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Abstract

The rapidly evolving subsets of a protein are often evident in multiple sequence alignments as poorly
defined, gap-containing regions. We investigated the 3D context of these regions observed in 28 protein
structures containing a GTP-binding domain assumed to be homologous to the transforming factor p21-
RAS. The phylogenetic depth of this data set is such that it is possible to observe lineages sharing a common
protein core that diverged early in the eukaryotic cell history. The sequence variability among these homolog
proteins is directly linked to the structural variability of surface loops. We demonstrate that these regions
are self-contained and thus mostly free of the evolutionary constraints imposed by the conserved core of the
domain. These intraloop interactions have the property to create stem-like structures. Interestingly, these
stem-like structures can be observed in loops of varying size, up to the size of small protein domains. We
propose a model under which the diversity of protein topologies observed in these loops can be the product
of a stochastic sampling of sequence and conformational space in a near-neutral fashion, while the proximity
of the functional features of the domain core allows novel beneficial traits to be fixed. Our comparative
observations, limited here to the proteins containing the RAS-like GTP-binding domain, suggest that a
stochastic process of insertion/deletion analogous to “budding” of loops is a likely mechanism of structural
innovation. Such a framework could be experimentally exploited to investigate the folding of increasingly
complex model inserts.
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The presence of variable length gaps in multiple sequence
alignments indicates that the 3D spatial constraints on the
“backbone” (C�) trajectory are more relaxed in some re-
gions of proteins than in others. Evolutionarily constrained
elements define the set of shared structural characteristics of
a data set that are homologous (Grishin 2001). However,
homology on the basis of structure in gap-containing re-
gions of alignments cannot be assumed a priori. Variable

length regions in alignments that are bounded on either side
by conserved polypeptide stretches typically correspond to
surface loops in proteins (Lesk 2001). More generally, for
the purpose of this discussion, the term “loop” will refer to
any polypeptide segment (1) whose extremities are proxi-
mal and (2) whose content display a lineage specific struc-
tural variability. These surface residues are, on average,
involved in fewer intramolecular side-chain interactions
than their buried counterparts. The resulting lowered con-
straint on side-chain identity makes surface loop sites can-
didates for rapid evolution. Here, we present a comparative
study of insertion and deletion events in a specific GTP
binding domain family. These observations are then consid-
ered with respect to the problem of the emergence of novel
protein architectures.
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The generation of radically novel protein folds during
evolution is often seen to be problematic. In this text, the
term “fold” will refer to the backbone trajectory of a do-
main. It is unclear how a protein with one fold could evolve
into a different fold without going through unstable and
nonfunctional intermediates that would be subject to puri-
fying selection (Blanco et al. 1999). The fitness of a protein
is a quantitative concept that describes the relevance of a
protein to its host organism. Fitness thus depends on a col-
lection of criteria such as biological activity, stability, and
rapid folding (Govindarajan and Goldstein 1997). Biologi-
cally fit proteins must efficiently fold to their native con-
formation and thus minimize the time spent traversing con-
formational space (Ortiz and Skolnick 2000). Simulation
studies point to the critical role of early forming near-native
topologies to direct the main chain folding along the proper
folding path (Dinner et al. 1996, 1999a). Selection, there-
fore, not only applies to the equilibrium structure but also to
the sites involved in the kinetics of folding.

Considering the number of constraints involved in the
folding of a protein domain, a drift in sequence space
of a gene is unlikely to produce a useful gene product: This
process would have to rely on the neutral evolution of
pseudogenes for extended periods while remaining free of
nonsense mutations. This is an improbable scenario at best
(Blanco et al. 1999). Likewise, other processes can lead
to novel protein architecture, such as: (1) circular permuta-
tion, (2) invasion/withdrawal of �-strands have been re-
ported (Grishin 2001) or (3) in ambiguously folding regions
that can be used as a pivot for the spontaneous generation of
new folds. However, the sequential and successful repeti-
tion of these events to generate novel protein architectures
seems to be unlikely. Although such events clearly have
occurred as isolated cases, it is unclear whether such se-
quences of improbable events have occurred with sufficient
frequency to account for the diversity of known folds in
proteins.

It is unwise to reject an explanation solely on the basis
of its apparent unlikeliness. Such arguments have been
made to discount the possibility of the evolutionary origin
of complex biological structures such as the vertebrate
eye; yet, most rational biologists accept that it must have
happened. Specifically, in this case, there is no way to
determine the frequency of unsuccessful trial protein fold
because selection rapidly culls these from view. Thus, in
principle, the limited diversity (∼ 4000 in the PDB database
on May 20, 2003) of distinct protein folds possibly could
be explained by a combination of spontaneous sequence
changes and larger recombination/permutation events
yielding into a structural drift from an initial to a final
fold. Although a probabilistic argument on its own is insuf-
ficient to invalidate this model, further improvements to
our understanding of the mechanism of emergence of
new protein folds can be made if an alternative and intu-

itively more probable hypothesis could be validated by
observations.

We propose that rapid evolutionary change in loops has
the potential to generate novel architectures by exploring
the conformational space independently from the core pro-
tein to which they are attached. If few contacts exist be-
tween a loop and the protein’s core, these loop sites can
evolve independently while “hitchhiking” on the expression
of their “host” protein. The mechanism of protein fold evo-
lution proposed herein does not assume improbable struc-
tural rearrangements within the constrained sites of a pro-
tein. Rather, it holds that sites in sequences can be inserted/
deleted/substituted in a stepwise fashion while merely
playing a peripheral role to biological function. This ap-
pears to be the case in the highly variable regions of the
conserved GTP binding domain.

Results and Discussion

Definition of the GTP binding domain core

Figure 1 shows a structural consensus for a variety of GTP
binding domains depicted on the structure of Ypt51
(1EKO). The backbone is color-coded on a continuous scale
using the frequency (28 aligned structures) of each site to
have a structural homolog in the other structures; from blue
(always present) to red (present only in the reference struc-
ture) through green (intermediate values). The structurally

Figure 1. Variable loops in the GTP/GDP binding domain. The frequency
of occurrence of a homologous structure to the protein Ypt51 (1EKO) is
color-mapped from red (no homologous substructure found) to blue (con-
served structural features) through green for the intermediate values. The N
and C termini are labeled for reference.

Loop regions in a conserved GTP binding domain
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conserved core of this domain excludes several surface
loops and is made of a �-sheet with winding helices. The
ancestral gene containing this domain possibly preceded the
origin of most of the cell signaling and contemporary trans-
lational machinery in which these GTPases are typically
found. This GTPase ancestral domain then: (1) duplicated
and diverged to form paralogs, (2) was directly inherited in
multiple lineages from a multipurpose ancestral GTPase, or
(3) was incorporated by recombination into other genes.

The composition of the sites that are part of the core
domain is similar to those of whole proteins. There is no
significant amino acid bias for buried sites in the conversed
core versus the whole structure. The structurally conserved
core region includes a mixture of amphipathic, polar, and
hydrophobic elements similar to the full-size proteins (data
not shown). Maximum likelihood phylogenetic analysis of a
structure-based multiple alignment (146 positions including
gaps) yielded an unresolved maximum likelihood tree
(Tree-Puzzle 5.0, JTT+8� rate categories, � � 0.99). The
ancient phylogenetic signal relating these proteins has ap-
parently been eroded by saturating multiple substitutions.

Insertion/deletion hot spots

The structure of Ypt51 (1EKO) was used as the template
protein because it has a minimal number of nonconsensus
regions, which results in a streamlined GTP binding do-
main. A minimal GTP-binding domain is not necessarily a
better representative of the hypothetical ancestor domain,
but is nonetheless a representative template model for struc-
tural comparisons.

In this data set, the regions between secondary structure
elements are common sites of insertion, deletion, or main
chain perturbation leading to their lack of structural simi-
larity among lineages. However, indels occur preferentially
at positions 1�, 2�, and 5� (refer to Fig. 2 for the nomencla-
ture of loops). The preference for indels in these regions
may be due in part to the proximity of these regions to
functionally important features of the core domain. For in-
stance, the 1� loop region acts as a molecular switch for a
conformation change and contains the p-loop responsible
for the binding of the �-phosphate of GTP (Sprang 1997).
There is evidence that the 5� loop plays a role in dimer
interactions (such as bovine Gs-�; Sunahara et al. 1997).
Another common source of length variability comes from
the extension of �-hairpins at position 2� or formation of
new �-hairpins that have joined the main �-sheet. Examples
of this latter case can be found in EF1� (6� loop), and
EF–Tu(1� loop; see Supplemental Material).

As previously shown using the mapping of amino acid
substitution rates at sites estimated by maximum likelihood
(Blouin et al. 2003), the evolutionary constraints imposed
on a site are mostly dictated by the flexibility of the site’s
interacting partners to adapt to change. Sites that are em-

bedded in the protein matrix (Dean et al. 2002), involved in
catalysis or allosteric binding (Pupko et al. 2002), must
coevolve with a subset of interacting partners. The con-
straints due to intramolecular interactions exist to a lesser
extent to the side chains extending outside the protein ma-
trix. Furthermore, there are no intrinsic constraints on length
and backbone trajectory of peptides in loops between the
fixed extremities. These relaxed constraints make loops
“hot spots” for rapid evolution.

Dynamics of insertion/deletion

Comparison of closely related orthologous structures often
reveal small insertions or deletions of one or two sites. More
distantly related sequences will tend to have more variabil-
ity in insert length. This observation indicates that there is a
relationship between the length of loop regions and the evo-
lutionary distance between two proteins (Benner et al.
1993). Here, evolutionary distance refers to the total num-
bers of changes (substitutions per site) between two se-
quences in alignable regions, a quantity that is thus a func-
tion of both evolutionary time and the mean rate of evolu-
tion. The relationship between variation in insert size and
evolutionary distance leads to two possibilities. First, inser-
tion and deletion of large segments of sequence may be rare
events, and will only be observed if there is a long elapsed
time since the last common ancestor of two sequences. A
second possibility (yet not mutually exclusive to the first) is
that variable loop regions grow or shrink incrementally by
stepwise insertion/deletion.

Figure 2. Nomenclature of �-strands and loops in the GTP-binding do-
main. The �-strands are labeled by their sequential order, and each loop is
named after its preceding �-strand. Some �-Helices are not displayed for
clarity.

Blouin et al.
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However, quantitative correlation between average vari-
able loop length and evolutionary distance is not clear. In
multiple sequence and structural alignments, the length of
some insertions is often constant, and could in some cases
parsimoniously be traced to a single, en bloc insertion or
deletion. This would be consistent with the first possibility
described above. However, other regions of alignments are
highly variable in length (Fig. 3), arguing against a unique
mechanism of insertions/deletions in proteins.

The variability in length of loop regions was studied in
more detail using a subset of sequences. This subset is the
seed alignment of the Pfam family ras (Bateman et al.
2002). The phylogeny inference using only the sites for

which homology could be unambiguously assigned was
used to build a tree. The maximum likelihood tree recovered
by quartet puzzling (Strimmer and von Haeseler 1996)
has an unresolved backbone that nonetheless clearly iden-
tifies major clusters of sequences (Fig. 3). The length of
the 5� loop can either be completely fixed or variable, de-
pending on which cluster of sequences is under consider-
ation. Clusters A, B, and D are variable in length, while
cluster C shows a limited variability where the polypeptides
can have only one of two discrete lengths. The other se-
quences whose positions in the phylogeny could not be
clearly resolved display a range of insert lengths at this
position that is consistent with the hypothesis that loop re-

Figure 3. Aligned sites bounding the 5� loop region in the Pfam alignment ras. The tree to the left of the sequence alignment was
generated from a gap-free edited alignment using maximum likelihood. Although the overall tree is not well resolved, several clusters
of sequences (denoted by letters A–E) display variable patterns in the length of this loop.

Loop regions in a conserved GTP binding domain
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gions are allowed to extend/streamline following a stochas-
tic process.

The presence of a long insert in otherwise close homologs
(cluster C, Fig. 5) suggests that an alternative mechanism of
insertion led to the observed data in this particular group of
sequences. The length of this loop in the sequences of
Rho�, RAB2� (Canis familiaris) RAB5 (Nicotiana taba-
cum), Rho3, and 2, YpT52, YpT53 from Saccharomyces
cerevisiae, Ypt5 (Schizosaccharomyces pombe) and Ras2
(Drosophilia megalonaster) seems to be constrained (except
for taxon Rho4 (S. cerevisiae), which has a 33 residues-long
insert). Little is known about the precise function of the
yeast RHOx proteins except that these appear to be involved
in the cellular budding process by interacting with the cyto-
skeleton (Roumanie et al. 2000). However, the lack of varia-
tion in sequence length in the 5� loop of the genes of the
C-cluster implies increased purifying selection on its length
and hints at an important novel function for this region in
this cluster of sequences. It is unclear what this function
may be, although it could be related to dimerization as has
been shown in the case of bovine Gs-� (Sunahara et al.
1997).

Inserts are self-contained

�-Hairpins are frequently observed in the GTP binding do-
main data set. This is a probable loop structure for a short
stretch of peptide to adopt because it is locally stable, does
not depend on other folding elements, and benefits from the
proximity of its extremities to seed its folding (Dinner et al.
1999b). Self-containment is likely to be important even for
loops that do not fold into �-hairpins. These loops are not
strictly independently folding as their extremities are con-
strained by the core protein. However, the contacts between
the sites in the loop and the protein are kept to a minimum
as to avoid competing interaction with the core (Ortiz and
Skolnick 2000), thus enhancing the folding rate of the native
conformation (Dinner et al. 1998). As a result, some meth-
ods for prediction of loop conformation assume that loops
can be considered as “mini ab initio” folding problems
(Xiang et al. 2002).

Therefore, one possible assumption of a stochastic evo-
lutionary model of insertion/deletion would be that loops of
variable length should be able to self-contain at any point in
evolutionary time. If this is the case in nature, a consistent
pattern of independent folding with tethered extremities
should be detectable. Close inspection (Figs. 4, 5) of loop
structures reveals a “stem-like” folding pattern in most
loops found in this data set. Here we define a stem-like
folding pattern in protein as analog to base-paired stems or
hairpin loops in RNA structures. In the simplest case a
series of contacts can be traced between site 1 and n of
a loop, the contact distance between backbone atoms is

minimized by pairing the sites from 1 and subsequently in
an ascending order to site n and subsequently in a descend-
ing order. Characteristically, this folding pattern leaves an
antidiagonal signature in a C�–C� distance matrix (see ar-
rows in Fig. 4). Figure 5 illustrates this relationship, as
traced by the series of dashed green lines highlighting this
antiparallel polypeptide trajectory pairing for a selection of
loops found in the GTP binding domain and domain 2 of
EF1�/EF–Tu/eIF2�. One property of these substructures is
that, assuming the extension of the polypeptide occurred
preferentially at the end of the stem, even if a given peptide
was a fraction of its full length at any point in time, the loop
would still be able to fold to a locally stable conformation.
Figure 5 shows three cases of antiparallel folding of protein
substructures that are not simple extensions of an antipar-
allel pair of �-strands. The 2� loop of the GTP binding
domain of eIF2� (Fig. 5A) is a 22mer loop hosting a tetra-
coordinated zinc (Schmidt et al. 2002) that has no structural
homolog among any of the host GTP binding domains in-
vestigated in this study. It folds independently by using
exclusively local intraloop interactions including the coor-
dination of the zinc ion. The 1� loop in the protein Gs-�
also forms an independently folding unit with an all �-helix
topology (Fig. 5B). This contrasts with the host GTP bind-
ing domain that does not have an antiparallel stem-like
pattern beyond the close proximity of first and last few
sites. Finally, the second domain in Eif2�, which is homolo-
gous and nearly identical to that of EF1� and EF–Tu, can
be partially unfolded to a stem-like structure as shown in
Figure 5C. This domain, however, has a bulge in the N-
terminal region of the polypeptide chain and another bulge
where the stem bifurcates into two stems. The N-terminal
bulge in eIF2� apparently postdates the paralogous di-
vergence of EF1� + EF–Tu/eIF2�, as there is no structural
analogy at this position between the two systems. This in-

Figure 4. Signature of stem-like structures in proteins. This plot was gen-
erated using the intramolecular C�–C� distance for each site in the pro-
teins Gs� (1AZT: Sunohara et al. 1997) and eIF2� (1KK0: Schmitt et al.
2002). Any C�–C� distance ⇐ 15 Å are shown in white. Black marks
indicate the boundaries of the three substructures shown in Figure 5. The
arrows indicate the signature of the stem going across the boxed substruc-
tures.
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Figure 5. Stem-like structures of independently folding units in (A) EF-2� loop 2� (residues 59–80), (B) GI�1 1� loop (residues
50–180), and (C) EF-2� domain 2 (residues 205–320). Only the backbone of these loops is displayed—red for A and B. The green
dotted lines highlight the antiparallel fold of these polypeptide substructures but do not explicitly represent atomic interactions. N and
C termini are labeled in ambiguous cases. The example in the bottom panel is not strictly a loop but domain 2 of eIF2�. In this case,
the backbone is color-coded from blue to red based in the index of the residues in the sequence. The peculiar folding of this domain
is almost entirely antiparallel, or stem-like, except for a bulge where the polypeptide information is missing (arrow) and a bifurcation
at the extremity of the stem. (D) Details the �-hairpin in eF1� (270–290, orange) and eIF2� (244–275 green and blue). The part of
eIF2� �-hairpin with structural homology is shown in green, while the “extra” loop region (residues 254–266) is shown in blue.
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sert is likewise self-contained as a loop within a loop
(Fig. 5D).

Emergence and maturation of protein folds

In Figure 6, we propose a cartoon model of stochastic poly-
peptide growth that is consistent with the foregoing obser-
vations. This model accounts for the importance for variable
loops to independently fold without disrupting the folding
pathway of the polypeptide chain of the core “host” protein.
The model also accounts for the observation that self-con-
tained, protein domains, for example, units have proximal
extremities.

The stochastic process of DNA insertion/deletion leaves
traces almost exclusively in regions of low constraints such
as surface loops. As proteins evolve through time, insertions
can accumulate without adversely affecting the protein, pro-
viding that these sites do not interfere with the structure of
the core protein. The involvement of the extra sites in the
folding pathway of the core protein would affect its folding
efficiency, potentially its equilibrium stability, and thus sub-
ject the gene to purifying selection. Using locally stable
structures, loops form stems folded onto themselves. The
accumulation of insertion events would tend to be at the
extremity of the stem, resulting in an apparent “growth” of
the loops. Some examples are simple �-hairpins, turns, or
more complex examples as presented in Figure 5. The iden-
tity of sites within growing loops would be subjected to
additional constraints as the number of local interactions
increases. These constraints will not be homogenously dis-
tributed along the polypeptide chain. Some least constrained
positions within the loop thus may tolerate the formation of
bulges via the same insertion mechanism as can be observed
in the second domain of EF1�/eIF2� (Fig. 5C,D). As bulges
and perturbations accumulate, especially in large inserts
where the stem structures will not efficiently fold, maturing
protein structures would optimize an increasing number of
local interactions with topologically distant side chains.

It has been observed that the extremities of a domain are
generally proximal to each other, and can be preserved by
circular permutation events (Grishin 2001) and be required
for the modular assembly of multidomain proteins.

Therefore, evolution of loop regions offers the possibility
to explore conformational space in a quasi-neutral fashion
for as long as the fitness of the host protein is not negatively
affected. Occasionally, novel structural features in loops
may acquire substructures relevant to existing functions and
be positively selected; hence, the preference for loops 1�, 2�,
and 5� in the GTP binding domain system. These can even-
tually be recombined as independently folding units either

Table 1. PDB entries used in this study

PDB
entry
key Chain Protein Reference

1H65 A Toc34 GTPase - P.
Sativum

(Sun et al. 2002)

1G7T A 1F2/EiF5� -
M. thermoauto-
trophicum

(Roll-Mecak et al.
2000)

1BOF — Gi�1 - R. norvegicus (Coleman and Sprang
1998)

1AZT A Gs-� - B. taurus (Sunahara et al. 1997)
1EGA A ERA - E. coli (Chen et al. 1999)
1CTQ A P21 Ras - H. sapiens (Scheidig et al. 1999)
1KY2 A Ypt7P - S. cerevisiae (Constantinescu et al.

2002)
1KK0 A eIF2� - P. Abyssi (Schmitt et al. 2002)
1G17 A Sec4 - S. cerevisiae (Stroupe and Brunger

2000)
1EKO A Ypt51 - S. cerevisiae (Esters et al. 2000)
1TX4 B Transforming protein �� (Rittinger et al.

1997b)
1BWP A Platelet-Activating

Factor Acetylhydrolase
(Ho et al. 1999)

1FNM A EF-TU - T.
Thermophilus

(Laurberg et al. 2000)

1RRP A Ran - H. sapiens (Vetter et al. 1999b)
1F6B B Sarl - C. griseus (Huang et al. 2001)
1F5N A GI�1 - H. sapiens (Prakash et al. 2000)
1D2E A EF-TU - B. Taurus

(mito.)
(Andersen et al. 2000)

1D8T A EF-TU - E. coli (Heffron and Jurnak
2000)

1IJF A EF1a - S. cerevisiae (Andersen et al. 2001)
1KAO — Rap2A - H. sapiens (Cherfils et al. 1997)
1MH1 — Rac1 - H. sapiens (Hirshberg et al. 1997)
1AM4 A P50 RhoGap - H. Sapiens (Rittinger et al.

1997a)
1D5C A Rab6 - P. falciparum (Chattopadhyay et al.

2000)
1DS6 A P21 Rac2 - H. sapiens (Scheffzek et al. 2000)
1IBR A Ran - H. sapiens (Vetter et al. 1999a)
1K8R A P21 H-RAS-1 -

H. sapiens
(Scheffzek et al. 2001)

3RAB A Rab3� - R. Norvegicus (Dumas et al. 1999)

Figure 6. Proposed model of emergence of novel protein fold through a
stochastic insertion process. The progression is shown from left to right.
The loop (black) between conserved elements (light gray) grows in a
stem-like fashion through intraloop interactions (dark gray). Cycles of
stochastic substitutions and selection for efficient folding are not expected
to preserve the stem structure over time, as it is not expected to be an
efficient folding template for longer inserts (last panel).
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in tandem with other domains or as an insert within a host
domain.

A possible example of this phenomenon can be found in
a domain of the specialized enzyme chitosanase. The 1�
insert domain of GI�1/Gs� is unique to the trimeric G pro-
teins (Sprang 1997), but has a structural analog detectable in
a domain of chitosanase between the residues 71 and 179
(using the algorithms of VAST and CE). Assuming that
these two domains did not evolve independently, and that
the enzyme chitosanase (PDB: 1CHK; Marcotte et al.
1996), is a more recently evolved protein than the GI�1/
Gs�’s gene involved in cell signaling, it seems possible at
least that the chitosanase domain is homologous to (and
arose from) the 1� loop in Gs�/GI�. If so, this domain of
chitosanase would represent an example of a protein domain
that was born as a loop in a parent GTPase protein that was
eventually recruited as an autonomous domain through the
processes of recombination. It is likely that many other
examples of “loops” that escaped their host proteins exist,
although it may be difficult to prove such cases definitively.
Of course, one should keep in mind that this general �-he-
lices construct may have arisen twice via the same process.

Conclusion

The details and relative importance of various mechanisms
of protein structural evolution are still a matter of conjec-
ture. With over 21,007 structures in the PDB database
(20.05.2003), many of which are redundant or are engi-
neered protein variants, there is still too little structural in-
formation to definitively address how the diversity of the
“universe” of protein folds has evolved. We have argued
that there is evidence that new conformational space can be
explored “independently” from cooperatively stabilized
protein folds. This process is, in essence, an atomic-level
analog of already well-characterized evolutionary processes
in biology. This model assumes that the regions of fastest
rate of evolution are the most probable sites for the occur-
rence of rare events. This makes loops a suitable source of
protein folds that may be precursors to novel protein do-
mains. There is a concern that the observation made on
these 28 homologous structures may not be relevant to pro-
tein evolution in general. It is now necessary to test this
hypothesis against a larger sample of structural contexts.
There should be a continuum of stem topologies from short
loops to mature protein domains. The definition of stem and
loop has to be formalized as to avoid manual inspection of
all systems and enable genome scale survey. This work is
under development in our group.

This process can also be tested by simulation and experi-
mentally by creating a system of incremental growth of
loops whose initial short length and constrained extremities
makes the conformational space tractable. The properties of

the architectures generated under this hypothesis could then
be compared to the observation made in this discussion.

Materials and methods

Structural alignment

A data set of homologous protein structures was generated by
gathering VAST structural similarity search hits (Madej et al.
1995; Gibrat et al. 1996) in the PDB protein structure database
(Berman et al. 2000) to the GTP binding domain of EF1� (1IJF;
Andersen et al. 2001). Mutant structures and solved complexes
with redundant protein structures were discarded to yield a collec-
tion of representative proteins containing the GTP binding domain.
These structures are listed in Table 1. Further similarity searches
were performed using the CE algorithm (Shindyalov and Bourne
1998) where a data set of protein structures was compared to a
reference structure in a pairwise fashion. Each input structure was
then output with sites mapped as: (1) a residue with a structural
equivalent in the reference structure, (2) a residue part of an in-
sertion with respect to the reference structure, or (3) a residue with
no structural equivalence in the reference structure. Finally, the
reference structure was output with each site mapped with the
proportion of homologous sites found in the entire data set.

Molecular graphics

Protein models were viewed and manipulated using VMD (Hum-
phrey et al. 1996) and raytraced using POV-ray v.3.1g.

Phylogeny

The protein sequences of the GTP-binding domain were gathered
from the Pfam (Bateman et al. 2002) data set “ras.” An estimate of
the maximum likelihood phylogeny was inferred using the quartet-
puzzling algorithm implemented in PUZZLE 5.0 (Strimmer and
von Haeseler 1996) using the JTT substitution matrix (Jones et al.
1992) with a rates across sites process modeled by 8 �-distributed,
equiprobable rate categories.
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