s) (Jackson and Eldridge 2002; Zheng et al.
2002). Previous studies indicated that the number of the F-
box proteins is usually larger than that of Skpl homologs
(Kipreos and Pagano 2000; Gagne et al. 2002; Ilyin et al.
2002). In yeasts, at least three of the 14 F-box proteins have
been found to function in the SCF complexes, whereas in
human, four of the 38 F-box proteins have been found to
interact with the Skp1 protein (Kipreos and Pagano 2000).
Furthermore, 24 and 337 F-box genes have been identified
in D. melanogaster and C. elegans genome, respectively
(Kipreos and Pagano 2000). In Arabidopsis, although there
are only 19 SKPI homologs, about 700 F-box genes have

been predicted; furthermore, several Arabidopsis F-box
proteins have been shown to interact with the Ask1 protein
(Gray et al. 1999; Samach et al. 1999; Zhao et al. 1999;
Zhao et al. 2001; Gagne et al. 2002; Xu et al. 2002).
Therefore, in fungi, animals, and plants, one Skpl protein
can interact with several different F-box proteins. More
recent studies also indicate that different Skpl homologs
from the same species sometimes can interact with the
same F-box protein (Gagne et al. 2002).

As mentioned above, previous studies on the crystal
structure of a human SCF complex suggested that some of
the Skpl residues are important for interaction with the
Cullin and F-box proteins (Schulman et al. 2000; Zheng
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et al. 2002). From figure 2 and from figure 2 in
Supplementary Material online, it is evident that these
conserved residues are also present in the majority of the
Skpl homologs from protists, fungi, animals, and plants.
The single Skpl homologs from protists, fungi, and other
vertebrates usually have the same critical residues as in the
human Skpl. In C. elegans, D. melanogaster, and many
plant species, when multiple Skpl homologs exist, only
the slowly evolving members have the same residues
as or functionally very similar ones to those in the human
Skpl. Our EST mining investigations and RT-PCR
studies further indicated that these slowly evolving genes
are usually expressed widely and/or at high levels (figs. 1
and 4), suggesting that they may be maintaining the
most fundamental function(s) to interact with Cullin and
F-box proteins.

In contrast, the rapidly evolving Skpl homologs
usually do not have EST information, suggesting that they
are expressed at low levels, in specific tissues, or under
specific conditions. Structurally, many of them differ from
the human and fungal Skpl at key positions. Some
residues have been replaced by functionally similar amino
acids, whereas others have been replaced by amino acids
of quite different biochemical properties. Some of the
moderately or rapidly evolving Skpl homologs may have
already lost the ability to interact with any Cullin and/or
F-box protein and/or acquired new functions. The
aforementioned Leu 105 of the human Skpl1, for example,
has been replaced by Met in A. thaliana AskS, Ask6, and
Ask10, by Asn in Ask7 and Ask8, and by Arg, Asp, and
Lys in Ask3, Ask9, and Askl17, respectively (fig. 2; fig. 2
in Supplementary Material online). Our RT-PCR studies
also indicated that the majority of ASK genes are expressed
at low levels and/or in more specific fashion (fig. 4). The
fact that ASK6 was not detected through RT-PCR experi-
ments further suggests that some of the moderately or
rapidly evolving genes may have become pseudogenes.

The ASK/ and ASK2 genes seem to be the most
important SKPI homologs in A. thaliana. Both of them are
expressed widely and at high levels, and previous studies
indicated that they may have overlapping functions.
Genetic analysis indicates that ASK/ is involved in
regulating both vegetative and flower development and is
essential for male meiosis (Yang et al. 1999; Zhao et al.
1999). In addition, ASKI affects responses to plant
hormones auxin and jasmonic acid (Gray et al. 1999; Xu
et al. 2002). The fact that the ask/ null mutant has only
mild defects in most of these developmental and
physiological functions supports the hypothesis that
ASKI and ASK2 might be functionally redundant.
Furthermore, Askl and Ask2 proteins have been shown
to interact with the same proteins regulating flower de-
velopment or hormonal signaling pathways (Gray et al.
1999; Samach et al. 1999; Xu et al. 2002), supporting
the idea that they have similar functions. Based on the
similarities in sequence, expression, and function, one may
postulate that these two genes have a close relationship
and/or may be a result of recent gene duplication.
However, our phylogenetic analyses suggested that this
is not the case (fig. 34). The divergence of ASKI, ASK2,
and ASK4 occurred near the time of the eudicot radiation

more than 125 MYA (Wikstrom, Savolainen, and Chase
2001). The very low dy/ds values for ASKI, ASK2, and
ASK4, further indicate that these genes have critical
functions and have been evolving under strong purifying
selection over a minimum of 125 Myr. The maintenance of
three highly conserved genes over such a long period
suggests that these are not completely redundant, even
though they still may share many common functions. The
possibility of subfunctionalization (Lynch and Force 2000;
Zhang 2003) is supported by the fact that the ask/ null
mutant is essential for male meiosis, a function that ASK2
cannot fulfill. Even when the expression of the ASK2 gene
is elevated using another promoter, it could not fully
rescue the askl mutant defect in meiosis (Zhao et al.
2003). However, whether ASK2 also has unique func-
tion(s) remains to be determined. Very little is known
about the function of ASK4.

Figure 3 shows that sometimes the moderately or
rapidly evolving Skpl homologs from the same species or
lineage can form one or several strongly supported clades,
suggesting that some paralogs are the products of recent
gene duplications. As indicated in other studies, duplica-
tions of individual genes, chromosomal segments, or entire
genomes occurred so frequently in eukaryotic organisms
that they have provided a primary source of material for
the origin of evolutionary novelties (Wolfe and Shields
1997; The Arabidopsis Genome Initiative 2000; Knight
2002). In the SKPI gene family, recent gene duplications
seem to have made great contributions to the increase of
the gene numbers. In A. thaliana, for example, the
tandemly arranged ASKS8, ASK7, ASK9, and ASK10 genes
share amino acid sequence identities at levels higher than
80%, and all of them are expressed in the silique, although
ASK9 is also expressed elsewhere (fig. 4). Phylogeneti-
cally, these genes form a single clade, with bootstrap
values higher than 90%. Therefore, ASK7, ASKS8, ASK9,
and ASK/0 may have originated from a single ancestral
gene by recent gene duplications. Other groups of closely
related genes that might be the result of recent duplications
include ASK11/ASKI2 of A. thaliana, SKR-8/SKR-9, and
SKR-12/SKR-13 of C. elegans, and OSK19/0SK22/0OSK23
of rice, as supported by chromosome locations, sequence
comparison, and phylogenetic analyses.

Conclusions and Perspectives

Our studies indicated that, in the animal and plant
lineages, the multiple SKP! homologs from a single
species have evolved at highly heterogeneous rates. The
slowly evolving members are relatively conserved in
sequence and expressed widely and/or at high levels,
suggesting that they serve the most fundamental func-
tion(s), whereas the rapidly evolving members are
structurally more diverse and usually expressed at low
levels, in specific tissues, or possibly under specific
conditions, suggesting that they may have lost the original
function(s) and/or acquired new function(s). However,
because of rate heterogeneity in evolution and long-branch
attraction, it may not be possible to recover an accurate
global phylogeny of the SKP/ gene family. Variation in
evolutionary constraint after gene duplications is likely



common, and rate heterogeneity among duplicate genes
may confound phylogenetic analysis of many gene
families. Our partition of the original data set according
to evolutionary rates successfully addressed the problems
in phylogenetic analysis and provided valuable informa-
tion about the evolution of the SKPI gene family.

Our phylogenetic and dy/ds analyses suggested that
the some Arabidopsis ASK genes (such as ASKI, ASK2,
and ASK4) have evolved under strong purifying selection,
whereas others are under weak purifying, neutral, or
positive selection. As predicted (Lynch and Force 2000),
closely related genes resulting from recent gene duplica-
tions usually have quite different dy/ds values, suggesting
that they have evolved under different pressure and thus
may have different function(s). Our results provide
a phylogenetic context for additional functional studies
to examine the existence of subfunctionalization and/or
neofunctionalization during the evolution of SKP/ genes.
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