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Additional Information about the mcBPPS Sampler. The input. As input the user needs to provide a main
alignment, a seed alighnment for each subgroup and a hyperpartition table specifying to which of three partitions
each subgroup is assigned (see flow chart in Fig. S1 below). Alternatively, in lieu of a hyperpartition, the user can
provide a phylogenetic tree corresponding to the seed alignments (in Newick format), which the sampler will then
directly convert into the corresponding hyperpartition (see Fig. 2 in the paper).

Main alignment. There is nothing special about the main input alignment per se. Hence, it can be built using any
available multiple alignment method that will save the output in fasta format—keeping in mind, however, that
some methods cannot handle vast numbers of sequences. (The mcBPPS program includes a routine to convert the
fasta alignment into the cma format required by the program.) Using a vast number of sequences is important for:
(i) increasing the power of the statistical analysis; (ii) analyzing multiple categories of proteins within an entire
protein class without the user needing to edit the input alignment (the sampler automatically eliminates unrelated
sequences that get included by mistake); and (iii) taking full advantage of the massive amount of sequence data
that is now becoming available. Programs capable of aligning vast numbers of sequences include: (i) Sean Eddy’s
hmmalign program with the A2M output format option; (ii) PSI-BLAST, which was used to create an ~42,000-
sequence input alignment for the analysis reported in Supplement 8; and (iii) the MAPGAPS program (1), which can
create very accurate alignments of up to a million or more sequences. MAPGAPS requires as input a curated
‘template alignment’, which are available, for example, from the NCBI CDtree website
(http://www.ncbi.nlm.nih.gov/Structure/cdtree/cdtree.shtml). MAPGAPS was used for the analyses reported here.
Seed alignments. The seed alignments can be extracted from the main alignment using a routine that takes as
input the seed sequence identifiers for each subgroup. Each seed alignment need include only one sequence but
the output is enhanced by including additional sequences. | suggest no more than a dozen. Ideally the selected
sequences should be (presumed) orthologs that share high sequence similarity and that are from distinct phyla.
This ensures that the conserved patterns that they share are due to strong selective constraints rather than to a
recent common origin. The number of seed sequences can differ between contrast alignments.

Note that the mcBPPS sampler does not require that the proteins corresponding to each seed sequence
alignment be experimentally characterized in any way. Instead, the primary criterion for selecting the seed
sequence(s) is the user’s perspective and interests. Using multiple seed sequences produces more informative
output alignments inasmuch as the user can directly see that certain residues are conserved across distantly
related organisms. This ensures that these residues are subject to strong selective pressure presumably associated
with a critical biological function. Using multiple seed sequences also allows the sampler to generate
(automatically) a slightly better consensus sequence than would a single sequence. Regardless of whether single or
multiple seed sequences are provided for each subgroup, the sampler will focus its search on those divergent
patterns and divergent subgroups that are most relevant to the seed sequence(s) and thus presumably of primary
interest to the user. By contrast, designing a sampler to identify every statistically significant subgroup and pattern
within a major protein class without focusing on specific sequences (besides taking a long time to run) would result
in a massive amount of output of unknown relevance to the user. To avoid this, the user needs to obtain some
prior information, of course, regarding the phylogenetic (and, ideally, biochemical) relationships between seed
proteins. Such information is available in the literature or from various websites (e.g., the NCBI CDtree website) or
can be obtained, for instance, by first applying a tree building method or running the scBPPS sampler (2) on the
main alignment.

Hyperpartitions and phylogenetic trees.The user determines how the hyperpartition is configured based on the
questions he or she seeks to address and based on both the phylogenetic relationships and biochemical properties
of the proteins of interest. Fig. 2 in the paper shows how a hyperpartition can be generated from a phylogenetic
tree, which is the usual starting point. Table 1 in the paper corresponds (more or less) to the phylogenetic tree for
the subgroups associated with P-loop GTPases; (it includes with some minor adjustments to illustrate other
aspects of the mcBPPS sampler). However, more flexible, phylogeny-independent hyperpartitions also are allowed
in order to characterize subgroups that, based on their overall sequence similarity, are from different branches of
the phylogenetic tree, but that, nevertheless, share certain co-conserved residues associated with shared
biochemical properties. This is illustrated in Table 2, the interpretation of which is elaborated upon in Supplements
3 and 4. Note that, although the sampler could be modified to create the hyperpartition independent of the user
(by treating the number of categories and their partition assignments as additional random variables), this would




prevent the user from focusing on those properties of the sequence data of primary interest and from examining
the data from multiple perspectives (as is illustrated by the clamp loader analysis in Supplement 3). Note that if a
user asks a meaningless question (via the hyperpartition) such as: “show me the residues co-conserved in
subgroups A and B but absent from subgroups C and D?”, when the answer is none, then the sampler will return
nothing as expected—so no questions are off limits (as long as the hyperpartition restrictions described in
Methods are satisfied). Finally, subgroups that contain relatively few sequences or sequences that are nearly
identical are essentially pre-defined by the seed sequences. Hence, a Gibbs sampling strategy is inappropriate for
hyperpartitions with such a high degree of phylogenetic detail.

Biological relevance. When the seed sequences for each subgroup are obtained from distinct phyla, this ensures
that consensus residues have been conserved for 1-2 billion years. In the light of spontaneous mutation rates and
the fact that structure is often conserved in the absence of significant pair-wise sequence similarity, these residues
are subject to strong selective pressure to maintain associated (and typically unknown) biological functions. Thus
the issue is not whether these conserved residues play functionally important roles, but rather whether the
sampler can provide useful clues regarding these roles. To accomplish this, the sampler uses an indirect statistical
approach similar to that used by classical geneticists prior to the emergence of more direct, biochemically-based
approaches. Just as classical genetics seeks to infer, from patterns of inherited traits, the existence and various
properties of previously unknown biological components (genes, chromosomes, the relative locations both of
genes on chromosomes and of gene products within implicit biological pathways, etc.), the mc-BPPS sampler’s aim
is to infer, from patterns of co-conserved residues, the existence and various properties of currently unknown
molecular components of proteins. This is illustrated in Supplements 2, 3 and 4, which also illustrate another
application of the sampler: automated (and statistically-based) PROSITE-like classification of protein subgroups and
annotation of the divergent patterns most distinctive of each subgroup.

Properties of the protein class that are determined by the sampler. Based on the input provided by the user, the
sampler optimally assigns the sequences within the main input alignment to the various subgroups and determines
the patterns that most distinguish each subgroup from the other subgroups. To do this, the sampler first generates
both a consensus sequence for each subgroup (as a guide to pattern selection) and an aberrant sequence
subgroup consisting of random sequences (implemented as a high number of random prior pseudocounts for that
subgroup; this number is specified within the hyperpartition).

The mcBPPS sampler requires no prior patterns. Instead, because the seed sequences are (by
definition) bona fide members of their corresponding subgroups, the sampler requires that patterns
characteristic of the subgroup be conserved within the consensus collectively defined by the seed
sequence(s). This constraint is not as stringent as it may first appear: For example, if the consensus at
position j is an asparagine residue (‘N’), then the ten following pattern sets are allowed at that position:
'N', 'SN', 'TN', 'ND', 'NQ', 'NH', 'STN', 'NDE', 'NEQ', 'NQH', 'NDEQ’. Without such a requirement, users
would neither be able to examine the protein class from a relevant perspective nor to ask specific
guestions regarding those proteins of primary interest to them. Note, however, that the size and
composition of each subgroup (i.e., whether it corresponds to a subfamily, family, superfamily, subclass,
et cetera) and which sequences belong to each class is determined by the sampler albeit from the
perspective defined by the user-supplied hyperpartition and seed alignments.

Analysis of Ras-like GTPases. The Ras-like GTPases—which include Ras, Rab, Rho/Rac, Ran, Arf, and Arf-like (Arl)
GTPases and a subunits of heterotrimeric G proteins—function as on-off switches within eukaryotic signaling
pathways regulating diverse cellular processes, including vesicle transport, embryonic development, the sensation
of vision, odor, taste and pain, microtubule assembly and cell division. These GTPases are associated both with
guanine nucleotide exchange factors (GEFs), which turn them on by mediating the exchange of GTP for GDP, and
with GTPase activating proteins (GAPs), which turn them off by stimulating hydrolysis of GTP to GDP. The on- or
off-state of Ras-like GTPases is communicated through conformational changes within their switch | and Il regions,
which detect the presence or absence of the y phosphate of bound guanine nucleotide. Fig. S2 contains four
contrast alignments that were generated by the mcBPPS sampler for Rab GTPases (the subgroup specified in row 4
of the hyperpartition in Table 1of the paper). Here | consider the biological significance of the residues identified in
these alighments. See Table S1 for the functional/structural relevance of pattern residues. To obtain the actual
output for this and the other examples, readers of this article can obtain the mcBPPS program, the input data, and
a script for running the program on this data at the mcBPPS website (http://www.chain.umaryland.edu/mcbpps/).




P-loop GTPases vs other proteins. The contrast alignment in Fig. S2A identifies residues that are characteristic of
all P-loop GTPases. These residues bind to GDP or GTP and show up at the sequence level as several highly
conserved motifs (3), including: the Walker A (G-K-[ST]) motif, which corresponds to the P-loop; the Walker B (D-x-
x-G) motif, the conserved aspartate (D) of which interacts (indirectly through a water molecule) with the Mg++ ion
that coordinates with nucleotide phosphate groups; and an [NT]K.D motif, the residues of which bind to guanine.
TRAFAC subclass of P-loop GTPases. The contrast alignment in Fig. S2B highlights the same motifs generally
conserved within all GTPases. However, unlike the other major subclass (SIMIBI GTPases) the TRAFAC
(transcription factor-related) GTPases also conserve a threonine within the switch | region and a serine near the C-
terminal end of the GTPase domain. The threonine coordinates with a Mg++ ion that coordinates with bound
guanine nucleotide whereas the serine forms a hydrogen bond to the aspartate residues of the NK.D (guanine
binding loop) motif.

Ras-like GTPases. The contrast alignment in Fig. S2C identifies co-conserved residues characteristic of Ras-like
GTPases. In addition to residues known to perform critical functions (see below), these include three additional
patterns: (i) the pattern [RK]-x-[ILV] preceding the P-loop, (ii) the pattern [WF] directly preceding the Walker B
aspartate, and (iii) the pattern [YF]-[YF] at the C-terminal end of the switch Il region. Even though these patterns
occur within three distinct regions in the sequences, within available crystal structures the corresponding residues
cluster near the switch Il region’s C-terminal (swll-CT) end and exhibit diverse structural configurations, which
appear to be facilitated by alternative interactions involving the aromatic residues of the [WF] and [YF]-[YF]
patterns. (Such aromatic interactions play a central role in molecular recognition and self-assembly (4, 5) and can
accommodate diverse conformational forms by interacting in four distinct geometric orientations (6).) One
configuration can explain why the swll-CT residues are conserved inasmuch as it is characterized by atomic
interactions (Fig. S2D) that form a pocket around the negative-dipole moment of the switch Il a helix with the
positively-charged residue of the [RK]-x-[ILV] pattern inserted into this pocket. A connection between this charge-
dipole pocket and switch Il restructuring is suggested by comparisons between typical monomeric forms of Rab
family GTPases and an unusual, homodimeric form, in which the region connecting switch | to switch Il is
exchanged between subunits so that, for each subunit, this region is donated by the other subunit (Fig. S3A,B). As a
result, the switch Il region forms a long a helix that is directed away from the structural core of one subunit and
toward the structural core of the other subunit. For each subunit the switch Il helix presumably lacks the
conformational strain typically imposed on monomeric forms (for which the switch Il region needs to bend around
and reconnect to the structural core) and the swll-CT residues form the charge-dipole pocket configuration with
ideal geometry. The charge-dipole pocket thus appears structurally compatible with formation of this unusual,
outward-directed switch Il helix—a structural theme that is observed repeatedly in other Ras-like GTPases. Indeed,
among over 200 Ras-like GTPase structures, those that exhibit the charge-dipole pocket or nearly so consistently
(e.g., see Fig. S3C) possess a switch Il helix that traces out a path close to that of the homodimeric helix, but those
Ras-like GTPases lacking the charge-dipole pocket (and all non-Ras-like GTPases of known structure) possess a
switch Il helix that traces out a different path (Fig. S3E).

The Ras-like GTPase analysis yields the following observations: (i) The most distinguishing feature of Ras-like
GTPases at the sequence level are the five conserved residue of previously unknown function—along with five
other conserved residue positions whose likely biological roles in Ras-like GTPases were noted previously. (ii) At
the structural level, these newly identified residues come together to form either a ‘charge-dipole pocket’
configuration or a variety of alternative configurations. (iii) The specific atomic interactions forming the charge-
dipole pocket configuration require the specific amino acids conserved at these positions. (iv) The charge-dipole
pocket configuration occurs in both the GDP- and the GTP-bound states and both the charge-dipole pocket and
alternative configurations can occur in the same state. (v) The formation of the charge-dipole pocket is highly
correlated with formation within the switch Il region of an unusual, outward-oriented a-helix. And (vi) the
formation of this helix is associated with structural changes in the switch Il N-terminal region, which senses the y
phosphate of GTP and which harbors three previously-noted Ras-like GTPase residues corresponding to the
pattern [AG]-x-Q-[DE] (see Fig. S2C) and that are involved in GTP hydrolysis (7) and nucleotide exchange (8-10).
Together, these observations suggest that—by promoting formation of the outward-directed switch Il helix and, as
a result, repositioning of co-conserved residues that are implicated in GTP hydrolysis and nucleotide exchange—
the charge-dipole pocket facilitates bidirectional switching between on/off states.

Rho, Rab and Ran GTPases. The contrast alignment in Fig. S2D highlights six residues that most distinguish Rab,
Rho/Rac, and Ran (and to some degree Ras) GTPases from other Ras-like GTPases. Four of these correspond to a




structural configuration that forms a ‘glycine brace’ (11) (Fig. S4): One of the aromatic residues forms a stabilizing
CH-1t interaction with a conserved glycine at the start of the guanine-binding loop whereas a second aromatic
residue, which is nearly always a tryptophan, likewise forms stabilizing CH-mt and NH-mt interactions with a glycine
at the start of the phosphate-binding P-loop. The two other residues (typically an aspartate and a serine or
threonine), together with a conserved buried water molecule, form a network of interactions connecting the two
aromatic residues. This glycine brace may influence guanine nucleotide binding or release by stabilizing two glycine
hinge residues at the ends of the B-strands directly preceding the P-loop and the guanine binding loop. The
presence of glycine intrinsically destabilizes B sheets, but this sort of aromatic-glycine interaction has been
proposed to counteract this effect (12). In this case, this seems likely to stabilize the two nucleotide-binding loops.
Moreover, co-conservation of the four glycine brace residues with a threonine and alanine (the T-A pattern in Fig.
S2D) is consistent with a role in nucleotide exchange inasmuch as repositioning of this alanine residue is believed
to facilitate nucleotide exchange by occluding the Mg++ binding site, leading to expulsion of the phosphate-
associated Mg++ ion (7).

Analysis of Eukaryotic DNA Clamp Loaders. The eukaryotic DNA clamp loader complex, termed Replication Factor
C (RFC), forms a stable complex with a DNA clamp protein in the presence of ATP. Upon recognition of a 3’-
recessed single-stranded/double-stranded junction (the start of an Okazaki fragment) the RFC/ATP/clamp complex
undergoes ATP hydrolysis resulting in dissociation of RFC and loading of the clamp onto DNA (Fig. S5A). The
eukaryotic RFC complex is composed of 5 evolutionarily-related AAA+ subunits (13)—denoted A, B, C, D, and E—
that form a semi-circular arrangement (Fig. S5B). In archaea, 2 related AAA+ subunits, denoted RFC-L and -S, form
a similar arrangement (not shown) where RFC-L corresponds to RFC-A and 4 copies of RFC-S correspond to RFC-B
to -E. In eubacteria, 3 subunits, denoted §, y, and &', form a similar arrangement (see Supplement 4) where &
corresponds to RFC-A, 3 copies of y correspond to RFC-B to -D and & corresponds to RFC-E. The RFC-A,-B,-C,-D, -L,
-S and y subunits are active ATPases, whereas RFC-E, & and &’ are inactive. The mcBPPS-generated contrast
alignments (see Fig. S6) identify six categories of constraints imposed on RFC subunits (14, 15). When considering
the nature of these constraints, it is helpful to first consider their biochemical relevance:

AAA+ ATPases vs all other proteins. The contrast alignment in Fig. S6A identifies residues that are characteristic of
all AAA+ ATPases and that correspond to the Walker A and B motifs, which are involved in ATP hydrolysis, and to a
conserved arginine finger, which activates ATP-hydrolysis in trans. The functions of these residues are well known.
RFC-ABCD vs RFC-E. The contrast alignment in Fig. S6D identifies four residues that are both characteristic of active
RFC ATPases (subunits A-D) and uncharacteristic of catalytically-impaired RFC-E subunits. These residues are likely
to play key roles associated with ATP hydrolysis and, as suggested by this analysis, with coupling of ATP hydrolysis
to the recognition of cognate DNA. Within the RFC-ATP—clamp complex (16) (Fig. S5C) one of these residues (e.g.,
Arg84 in RFC-B) forms a hydrogen bond with the main chain oxygen of a co-conserved residue, the Walker B
aspartate (Asp114 in RFC-B), which plays a key catalytic role by coordinating with the ATP-bound Mg++ ion. In
other P loop NTPases, this main chain oxygen normally hydrogen bonds to an adjacent B-strand, but its interaction
with this arginine (termed here the Walker B-arginine) disrupts this standard geometry and thus may inhibit
catalysis. This arginine also forms a hydrogen bond with the main chain oxygen of a glutamate (e.g., Glu115 in RFC-
B; Fig. S5D) that serves as the catalytic base facilitating nucleophilic attack by a water molecule on the y-phosphate
of ATP (17) and that is a characteristic feature of all active AAA+ ATPases (Fig. S6A). Thus, by forming main chain
hydrogen bonds on either side of this glutamate, the Walker B-arginine may influence the conformations of two
key catalytic residues and, as a result, catalytic activity. In the structure of the corresponding archaeal subunit
(RFC-S) bound to ADP (18), however, this (positively charged) arginine side-chain is dramatically repositioned to
where it could interact with (negatively charge) DNA and thereby also allow the Walker B region to hydrogen bond
in the usual way with the adjacent B-strand (Fig. S5E). This suggests a mechanism to couple recognition of DNA
with ATP hydrolysis. Also distinctive of catalytically active RFC subunits (Fig. S6D) is an alanine residue (e.g., Ala80
in RFC-B in Fig. S5D) which packs against the arginine and that may assist in this putative mechanism by facilitating
conformational flexibility. (A larger side-chain at this position could sterically hinder a dramatic conformational
change involving the arginine.) Moreover, upon movement of the Walker B-arginine, the Walker B aspartate’s
main chain oxygen hydrogen bonds with the alanine’s main chain nitrogen (Ala84 in RFCS in Fig. S5E)—which is the
standard configuration for P loop NTPases. Together this suggests a mechanism where, upon association of the
RFC-ATP—clamp complex with DNA, the positively charged Walker B-arginine moves into contact with negatively
charged DNA thereby perhaps facilitating ATP hydrolysis. Finally, also showing up in the mcBPPS analysis is a
threonine residue that directly follows the Walker A catalytic lysine (both residues not shown in Fig. S5); this



threonine forms a hydrogen bond with the co-conserved Walker B aspartate; thus together these two residues
appear to play an important role in positioning the ATP substrate for catalysis.

RFC vs bacterial y subunits. The contrast alignment in Fig. S6C identifies those co-conserved residues that most
distinguish RFC subunits from corresponding bacterial clamp loader y subunits, which lack the Walker B-arginine
and thus presumably any associated mechanisms. This reveals an NxSD motif surrounding the above mentioned
alanine residue (e.g., Ala80 in Fig. S5D) and two other residues near the active site (e.g., Asp117 and Asn145 in
RFC-B). The NxSD motif is located two positions before the Walker B-arginine and corresponds both to the B-strand
that hydrogen bonds to the Walker B region and to the loop following this strand. In the structure of the archaeal
small subunit (RFC-S) co-crystallized with ADP (18) (Fig. S5E), one of the Walker B main chain oxygens hydrogen
bonds to the main chain -NH directly following the NxSD-asparagine, but in the eukaryotic RFC /ATP/clamp
complex this oxygen hydrogen bonds to the Walker B-arginine instead. Furthermore, in the eukaryotic complex,
the NxSD-asparagine (N79B) establishes characteristic interactions with the NxSD-serine and NxSD-aspartate, as
well as with other nearby residues (Figs S5D), while in the archaeal RFCS-ADP structure these interactions are
rearranged (Fig. S5E). Taken together these observations suggest a possible role for these residues in assisting the
Walker B-arginine conformational switch and perhaps in helping reposition the catalytically critical Walker B
region. Another co-conserved residue showing up in this analysis (e.g., Asn145 in RFC-B) is positioned to directly
interact with the y-phosphate group of ATP and, in turn, forms a backbone hydrogen bond with another co-
conserved residue, an aspartate (e.g., Asp117 in RFC-B) that is two residue positions beyond the Walker B D-E
motif (structures not shown); thus, within eukaryotes these two residues form a specific link between the Walker B
region and the y-phosophate of ATP that is absent from bacterial clamp loaders.

RFC-BCDE vs RFC-A. The contrast alignment in Fig. S6E identifies co-conserved residues within subunits that
interact with the ATP-binding site of an adjacent AAA+ subunit. Within the RFC-B subunit, these trans-acting
residues include GIn125, Arg128, Argl29, Argl57 (see Fig. S5F) and Glu132 (not shown)— which together form a
network of hydrogen bonds that locks down the relative orientation of domain Il of the adjacent RFC subunit with
respect to ATP (16). A co-conserved glutamine (e.g., GIn124 of RFC-B in Fig. S5F) forms hydrogen bond interactions
between backbone regions harboring these trans-interacting residues and thus may assist these interactions.
RFC-BCD vs RFC-AE. The large subunit, RFC-A, which is believed to recognize primed DNA as a signal for DNA-
dependent ATP hydrolysis (19), is likely to be the first subunit undergoing ATP hydrolysis and thus may initiate ATP
hydrolysis in the other subunits. Thus constraints associated with the propagation of ATP hydrolysis to adjacent
subunits are likely to be imposed upon active ATPases that directly interact with an adjacent ATP site (that is closer
to the RFC-A subunit)—that is upon the RFC-BCD subunits (Fig. S6F). A cluster of co-conserved residue in this
category are located within the a4-helix (Ile86, Arg90 and Phe96 of RFC-B in Fig. S5C) and, notably, on either side
of the Walker B-interacting arginine, within a loop that is located just before this helix (Asp83 and Gly85 of RFC-B
in Figs S5C-E). The a4-arginine electrostatically interacts with main-chain oxygens of the adjacent subunit’s NxSD
motif (Fig. S5C) and with the co-conserved acidic residue directly preceding the adjacent subunit’'s Walker B-
arginine (e.g., Asp83"®). Therefore an ATP hydrolysis-associated conformational change in the preceding subunit
could perturb this a4-arginine, which might itself play an active role in this switch, as it is predicted to interact with
DNA (20). In addition to contacting the adjacent subunit via this arginine, the N-terminal end of the a4 helix is
directly connected to the Walker B-arginine of its own subunit (e.g., Arg84 of RFC-B in Fig. S5C) via two other co-
conserved residues (e.g., 11e86 and Gly85 of RFC-B in Figs S5C and S6F). Notably, the proposed conformational
switch both repositions the isoleucine into the pocket vacated by the Walker B-arginine and repositions the
(negatively charged) acidic residue away from the central hole through which (negatively charged) DNA is thread.
(Compare 11e86® and Asp83"“® in Fig. S5D with 11e90% and Glu87""® in Fig. S5E.) Together these observations
suggest a possible role for these residues in propagating the Walker B-arginine conformational switch to adjacent
subunits.

All clamp loaders adjacent to an ATP-binding site vs other AAA+ subunits. Finally, the contrast alignment in Fig.
S6B reveals those residues co-conserved within both RFC and bacterial clamp loader subunits that are adjacent to
an ATP-binding site but not within non-clamp loader AAA+ subunits. By far the residue most strikingly conserved in
this category is a lysine (e.g., Lys109%® in Fig. S5C) located within the B-strand preceding the Walker B motif. This
lysine electrostatically interacts with and/or hydrogen bonds to backbone oxygens at the C-terminal end of the a4
helix, which is a region that binds directly to the clamp. This lysine thus seems likely to play a critical role in clamp
loading for both eukaryotes and bacteria and, given the preceding observations, might play a role in coupling ATP
hydrolysis to release of the clamp.



RFC-BCD summary. Taken together, this mcBPPS analysis of RFC-B, -C and -D subunits indicates that these subunits
share functionally critical features with RFC-A alone, with RFC-E alone, with both RFC-A and RFC-E, and with
neither RFC-A nor RFC-B. Moreover, all RFC subunits conserve features both distinct from and in common with
bacterial y and & subunits. Such sequence similarities and differences reflect functional similarities and differences
that, presumably, are associated with each subunit’s specific role within their associated clamp loader complex.
Such relationships between divergent subgroups are sometimes difficult to represent in a phylogenetic tree, which
averages out the subtle distinctions associated with isolated sequence patterns. For example, RFC-B,-C and -D are,
in some respects, more similar to RFC-A than to RFC-E (Fig. S6D), yet, in other respects, more similar to RFC-E than
to RFC-A (Fig. S6E). The mc-BPPS analysis of these clamp loaders thus suggest plausible hypotheses that, though
by no means proving any associated mechanisms, are nevertheless useful for experimental design. (See Table S2
for a list of structurally and functionally relevant features of pattern residues.)

Analysis of Bacterial DNA Clamp Loaders. The bacterial DNA clamp loader complex, like the eukaryotic RFC
complex, forms a stable complex with a DNA clamp protein in the presence of ATP and upon recognition of RNA-
primed DNA undergoes ATP hydrolysis resulting in dissociation of the complex and loading of the clamp (Fig. S7A).
The bacterial complex consists of 3 evolutionarily-related subunits, denoted §, y, and &’, that form an arrangement
analogous to the eukaryotic complex where & (which is very poorly conserved) corresponds to RFC-A, 3 copies of y
correspond to RFC-B to -D and &’ corresponds to RFC-E. Only the y subunit is an active ATPases; & and &', though
not functional ATPases, also belong to the AAA+ class (13, 21). Members of the AAA+ class are characterized by an
N-terminal domain (domain 1) (shown in Fig. S7B) that, for active ATPases, conserves Walker A and B ATP-binding
motifs (22), followed C-terminally by a helical bundle domain (domain Il)(not shown). A third, C-terminal domain
(domain 11l) (not shown) that is associated with all three types of subunits forms a circular collar from which the
AAA+ modules hang (21). These are arranged around the circle in the order &'-Ys-Yc-Yo-0, which is important for a
proposed sequential mechanism (23) for loading of the B clamp onto DNA. The mcBPPS sampler generated
contrast alignments (Fig. S8) identify four categories of functionally-divergent residues within y subunits (14, 15).
Here | provide structural and functional interpretations for these co-conserved residues.

AAA+ vs other proteins and clamp loaders vs other AAA+. The contrast alignments in Figs. S8A and S8B identify
distinguishing features of all (active) AAA+ ATPases and of all (bacterial, archaeal and eukaryotic) clamp loader
AAA+ subunits that are adjacent to an ATP-binding site. These features correspond to those shown for the
analogous RFC-BCD subunits in Figs S6A and S6B; see above for a discussion of these pattern residues.

y and &’ vs RFC-BCDES. The contrast alignment in Fig. S8C compares bacterial clamp loader subunits that interact
with an adjacent active ATP binding site versus the corresponding subunits from eukaryotic and archaeal
organisms. This highlights five co-conserved residues that (within y and &’ subunits) interact with the ATP-binding
site of an adjacent AAA+ subunit. One of these is a threonine (Thrl65-y in E. coli) that, based on homology
modeling, is positioned to interact in trans with the adjacent subunit so as to facilitate ATP hydrolysis (Fig. S7C).
Fig. S7C represents the (hypothetical) region of interaction between the yg and yc subunits captured at the point in
which the putative catalytic base (Glu127, a key catalytic residue in active AAA+ ATPases) is positioned to extract a
proton from and thereby activate a water molecule for nucleophilic attack upon the y-phosphate of ATP. Thr165 is
positioned to participate in this process (see the proposed mechanism for ATP hydrolysis in Fig. S7D).

The roles of two other residues showing up in Fig. STE—namely a conserved lysine and a conserved glutamate
(Lys141 and Glul45 in E. coli)—are suggested by a recent structure of the E. coli clamp loader complex co-
crystallized with the ATP analog ADPeBeF; and primer-template DNA (24) (Fig. S7E). This complex presumably
represents a step prior to nucleophilic attack by the catalytic base (there is no water molecule visible in the
structure). Nevertheless, this structure suggests that the conserved lysine and glutamate residues help correctly
position the interface between yg and yc : Lysl41- y. forms a hydrogen bond with the Walker B aspartate
(Asp126- yg , which coordinates with the ATP-associated Mg++ ion and is a key catalytic residue in active AAA+
ATPases). Glu145- y. forms a salt bridge and hydrogen bonds with a conserved arginine (Arg56-yg) that is located
in the helix associated with the Walker A motif. (This arginine or a lysine, which are both basic residues, are
conserved across various subgroups of AAA+ subunits that were not categorized by this analysis.) Finally, the
remaining two residues showing up in Fig. S4-3C, namely a conserved Leucine (Leu140- y¢) and a conserved proline
(Pro146- yc) that are adjacent to the lysine and glutamate residues, respectively, may stabilize the interface
interactions mediated by the latter two residues.

y vs &’. The contrast alighment in Fig. S8D (column 17 in Table 2 of the paper) compares bacterial y subunits, which
are active ATPases, with bacterial 8’ subunits, which are not. The most striking residues showing up in this analysis



are the eight highlighted in this figure. Mutation of one of these, a threonine (Thr157- yg in Fig. S7E) prevents ATP
hydrolysis (25). Another threonine (Thr52) corresponds to the Walker A motif. Several other of these pattern
residues appear to be indirectly associated with catalysis. Notably these all occur very near to the active site. Two
of these, Glu92 and Asp94, contact other residues implicated either directly or indirectly in ATP hydrolysis (Fig. 7E).
Thus this analysis suggests that these residues play roles associated with steps in ATP-hydrolysis (e.g., the
transition state) and in loading of the clamp, for which corresponding crystal structures have not yet been
determined. (See Table S2 for a list of structurally and functionally relevant features of pattern residues.)

Analysis of Superfamily 1 and 2 Helicases. Helicases are involved in various aspects of nucleic acid metabolism
including DNA replication, repair, recombination, transcription, as well as ribosome biogenesis and RNA
processing, translation, and decay (26). The mcBPPS sampler was applied to an input alignment containing 40,366
Helicase sequences (after removing fragments and redundant sequences) using the hyperpartition shown in Table
S3. Shown in Fig. S10 below are two output contrast alighments obtained for the subgroup in row 3 of Table S3;
the seed alighment consisted of a dozen eukaryotic initiation factor 4Alll (elF4Alll) helicases, which are members of
the DEAD-box family belonging to the so-called superfamily 2 (SF2) helicases. Shown in Fig. S9 below are three
output contrast alignments obtained for the subgroup in row 1 of Table S3; the seed alignment consisted of ten
PcrA DNA helicases, which are members of the so-called superfamily 1 (SF1) helicases. In both cases, most of the
co-conserved residues that the sampler identifies either are associated with regions that bind to ATP or to an RNA
or DNA substrate or that allosterically link these two regions. This is evident, for example, from the crystal
structures both of the human exon junction complex containing trapped elF4Alll bound to an ATP analog and RNA
(27)(Fig. S11A) and of the PcrA DNA helicase bound to a DNA substrate (28) (Fig. S11B). For a synopsis of the
functional and structural roles of pattern residues see Table S4.

Analysis of protein kinases. Eukaryotic protein kinases (EPKs) regulate signaling pathways by phosphorylating
various proteins within those pathways. EPKs can be broadly classified into six major groups (AGC, CMGC, CAMK,
TK, STE and CK1) based on sequence similarities within the kinase domain (29). EPK’s are distantly related to
eukaryotic-like kinases (ELK’s) and to atypical protein kinases (APK’s), both of which are present in both eukaryotes
and prokaryotes (30). Although EPK’s specifically phosphorylate protein substrates, ELK’s and APK’s are known to
phosphorylate both protein and small molecule substrates (31, 32). The mcBPPS sampler was applied to an input
alignment of 22,424 sequences after removing fragments, redundant sequences and EPK sequences with > 70%
sequence identity; as a result, this alignment represents sequences from the EPK, ELK and APK subgroups in
roughly equal proportions. The hyperpartition shown in Table S5 was used. Fig S13 gives the output contrast
alignments corresponding to three categories of residues co-conserved: (i) in all protein kinases (Fig S13A), (ii) in
EPK but not ELKs or APKs (Fig S13B), and (iii) in AGC kinases, but not other EPKs (Fig S13C). Residues conserved
within all protein kinases (green side-chains in Fig S12A) cluster around the ATP binding site and contribute to ATP
binding and phosphoryl transfer (33). Residues shared by EPKs but not by ELKs or APKs (magenta side-chains in
Fig S12A) either interact with the activation loop (which contributes to protein substrate specificity and to tight
regulation of EPK activity) or with the peptide substrate or are associated with active site conserved residues. AGC
kinases, a major subgroup within the EPKs, co-conserved residues (yellow side-chains in Fig. S12B) that interact
with the AGC C-terminal tail (the C-Tail), which allosterically couples regulatory and catalytic functions of the
kinase core (34). For a synopsis of the functional and structural roles of pattern residues see Table S6.

The Sampler’s Performance. Convergence. Fig. S14 shows the typical convergence behavior for representative mc-
BPPS runs (with P-loop GTPases). For a biologically valid input sequence alignment, the mc-LPR is negative when
the sampler is arbitrarily initialized, but turns positive after converge on significant pattern-partition pairs.
However, the mc-BPPS heuristic used to initialize the subgroup sequence assignments (see Methods) may cause
the mc-LPR to start out positive. In any case, sequence sampling is performed until the mc-LPR turns positive, at
which point column sampling is initiated, resulting in a spike in the mc-LPR (as seen in Fig. S14). As the slope of the
mc-LPR curve flattens out, the sampling temperature decreases to zero, at which point sampling is replaced by a
hill-climbing strategy until convergence (defined as one full cycle without increasing the mc-LPR).

Robustness. The robustness of the mcBPPS sampler was tested both by randomly removing 50% of the sequences
from the main alighment and by using an independently-generated input alighment. The results are shown in Fig.
S15 and consist of three pages, each of which shows five versions of one of the three contrast alignments in Fig. 3
in the paper: The first version is identical to the corresponding alignment shown in Fig. 3, the next three versions



correspond to analyses where 50% of the input sequences were randomly removed, and the last version
corresponds to an input alignment (of 41,978 sequences) that was obtained using PSI-BLAST (35) initialized with
the NCBI-curated CDtree alignment for P-loop GTPases (36). Notably, the PSI-BLAST-based analysis misses
canonical threonine and glycine residues within the switch | region (which is due to misalignment of this region),
and a canonical tryptophan (which PSI-BLAST misaligned due to an insertion before and a deletion after this
residue). Nevertheless, the otherwise modest variability between these analyses demonstrates that, given an
accurate input alignment, the results are reproducible. It should also be noted in this context that when a
biologically unrealistic category is defined, the LPR for that category is less than zero—thereby indicating that that
aspect of the hyperpartition specification is not supported by the data. No output is generated for such categories.
Tuning parameters in prior distributions. There are two user-modifiable parameters for each category: (i) the a
prior, which influence the overall stringency with which the foreground pattern positions are conserved or—
viewed from another perspective—the amount of contamination expected at pattern positions; and (ii) the S
priors, which influence the stringency with which a sequence needs to match the associated pattern(s) in order to
be included in that subgroup. Choosing these parameters is typically based on whether the foreground sequences
are expected to be highly diverse or more closely related to each other. As a result, these are typically set to be
more stringent for smaller, more closely-related protein subgroups (e.g., families or subfamilies) and less stringent
for larger, more diverse supergroups (e.g., protein superfamilies or subclasses). Sometimes, however, additional
biological information is available that influences the choice of these parameters. For example, bacterial & DNA
clamp loader subunits, even though they constitute a distinct protein subfamily, lack ATPase activity and are poorly
conserved, which thus call for less stringent parameter settings. More stringent parameter settings also favor
assignment of poorly-conserved (putative pseudogene products and other aberrant) sequences to the random
sequence set, which, as a result, favors better definition of the canonical patterns.

Speed. The mc-BPPS sampler took 83 minutes to run given the hyperpartition in Table 1 and 66,386 (non-
redundant) P-loop GTPase sequences as input. (Representative output alignments are shown in Fig. 3.) The mc-
BPPS sampler took 48 minutes to run given the hyperpartition in Table 2 and 43,298 (non-redundant) AAA+
sequences as input. (Representative output alignments are shown in Fig. 5.)

Automatically generated hyperpartition. An example of the hyperpartition and contrast alignments obtained
when running the fully automated version of the mc-BPPS sampler are show below in Table S7 and Figure S16,
respectively. Due to its length, Figure S16 is appended to the very end of this file (after the tables).
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Fig. S2. Contrast alignments for Rab GTPases (corresponding to Fig. 3 in the paper). The seed alignment for the Rab
subgroup (row 4 of Table 1 in the paper) is highlighted in four ways to reveal patterns characteristic of the functionally-
divergent categories for which Rab is in the foreground: (A) Patterns distinguishing all P-loop GTPases from other proteins
(column 1 in Tablel). (B) Patterns distinguishing the TRAFAC class of GTPases from other proteins (column 3); (C) patterns
distinguishing Ras-like from other TRAFAC GTPases (column 6); and (D) patterns distinguishing Rab, Ran and Rho from
Arf/Arl/Ga GTPases (column 10). Characteristic foreground and background residues at each position are shown below each
alignment and, directly below these, corresponding frequencies are given in integer tenths (there are too many sequences

to show the actual alignments); a

«

for example, indicates that the corresponding residue occurs in 70-80% of the

sequences. The histograms above highlighted columns quantify selective pressures imposed on pattern residues. Black dots
below each histogram bar correspond to pattern positions selected by the sampler; gray dots (or no dot) indicates that this
otherwise differentiating position lost out in the competition between categories for pattern positions that was set up by
the sampler. Note that a slightly lower contrast setting was used for this output than was used for the output in Fig. 3 of the
paper in order to illustrate this feature of the mcBPPS program. As a result, a few weakly-co-conserved residues are
highlighted here that are not highlighted in Fig. 3.



charge-dipole pocket alternative configuration non-Ras-like GTPases
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Fig. $3. The charge dipole pocket. This figure was adapted from (37). (A) The charge-dipole pocket within the structure of
homodimeric Rab27 bound to GDP (pdb_id: 2if0 (38)). The inter-switch regions of the two subunits are exchanged and, as a
result, each of the switch Il regions forms an a helix that is directed away from the GTPase structural core. Color scheme:
backbone of the P-loop, switch | and adjacent regions, dark red; backbone of the switch Il region and adjacent B strand, orange;
backbone of the adjacent subunit’s switch and inter-switch regions, gray; side chains of the Walker A lysine and Walker B
aspartate residues, magenta. (B) Backbone trace of the Rab27 homodimeric structure. (C) The Ras-like GTPase Rab11 both
forms a charge dipole pocket and possesses an a helix that traces out the same path as is seen for the Rab27 homodimer. (D)
Atomic interactions associated with the charge-dipole pocket (Rab11A + GDP; pdb_id: 1oiv (39)). Hydrogen bonds are indicated
by dotted lines; aromatic and electrostatic interactions by dot clouds. Color scheme: backbone of the B-strand prior to the P-
loop, dark red; backbone of the switch Il region, orange; side chains of residues forming the charge-dipole pocket, orange;
oxygen, nitrogen, and hydrogen atoms involved in hydrogen bonds are red, blue and white, respectively. (E) The switch Il
helices of various monomeric Ras-like GTPases that form the charge-dipole pocket configuration trace out a path that
superimposes over the homodimeric form of Rab27, whereas other GTPases do not. Ga, which harbors a canonical Tyr-to-Cys
substitution, may require other cellular components to form the charge-dipole pocket configuration



Fig. S4. The proposed glycine brace component. (A) The glycine brace in Racl GTPase (pdb_id: 1i4t) (40). This figure was
adapted from (11) . Color scheme: backbone of the P-loop region, dark red; backbone of the glycine brace region, dark yellow;
backbone of the guanine-binding loop region, green; side chains of residues characteristic of all P-loop GTPases, magenta; side
chains of residues characteristic of Rab, Rho and Ran GTPases, yellow. (B) Location of the glycine brace relative to the charge-
dipole pocket (within Rab11 bound to a GTP analog (39)).



Fig. 5. Biochemical and structural features of RFC DNA clamp loaders. (A) Reaction catalyzed by RFC clamp loaders. In the
presence of ATP, the clamp loader binds to and opens the clamp and, upon association with 3’ recessed RNA-primed DNA,
hydrolyzes ATP to load the clamp. (B) Model of the eukaryotic RFC complex (consisting of subunits A to E) loading a clamp onto
DNA. Subunits A to D undergo ATP hydrolysis (yellow explosions) resulting in closure of the clamp around DNA. (C) Regions of
interaction between RFC-A, RFC-B and RFC-C ATPases within the crystal structure of the RFC-ATP-clamp complex (16) showing
the structural features associated with the categories of RFC pattern residues identified here. The central hole of the RFC
complex, through which DNA presumably is thread, is located at the bottom of each subfigure. Oxygen, nitrogen and
(predicted) hydrogen atoms establishing hydrogen bonds (dotted lines) or involved in ionic interactions are colored red, blue,
and white, respectively. lonic and van der Waals interactions are shown as dot clouds. Residue with cyan colored side-chains
distinguish active RFC ATPases from catalytically impaired RFC-E subunits; the magenta residue corresponds to the putative
catalytic base shared by all active AAA+ ATPases; orange residues distinguish all RFC subunits from bacterial clamp loader
ATPases; yellow residues
distinguish active RFC
ATPases that interact with an
adjacent ATP site from other
RFC subunits; the red residue
in ‘A’ most distinguishes all
clamp loader subunits
interacting with an adjacent
ATP site from other AAA+
ATPases; and green residue
side-chains correspond to
residues that are
characteristic of RFC subunits
that interact with the ATP-
binding site of an adjacent
subunit. The most buried
residue of the DNA clamp
upon binding to the RFC-
complex is shown as a space
filling model (white spheres)
located near the end of the
a4 helix of RFC-B. This figure
was adapted from (14). Note
that  residue  side-chains
corresponding to the NxSD
motif in RFC-B have been
omitted for clarity. A
conserved phenylalanine in
RFC-B (Phe96) appears to
form a hydrophobic pocket
for Lys109. (D) Conformation
of the RFC-B Walker B region
when bound to ATP and the
clamp. In all four active RFC
ATPases, the arginine
corresponding to Arg84RFC’B
hydrogen bonds to Walker B
main chain oxygen atoms as
shown. (E) The conformation
of the ADP-bound form of
RFCS, the archaeal small
subunit corresponding to RFC-
B (18). The Walker B-arginine
(Arg84RFc'B and ArgSSRFc'S) is
repositioned and, based on a
model of the RFC-DNA-clamp
complex, could interact with
DNA thread through the
clamp. (F) Region of RFC-B that interacts with the ATP-binding site of the adjacent RFC-A subunit.
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Fig. S6. Output contrast alignments for RFC-BCD subunits. The seed allgnment for the RFC-BCD subgroup (row 3 of Table 2
in the paper) is highlighted in six ways to reveal patterns characteristic of the functionally-divergent categories for which
RFC-BCD is in the foreground and that compare: (A) all AAA+ ATPases vs other proteins (column 1 in Table 2); (B) clamp
loader subunits adjacent to ATP-binding sites vs other AAA+ ATPases (column 6); (C) RFC vs bacterial y subunits (column 8);
(D) active RFC ATPases vs inactive RFC-E subunits (column 9); (E) RFC subunits adjacent to ATP-binding sites vs other RFC
subunits (column 10); and (F) internal vs ‘bookended’ RFC subunits (column 12). For an explanation of the format and
notations see the legend to Fig. S2.



Fig. S7. Biochemical and structural features of bacterial DNA clamp loaders. (A) Arrangement of the five AAA+ subunits
(spheres) within the y clamp loader complex. The clamp is shown as a cylinder through which RNA-primed DNA is thread.
Explosions indicate locations of bound ATP within the y subunits. (B) Structure of the AAA+ module within the bacterial y
subunit. Regions of y’s ATPase domain that interact with DNA, the clamp and an adjacent y subunit ‘s ATP-binding site are
indicated. (C) Hypothetical model of a plausible interaction (in trans) between a threonine residue that is conserved within y
(or &’) subunits (Thr165-y in E. coli) and an adjacent y subunit’s ATP binding site. Magenta-colored side-chains correspond to
residues that are co-conserved within all AAA+ ATPases and that play critical roles in ATP hydrolysis, whereas yellow-colored
side-chains correspond to residues co-conserved in y and & but not within corresponding RFC subunits (i.e., RFC-BCDES).
Leu140 packs against both Thr165 and the trans-activating arginine finger (Arg169) and thus may play a role in the relative
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Fig. $8. Output contrast alignments for bacterial y subunits. These contrast alignments highlight the seed alignment for the y
subgroup (row 6 of Table 2 in the paper) in four ways to reveal patterns characteristic of the functionally-divergent categories,
for which the y subunit is in the foreground. The foreground and background sets being compared are: (A) all AAA+ ATPases vs
other proteins (column 1 in Table 2); (B) all clamp loader subunits adjacent to ATP-binding sites vs other AAA+ ATPases (column
6); (C) bacterial y and &’ subunits vs corresponding RFC subunits (column 16); and (D) y (active ATPase) subunits vs inactive &’

subunits (column 17). For an explanation of the format and notations see the legend to Fig. S2.
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Fig. S9. Output contrast alignments for the subgroup in row 1 of Table S3, which was seeded with PcrA DNA helicases. (A)
Contrast alignment of all helicases versus other proteins (column 1 in Table S3); (B) Contrast alignment of SF1 helicases vs
SF2 helicases (column 3); (C) Contrast alignment of SF1 helicases closely related to PcrA vs other SF1 helicases (column 14).
For an explanation of the format and notation see the legend to Fig. S2.
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Fig. S9. (continued).
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LDPE 'S SEVL AL A LLREKK PEV RLLVASHALL RE FDLILI H IKV R LKL ARL LIGTGQ IPRE E LLLILL

PIVIL FLIIA REM
VILI RNK

wt_res_fregs (6094): 21111212149199512111122 111121 114321631151141112211122111 1222261111 11111 121343991211111211111121111 11212357411112111111111
3 11 12122 11112 111 2 11111 1122111114 113313 6 111 1 211 111 2211 111
] 11 21011 1 111 2111 111 1 1 212 11 1 1 11
position B 100+ 10 0 T30 0 TS0 T60 . 170 . 180 190 70 0 0 T0
: B |
AllHelicases .
YIIC 248 leq1 DLYDT1ti tQAVT: TINYDL IERIGESC
NP 0010256201 249 1egIx 1titQAVIF IT fiRIGISC
1eqx 'DLYDT1ti tQAVIF IIN R sc
NP et 23 1 DLYDTLti tQAVT 1T 1lRIGHSC
NP_649788.2 236 1eg1m 1titQAVIF RVL QQVSLVI IBRIGHSC
NP_491703.1 236 1 I JIDLYDT1titg I PQVSLVI I I C
233 1egIKQFF DLYDTLti tQAVT: I TR TG SC
36 1egLKQYFI DT1titQAVIF VLI QQVSLVI iRICTSC
239 1eqIx 1tvtQSVIF QOVSLVIN TBRIchsC
1legIKQFF ) T1titQAVI. I I G
X . 242 1dgIKQFFVSVEKEDWKFGTLCDIYDS1ti tQAY Al QO I C
231 legIK FFISVEKEQWKFDTLCDLYES1ii
Toreground (29937 T

wt_res_freqs (9477): 1 13 17 198
msemons 111122211 1 11111117 1 1 1131119 11 2 1 a
delet 3222344222223454812 1111111111 11111112245577 77 766777788888881111111111111111111124
Tk_ac ground (4U435]: Iz G AV G L L L G LG GLV T R LIL
wt_res_freqs (21393): 11 1 111 111 11 1 1011 1 111 11111
position 250 60 70 80 90 300 310 320 330 340 60 70
— - - - A -
DEAD .
2HYIIC 248 legI 'DLYDT1titQAVI. DVPQV r'r'r DL IGREGRYG  372°
NP 0010258201 249 legl 'DLYDT1ti tQAVI: VSLI L IGREGRYG 373
AAH84859.1 252 legIK '1titQAVIF I JIGREGRYG 376
NP_957372.1 243 legl 'DLYDT1ti tQAVIF IINYDL LIGREGRYG 367
NP_649788.2 23 legl 11 tQAVT 1 J1crEGRFG 360
NP 491703.1 236 legIK IDLYDTti tQAVLF LI 1GREGRFG 360
EAU84657.1 33 1egIKQFF 'DLYDT1titQAVI. I L IGREGRFG 357
FAL1_NEUCR 236 1egLKQYFI DLYDT1ti tQAVT. ID L LIGREGRFG 360
AAW26600.1 239 Tegix 1tvtQSVIF DSRVLT QQVSLY: 1GREGRFC 363
CAA09195.1 228 1egIKQFF DLYDT1titQAVIF 1 IGREGRFG 352
XP_646270.1 242 1dg1KO IYDS1titQAVIF TTDIL 1}YDLPIDRENY I IGREGRFG 366
XP954011.1 231 1egIKQFFT: ES133 tQAVIFCNTKEKVD ANFEVsinhgens gkerndingr rkGESRVLISTOLNGS ACLDVOOVSLyVAYDLENSRESY I TGREGRYC 35
Toreground (6023): T ETE SR EID E IK D L TDL SiGID PNL V @F P S RIS G
X LT T h ¥ G
Wt _res_fregs (1635): 2 111 2149 11 111 1 11 118 981 19949 312 9 12 9 1 18199 99839 9
1 134 €7 5 2 75 1
1 1 5
insertions 11 1 1121 226 1 211 9
deletions 3833 1 23 222 1114422 77777899991199111111111111111111111111111111124 163
ackgroun TEENRRSS VIDANNARFERG L DVIVISQSRAESELIEDAIAD IEY EFDFLLGTSVCSTGIDFPALNIL VEGAPEGRASYLORAGRAGRGS 03
TEVIKI ILILLPRIZQLR K NIRVV LL PDLNLRLLYVLR
wt_res_freqs (6094): 3lllizll 11y 1 121341112111211111111 111 11114216111118241410111 1112111125017015954713
11 21711172111 232111111111 1 1112 11211312 11114 1171103321001 11
position 750 60 &y EQ 300 0 T 70

Fig. S10. Output contrast alignments for the subgroup in row 3 of Table S3 which was seeded with EIF4A3 Helicases. (A)
Contrast alignment of all Helicases vs other proteins (column 1 in Table S3); (B) Contrast alignment of DEAD box helicases vs
other helicases (column 3). For an explanation of the format and notations see the legend to Fig. S2.



Fig. S11. Structural locations of several categories of co-conserved residues within SF1 and SF2 helicases. Labeled
sidechains correspond to pattern residues for which functional and/or structural roles are listed in Supplement 9. (A)
Structure of a SF2 helicase: human exon junction complex containing trapped elF4AIIl bound to an ATP analog and to
RNA (pdb_id: 2hyi). Only elF4Alll, an ATP analog and the RNA are shown. Side-chains of residues co-conserved in all
helicases and in DEAD-box helicases are colored magenta and orange, respectively. (B) Structure of a SF1 DNA
helicase: PcrA bound to DNA (pdb_id: 3pjr). Side-chains of residues co-conserved in all helicases, in SF1 helicases and
in SF1 helicases closely related to PcrA- are colored magenta, orange and yellow, respectively.



peptide
J substrate

=

Fig. S12. Structural locations of several categories of co-conserved residues within an AGC protein kinase. (A)
Structure of the cyclic adenosine monophosphate-dependent protein kinase bound to an ATP analog and to a peptide
substrate (33). Side-chains of residues co-conserved in all protein kinases or specifically within EPKs are colored
green and magenta, respectively. (B) Structure of the same kinase with AGC-specific co-conserved residues
highlighted in yellow. The isolated tyrosine residue is highlighted in green because it corresponds to a catalytic
histidine residue that is conserved in all protein kinases, but that is often a tyrosine specifically within AGC kinases.



Fig. S13. Output contrast alignments for protein kinases. The seed alignment for the AGC
subgroup (row 1 of Table S5) is highlighted in three ways to reveal patterns characteristic of the
three functionally-divergent categories for which AGC is in the foreground. These categories
compare: (A) all protein kinases vs other proteins (column 1 in Table S5); (B) EPKs vs ELKs and
APKs (column 2); (C) AGC kinases vs other EPKs (column 8). For an explanation of the notation

and formatting see the legend to Fig. S2-4.

B | S - - ILL k.
AllKs . . . o oo
PRA_human 43 FERIKTLI H...KET TDKQKVVKLKQIEHTLNGKRILO . A~ “PFLVKLE) g B YARQIVLTFEYLHSLDLIYRBLKPENLLIDQOGY IQVIRFGFAKRR . . .V 191
PKA fly 48 FERIKTLGT/ESFGRVMIVQH. ..KPTKDYYAM{ILDKQKVVKLKQVEHTLN] APFLVSLRYHFKDNSNLYMVLr.x RK . . YAAQIVLAFEYLHYLDLIYRILKPENLLIDSQGYL) 94
PKA-worm 53 FDRIKTL .. RQTGNYFAMITLDKQKVVKLKQVEHTLM PFLVNMQYSF! FI TYRISLKPEYLLIDSTGYLKIT
X_human 49 FDTLATVGTETFGRVHLVKE . . . KTAKHFFAL §VMSTPDVIRLKQEQHVHNSK IDPLIRL CWTWEDERFLIMIMETVDGGEL FEYLAN, RFSSTTGLFYSAEIICATEYLHSKETVYRLKPETLLDRDGHIKLT]
PKB_human 162 FDYLKLLGKSTFGKVILVRE . . . KATGRYYAMJILRKEVIIAKDEVAHTVISRVLQ.N. - PFLTALKYAFQTHDRLCFVMEYANGGELFFHLSR . « . .VFTEERARFYGAEIVSALEYLHSRDVVYRIK] IKIT]
PKB-worm 193 FDFLKVLGKETFGKVILCKE. . .KRTQKLYATSILKKDVIIAREEVAHTLTENRVLQ.R . . PFLTELKYSFQTNDRLCFVMEFAIGGDLYYHLNR . EqunkeGFSEFRARF‘{GSBIVLALGYLHANSZW IKL
120 K. . KDTGEVYAMIVLSKKHIVEHNEVEHTLS{SRNTLO K . . PFLVNLNYSFQTEDKLYFILDYVNGGELFYHLQK . .DK KFTEDRVRYYGAEIVL TYRLKPEYLLLTNEGHI CMT]
399 FNFLKVIGKESYGKVLLVKH. . . TQSNKLYAM{ILRKDNIVSQNQFEHTKVEKNILK.C. . PFIVKMYYSFQTSKKLYFILEYCPGGELFFHLSK. .LT. ... KFTENIARFYISEIIMALQYLHKLNIIYRELKPEVLLDRYGHI!
CT human 330 FILAKMLGKESFGKVFLAEF ... KKTNQFFATALKKDVVLMDDDVECTMVEKRVLS L. . PFLTHMFCTFQTKENLFFVMEYLNGGDLMYRIQS . . CH. . . . .KFDLSRATFYAAEIILGLQFLHSKGIVYRSLKLDNILLDKDGHIKIA
wol 378 FTFMKVLGKESFGKVMLAER. . .KGTDEVYAI{ILKKDVIVQDDDVECTMCBKRILS1A . - PFLTALHSSFQTSDRLFFVMEYVNGGDLMFQIQR. .AR. . . . .KFDESRARFYAAEVTCA! IYRLKLDYTLLDAEGHC]
PKC-fruitfly 223 FNFTKVLGKESFGKVMLAEK . . .KGTDEIYAT{VLKKDATIQDDDVDCTMTIZKRILAIA . . PFLTALHSCFQTPDRLFFVMEYVNGGDLMFQIQK. .AR. . . . . AAEVTLAL( I KLDYIL
frog 574 KETGELFAVJALKKGDIL KRVFV.AvsdA.SH. . . . PFLLSLLGCFQTADSVCFVMDYMAGGDSMTHIHS . .EV . LHSRNIVYRLKLDYLL
GRK_bovine 191 FSVHRIT YGCRK . . . LDKKRIKMKQGETLALNGR- IML .. . .L.VStgdcPFIVCMSYAFHTPDKLSFILDLMNGGDLEYHLEQ . |HG. AETTLGL KPASTLL T
GRK fruitfly 191 FSVHRIT YGCRK. . LDKKRT LNSRNMLQ.A. . .V.STgidcPFIVCMTYAFHTPDKLCFILDLMNGGDLEYHLSQ . .HG . LEHMHKRCT KPARTL 1
GRK-worm 208 FRLY 'ACQV . . . TLSLNSKQILQ.R. ..I.NS....PFVVSLAYAYETKDALCLVLTLMNGGDLKFHLYNLmPG . IL KPEYIL
RHOK_human YEVVKVIGREAFGEVQLVRH. . . KSTRKVYAMLLSKFEMIKRSDSAFFWERRDIMA . F. . .A.NS. .. .PWVVQLFYAFQDDRYLYMVMEYMPGGDLVNLMSN. . ¥D. LDA 1
RSK_human FELLKVLGQE X RDILA.D...V.NH....PFVVKLHYAFQTEGKLYLILDFLRGGDLFTRLSK. .EV. . . ..MFTEEDVKFYLAELALGLDELHSLGI I¥RLKPENTLLDEEGHT)
Cplant 125 FDFLKVVGQEAFGKVFQVMK. . .KGTSEIYAMJVVRKDTILEKNHSEYMKASRDILT K. . . I.DH. . . . PFIVQLRYSFQTKYRLYLVLDFVNGGELFYQLYH  .QG. . .. . AET I LKPE}
RSK-starfish FELLKVLGQESFGKVF VLK TKMZRNILV.D...V.NH....PFIVKLHYAFQTEGKLYLILDFLRGGDLFTRLSK. .EV. . .. .MF LALDHLHSLGIIYRMLKPEYTLLDASGHIK
NDRK-human FESLKVIG] .. .KDIGHV" JVGHIRABRDILV.E. ..A.DS. ... LWVVEMFYSF LMK TL "YIAETVLAIDS IHQLGF IEREIK!
MAST2 mouse ~ 453 FETIKLISNEAYGAVFLVRH...KSTRQRFAMJKINKQNLILRNQIQQAF . . PFVVSMFCSFETK] EGGDCATLLEN. L FAETVLALEYLENYGIVERWLKPDNLL I TSMGHIK!
DPK1_human FKFGKILGEESFSTVVLARE . . . LATSREYALILEKRHIIKENKVPYVTR . + PFFVKLYFTFQDDEKLYFGLSYAKNGELLKYIRK. FDETCTRFYTAEIVSALEYLHGKGIT KPEYTLLNEDMHIC
ingi FTFGRILGEESYSTVYLATD. . . ROTLREYAVISVLEKKHI TKEKKIKYVNISKNTL . PGIVRLYYTFQDETSLYYVLDLCTGGELLGVLEK . FDVECTRFYGAQILDAIDYMHSRGI IERIMLKPES T
oreground (TI): ¥ VA § FiK] v T 0 v
¥ 16 L IE 1 L I
L v v L I L
wt_res freqs (6234): 2 176 28 8 211 6 1 5 992 811 196 2
5 6 2 il 6 2 26 3 4
3 3 K 3 4 3
insertions 2 1111 4 11351 21 417 124 65 333312 13 1125 34 6119214 1 4 137 18531531 51425 7
deletions 44332222212111111112 2221113776751123222222221542 11 1 11 1127767434111111499“111 11 11 1115535443311 3334411 12311526 42678__2 200
ackgroun T I T L T TL T T 232
wt_res _freqs (17528 1 1 i 1111 1 H b 11 1 11 1 1
position 50 60 R 80 90 B 100 110 120 130 140 150 160 170 180 190
—- - n_n N i | . - J J — A
EPKVSELK+APKs o e . e . .
PRA_human 43 FERIKT) \MKTLDKQKVVKLKQIEHTLNEKRIL( B T PFLVKLEFSFK B YAAQIVLTFEYLHSLDLT TDQQGYIQVIDRGFARR . - V.. 191
PKA_fly 46 FERIKTLGTGSFGRVMIVQH KPTKDYYAMKILDKQKWKLKQVEHTLNEKRILQ AL . PFLVSLRYHF) . anxvu;mvm LDLI IDSQGYLKVTDF| 194
PKA-worm 53 FDRIKTLGTGSFGRVMLVKH. . . KQTGNYFAMKILDKQKVVKLKQV Q.A.. . MVLEF T IVLAFEYLHSLDLI IDSTGYLKITDF} 201
PRKX_human 49 FDTLATVGTGTFGRVHLVKE..4KTAKHFFALKVI(SIPDVIRLKQEQHVHNEKSVLKAE,, APFLIRLFWTWHDERFLYMLMEYVPGGELFSYLRN,.RGAAA“RFSSTTGLFYSAEIICAIEYLH KET ILLDRDGHIK 197
PKB_human 152 FDYLKLLGKGTFGKVILVRE. . .KATGRYYAMKILRKEVITAKDEVAHTVTESRVLQ.N. . . PFLTALKYAFQTHDRLCFVMEYANGGELFFELSR . .ER. . . . . VETEERARFYGAETVSALE IRITDF] 302
PKB-worm 183 FDFLKVLGKGTFGKVILCKE...KRTQKLYAIKILKKDVIIAREEVAHTLTENRVLQ.R. . . PFLTELKYSFQTNDRLCFVMEFAIGGDLYYHLNR. YGSEIVL I IKIADF} 19
PKB-amoeba 120 + . .KDTGE' KKHI’ SERNILQ.K. . « PFLVNLNYSFQTEDKLYFILDYVNGGELFYHLQK . -KFTEDRVRYYGAET' T /TNEGHICMTDF} 270
PKB-parasite 399 FNFLKVIGKGSYGKVLLVKH. ..TQSNKLYAMKILRKDNIVSQNQFEHTKVEKNILK.C. . . PFIVKMYYSFQTSKKLYFILEYCPGGELFFHLSK . .KFTENIARFYISEIIMALQYLHKLNII 'YGHIRLTDF| 549
PKCT human 380 FILHKMLGKGSFGKVFLAEF...KKTNQFFAIKALKKDVVLMDDDVECTMVEKRVLS.L. . + PFLTHMFCTFQTKENLFFVMEYLNGGDLMYHIQS . KFDLSRATFYAAEIILELQFLHSKGI ILLDKDGHIKIADF} 531
worm 378 FTFMKVLGKGSFGKVMLAER. . .KGTDEVYATKILKKDVIVODDDVECTMCEKRILSIA. . . PFLTALHSSFOTSDRLFFVMEYVNGGDLMFQIQR . KFDESRARFYAAEVTCALQFLHRND T 529
PKC iru\(ﬂy 223 FNFIRVLGKGSFGKVMLAEK. ..KGTDEIYAIKVLKKDAIIQDDDVDCTMTEKRILALA. . .A.. . PFLTALHSCFQTPDRLFFVMEYVNGGDLMFQIQK . 'YAAEVTLALQFLHTHGVI IL LADF] 374
PKN-frog 574 FRLLAVLGRGHFGKVLLSEY . ..KETGELFAVKALKKGDIIARDEVESLLCEKRVFV.AvsdA. S| . PFLLSLLGCFQTADSVCFVMDYMAGGDSMTHIKS . FSQSRAMFYAACVLLELQFLHSRNT DNLL LADY] 726
GRK_bovine 191 FSVERII YGCRK. LDKKRIKMKQGETLALNER - IML.S. . . L. VStgdcPFIVCHSYAFHTPDKLSFILDLMNGGDLEYELSQ . VFSEADMRFYAAEIT I 1 343
GRK fruitfly 191 FSVHRIIGRGGFGEVYGCRK. . m-rcxmrmxcmxxnrxm(ocmmmnnmno A...V.e1g1dcPPIRCHTYAPRTZDRLCP TLDLUNGGDLEYHLED, _IFSEDEMKFYAAEVI I TLLDENGHIRI 344
GRK-worm 2 ACQV. . KLEKKRVKK] . - . PFVVSLAYAYETKDALCLVLTLMNGGDLKFELYNIPG. . . . . GFDEKRVQFYAAET L b 1 1 353
RHOK_human YEVVEVI e TRV YAMKLLSKFEMIXREDSAFFWEERDINA 5 . PWVVQLFYAFQDDRYLYMVMEYMPGGDLVNLMSN. . YD . . . . .V- PEKWARFYTAEVVLALDATHSMGF T LDKSGHLKL 223
RSK_human FELLK] A TLKVRDRVR - TKMERDILA.D. - . PFVVKLHYAFQTEGKLYLILDFLRGGDLFTRLSK. .EV. . . . .MFTEEDVKFYLAEL 11 ILLDEEGHIKLTDE 212
RSK_plant 125 FDFLKVVGQGAFGKVFQVMK. . -KGTSEIYAMKVVRKDTT ERDILT.K. - .PFIVQLRYSFQTKYRLYLVLDFVNGGELFYQLYH..QG. . ... EI TLLDADGEVMLTDEELAKE 273
RSK-starfish FELLKV] LK KMERNILV.D. . .PFIVKLHYAFQTEGKLYLILDFLRGGDLFTRLSK. .EV. ... .MF" II ILLDASGHIKLTDE] 213
NDRK-human FESLKVI! .. .KDTGHV ILRKADMLEKEQVGHIRAERDILV.E. “LWVV‘KMFYSF LMK .KD.““"" YIAETVuIDsIHQme D 27
MAST2 mouse 453 FETIKL TLRNQIQOATVARDILT ¥ . . _PFVVSMFCS! ‘AL TDEEL G 80
DPK1_human FKFGKILGEGSFSTVVLARE. . . LATSREYATKILEKRHI IKENKVPY . ..PPFV'KLYFTFQDDEKLYFGLSYAK.NGELLKYIRK. 16000l SepETCTREYTAZIY 11 TLLNEDMHIQITDE} L. 280
ingi 304 FTPGRILGEGSYSTVYLATD...RQTLREYAVKVLEKKHITKEKKIKYVNIEKNTLN. 2 . .PGIVRL LDLCTGGELLGVLKK. . TG. . . . . TFDVECTRFYGAQILDAIDYMHSRGI IH DL PENVLLDEQMHVKITDRETAKL 453
oreground M54 ¥ v 1G GS G VERV YALKVVRPS LS R E RLLR v GPFI FYDG HEDVi VS NLMV DD K’Em?é 3070
s L ww v
wires freqs (2511): 6 1 38 91 7 9111 1191921111 11 1119 1141 5 8 11 2111 1215 82 101121411 8 98918 9112 12 631989
1 i 1 12 1 51 11 1 141 3 i
1 25 1 2
insertions 222212 11111111111 462 11 14443231 133 46 4532 17524551 1536 1
deletions 33221111199995777755 9119764433459111111111115531 111 1111 16511111234 64 422111111 1122 193
ackgroun OOGEECOTHRYTL  QUDDGSTALRVORRACCAEDLERRDREREFART & L A ACIPEVVATD BTGEGK T BRVGGEFLRDVGLA OL SPADALLERVODALRFTROWELAVY HODLSECRLTY DGKVTGIIDFGQ o5 03
H RLYPPKRLSFKPREHWVRKDLI K LFD T P AP D
wt res freqs (1975): 211 233342001112202  1111111236212002011111511000612050 1 5 23 1215121111 112111 1 11206113121117 11 11111111111114211121121211 95941139111 11112269421 11 1
1 1112212 42 1171 2111211000121 1 1 1112 2 231 1 11 1 Hl2anriaan 1
1 12 121 1 13 1 11 i
position 50 60 B 7u 80 B 90 B 100 110 120 130 B 140 150 160 170 B JED B 190
- - - . I - - — - - - - -
AGCvsOtherEPK . . . . .
uman FERIKTL TLDRQRVVKLKQT TLQ.A. - - PELVRLEFSFX RR..IG-...- YEAQT ;.Tn: TH| LDLTYMW TQVIDFGFARR .. .V.. 191"
PKA fly 46 FERIKTL GRVMIVQH. . .KPTKDYYAMKILDKQKVVKLKQVEHTLNEGRILQ A . PR KI e TYRDLKPENLLIDSQGYLKVTDFGFAKR...V.. 194
PKA-worm 53 FDRIKTL .. .KQTGN ILDKQKVVKLKQVEHTLNEZRILQ.A. . . I . I¥RDLKPENLLIDSTGYLKITDFGFAKR. . . 201
PRKX_human 49 FDTL LKVMSIPDVIRL .E.. . . PFLIRLFWTWHEDERFLYMLMEYVPGGELFSYLRN . . RFSSTTGLEYSAEIICAIEYLESKEIVYRDLKPENILLDRDGEHT! L. 197
PKB_human 152 FDYLKL . . .KATGRYYAMKILRKE N - .PELTALKYAFQTHDRLCFVMEYANGGELFFHLSR . RDIKLENLMLDKDGHIKITDFGLCKE. . .Gis 302
PKB-worm 193 FDFLKVLGKGTFGKVILCKE...KRTQRKLYAIKILKKDVIIAREEVAHTLTEI RVLQ R.. - . PRLTELKYSFQTNDRLCFVMEFAIGGDLYYHLNR . IVLALGYLHANSIVY¥RDLKLENLLLDKDG, IKIADFGLCl(SexsF. . 349
PKB-amoeba 120 FELLNLVGKGSFGKVIQVRK...KDTGEVYAMKVLSKKHIVERNEVERTLSEENILO K. . - - PELUNLNYSFQTEDKLYFILDYVNGGELFYHLOK . HLHLSGVIYRDLKPENLL KE...G11 270
PK&]parasiu 399 FNFLEVI LVEH. . . QSNKLYAMR ILRXDNIVSQNQFERTKVERNILE . C. . - .PEIVKMYYSFQTSKKLYFILEYCPGGELFFHLSK. LEKLNI TYRDLKPENVLLOKYCHIRLTDECLERE. | Cis 549
PKC 380 FI . . .KKTNQFFAIKALKK + . PELTHMFCTFQTKENLFFVMEYLNGGDLMYHIQS . FLHSKGIVYRDLKLDNILLDKDGEIKIADFGMCKEnm.L.. 531
CB_w 378 FTEMK . .KGTDEVYAIKILKKDVIVQDDDVECTMCE, Rn.sm.. FVMEY QIQR. -KFDESRARBEAREVICALQFLARNDVIERDLKLDNI LLDAEGHCRLADFGHCEE . .. Gin 529
PKC-fruitfly 223 PNFIKVLGKGSFGKVMLAEK. . .KGTDEIYAIKVLKKDAIIQDDD . PFLTALHSCFQTPDRLFFVMEY QIQK. . AAEVTLALQFLHTHGVIYRDLKLDNILLDQEGECKLADFGMCK
PKN-frog 574 VLLSEY. . .KE: KGDIT. RDEVESLLCE RVFV AvsdA SH... AP!LLSLL FQT. THIHS . .- xm"VLLGL'FLHSRNIVVPmR ADYGLCKE . 26
GRK_bovine 191 FSVHRII YGCRK. . . LDKKRI LNEZ-IML.S...L. LSF1I: . 'RDLKPANILLDEHGE vkrsnncmcns,.s.. 343
GRK_fruitfly 191 FSVHRII RK. . . AD! ALNE| Wrn.n...v.s'rgsacanvr DKLCFI. HLSQ. .HG. 1psEnEMxr‘{nzvILGLmeRCIWRDLKFMIu.nzuc TRISDLGLACDE..S.. 344
RK-worm 203 FRLY) ACQV. . . LKKLEKK NEJQILQ.R...I.NS....PEVVSLAYAYETKDALCLVLTLMNGGDLKFHLYNImPG. . . . ILYRDLKPENI I .33
RHOK_human YEVVKYV. . KSTRKVYAMKLLSKFEMIKRSDSAFFWEEGDIMA.F.. .A.NS....PHVVQLFYAFQDDRYLYMVMEYMPGGDLVNLMSN. .YD. . ...V~ PEKWARPYTREVVLALOATHOMOF THRDVE LADFGTCMK. . .M.. 223
RSK_human FELLKVLGQGSFGKVFLVRKvtrPDSGHLYAMKVLKKATLKVRDRVR-TKMEEDILA.D. . .V.NH. . . . PEVVKLHYAFQTEGKLYLILDFLRGGDLFTRLSK «MFTEEDVKFYLAELALGLDHLHSLGII¥RDLKPENILLDEEGHIKLTDFGLSKE o212
SK_plant 125 FDFLKVVGQGAFGKVFQVMK. ..KGTSEIYAMKVVRKDTILEKNHSEYMKAEGDILT.K...I.DH....PFIVQLRYSFQTKYRLYLVLDFVNGGHLFYQLYH. . LFREDLARI¥TAEIVSAVSHLHANGIMHRDLKPENILLDADGHIVMLTDFGLAKE 273
RSK-starfish TKMEGNILV.D. ..V.NH. . ..PFIVKLHYAFQTEGKLYLILDFLRGGDLFTRLSK . MFTEDDAKLYPAELALALDHLESLGI I¥RDLKPENTLLDASGUIKLTDFGLSKE . . - Svd 213
IDRK-human FESLKVI RLVQK. . . KDTGHVYAMKT EQUGHIRAELDILY.E .| 1A DS || LWVVNFYSFQDKINLYL INEFLPGGDNNTLLMK | |KD. | | | TLTEESTQFY IAETVLAIDS THQLGF IRRDIKPDNLLIDSKUVKLSDFOLCTS | [T«
MAST2 mouse 453 FETIKLI FLVRH. . . KST} INKQNLILRNQIQQAFVESDILT.F. . .A.EN. .. .PF DCATL, . ALPVDMVRLYFAETVLALEYLHNYGIVHRDLKPDNLLITSMGIKLTDFGLSKT o 601
DPK1_human FKFGKILGEGSFSTVVLARE. . . LATSREYAIKILEKRHITKENKVPYVTREZDVMS .R. . .L.DH. 44PPF\IKLYFTFQDDEKLYFGLSYAKNGELLKYIRK. - SFDETCTRFYTAEIVSALEYLHGKGI IHRDLKPENILLNEDMJIQITDFGTAKV . . . L 230
PDK1_fungi 304 FTFGRILGEGSYSTVYLATD...RQTLREYAVKVLEKKHITKEKKIKYVNIEGSNTLN.R. . .LtEH. . ..PGIVRLYYTFQDETSLYYVLDLCTGGELLGVLKK. . TG. . . . . TFDVECTRFYGAQILDAIDYMHSRGI IHRDLKPENVLLDEQMEVKITDFGTAKL . . .L. . 453
Foreground (5301 KT T TY VYA R GEF I IRK KW DG L ERK M L KE — WUIR E VFLV ELL GG TATS CYLHEN VYR TRED LT R eVRTA FOLAE =375
¥ L 7} FI Y1 L K E B
v
wtres freqs (162: 912 3 11 9172 193121 2291111 19311 115 1111 87 1 1134 511 993 111 1 22 1288 121151 47921 1379 1981 27 1 922621 89547
2 5 2 5 75 71 B ia 72 1772 7 62
insertions 11 3121 2 11 442 1 214 31 2 1 211 1
deletions 22111111999988777788 37a56344333222233323112011 1 1 1 S 134
‘background (2578): FTIGEEL § TY EVYLCTN  RE GEEV V TEKKDALSSEGDRQTFLREASLMK E L KH ENVIQIIGVFTEGGPVFIVIELAGGGD KDRIKS NR PISLSTVKSYLRDLASGVAYLHSNKFVHR IKPE CLVGDNGTVKVC FGLAKD Y 03
LKL K E VPKAID K K IKYLEK DEEPKEL LK RQ R HILR LETYE E IVLIF MD E LEY E R LT KDLRRLMLQ LR MKFM EKRVL L R F
Wtres freqs (767): 1122213 1 12 1831111 11 4116 3 112211111211111224911232 1 5 17 16221115351110021261735 0365 123211 11 11211111111112215116573111398 2752 172111213711 896521 1
1137727 2 7T 113312 1 3 1171117727 111112 1 1 15117111117 1713421 21 11127 1 1 327111111116 31 2111 11121 22 2 11112 4 T
11 1 131 2 21 1 1 1 1701
position 50 60 70 80 90 B 100 110 T30 130 140 © 150 160 170 © 180 190




Fig. S13. (Continued)

A

AllKs

L

uma
PKA fly
PKA-worm
PRKX_human
PKB_human
PKB-worm
PKB-amoeba
PKB-parasite
PKCT_human
PKCB_worm
PKC-fruitfly
PKN-frog
GRK_bovine
GRK_fruitfly
GRK-worm
RHOK_human 22
RSK_human
RSK_plant
RSK-: s(arﬂsh
NDRK-human
MAST2 mouse
DPK1_human
PDK1_fungi 54

NadR33

L
Y

.
. Kgrtwtlcgtpeylapeiilskg........ YNKAVBWWALGVLIYEMAAGyppEfadqpiqiyekivsgkvrEipshfssdlkdllrnllqvdltkrEgnlkngvndiknhkw. .. ... ...
. .Kgrtwtlcgtpeylapeiilskg. ... WWALGVLVYEMAAGyppf fadgpigiyekivsgkvrfpshfgsdlkdllrnllqvdltkrygnlkagvndikngkw. ........
.Kgrtwtlcgtpeylapeiilskg. ... WSALGVLIYEMAAgyapffadgpigiyekivsgkvl hfsnelkdllknllqvdltkrfgnlkngvadiknhkw. . .

WWALGILIFEMLSGfppf fddnpfgiyqkilagkidfprhldfhvkdlikkllvvdrtrrlgnmkngandvkhhrw. .
WWGLGVV‘M’YEMMCgrlpfynqdherlfelilmeeirfprtlspeaksllagllkkdpqulgggpsdakevmehrf. .
WWGVGVVMYEMMCgr 1pfyskdhnklfelimagdlrfpsklsqgeartlltgllvkdptqrigggpedaleicradf.

WWSFGSLLYEMLTglppfynqdvgemyrkimmeklsfphfispdarslleqllerdpekrladpnlikrhpf. ...
WWSLGIMLYEM’VTghlpEngesrdLlfenlkykklkxsnrlspeladllkkllqknqurlgsgltdaeelkkhpf
WWSFGVLLYEMLIggspf. 1fhsi yprwlekeakdllvklfvrepekrlgvrgdirghpl.
WWALGVLMYEMMAgQppfeadneddl feailnddvlypvwlskeavnilkafmtknagkrlgcvvsqggedairahpt
WWALGVLMYEMMAgQppfeadnedel fdsimhddvlypvwlsreavsilkgfltknpeqrlgctgdeneirkhpf. . .
WWGFGVLIYEMMVgespfpgdeeeevidsivndevryprfltaeaiaimrrllrrnperrlgagerdaedvkkapf. .
WFSLGCMLFKLLRghspfrghktkdkheidrmtltmavelpdsfspelrsllegllqrdvnrrigclgrgagevkespf
. .Kkkphasvgthgymapevlskgts. WFSFGCMLYKLLKghsp£rghktkdkleidkmtltmnvelpesfslelknllemllgrdvskrlgemgngadevkmhne

.vdrtwtlegtpeylapevigskg. ...
d.Gatmktfcgtpeylapevlednd. ...
. .Gdktstfcgtpeylapevlddhd. . ..
tpTdktgtfcgtpeylapevlggng
d.Nnsakslcgtpeylspeiihgtg
. .Gdaktntfcgtpdyiapeillggk.
k.Dnltstfegtpdyiapeilgeme
n.Gmltttfcgtpdyiapeilkege
p.Sdrtstfcgtpeflapevltdas. ...
.Kkkphasvgthgymapevlgkgva. . .

.Kdnepikgrvgtvgymapeivkner. [WWGVGCLIYEMIEgkapfrqrkekvkreeverrvredgekysekfseaartlcrgll

rr
. .Nkeg‘n\vrcdtavgtpdylspevlksqggdngGREC WWSVGVFLYEMLVgdtpfyadslvgtyskimnhknsltfpddndiskeaknlicafltdrevrlgrngveeikrhlf.
. SANWWSYGVLMFEMLTgs 1 lilkaklgmpgflsteagsllralfkrnpanrlgsgpdgaeeikrhvf. .
HoRv WWSVGILLFEMLTgkppfiggnrdkiqqgkivkdklklpayltseahsllkgllgkeaskrlgggpagsneiknhkw. .
HTTAASWWSFGVLMFEMLTgalpfqgghrketmamipkaklgmpgflspeagsllrqgl fkrnpanrlgaaengvedikkhaf. .
. YNKLCOBWWSLGVIMYEMLIgyppfcsetpgetykkvmnwketltfppevpisekakdlilrfccewehrigapgveeiksnst.
. YGKPVEWWAMGIILYEFLVgcvpffgdtpeelfgqvisdeivwpegddalppdagdltskllhgnplerlgtssayevkghpt .
. .Speskqaransfvgtaqyvspellteks. . .ACKSS] LWALGCIIYQLVAglppfragney11qu' 1kleydfpekffpkardlvekllvldatkrlgceemegyg-plkahpf
. .Dderaasfvgtaeyvspellteks....... ASTASEIWAFGCIIYQLLAGY ltfgkivkleyef] saardlverclvldpagrftvehikkhef

nrqg.
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Eentrsnslcgtieymapellqgkg

foregrount

wt_res_freqs (6234):
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2

N PWWWW BB BEEENND W B WWWN

ISt

Ei

insertions 6 31 7171 46
deletions 2 1761111889911111111 1 200
background (32305% L 232
wt_res_freqs (17528): 1
position 200 210 B 240 250 T 260 270 280 290 B
EPKvSELK+APKs oo
_human VLIYEmgypp adqplqueklvsgnvr pehfssdlkdllrnllqvdltkrfgnlkngvndiknhkw. .
PKA_fly VLVYEMAAQ qiyekivsgkvr 1kdllrnllqgvdltkrygnlkagvndikngkw. .
PKA-worm ILIYEMAAgyapffadq‘_piqiyekivsgkkapshfsnelkdllknllqultkrfgnlkngvadlknhkw. .
PRKX_human TLIFEMLSgfppffddnpfgiyqkilagkidfprhldfhvkdlikkllvvdrtrrlgnmkngandvkhhrw. .
PKB_human VVMYEMMCgrlpfynqdherlfelilmeeirfprtlspeaksl1agllkkdpqulgggpsdakevmehrf. .
PKB-worm 350 MYEMMCgrlpfyskdhnklfelimagdlrfpsklsqeartlltgllvkdptqrlgggpedaleicradt.
PKB-amoeba 71 LYEMLTg1ppfy immeklsfphfispdarslleqllerdpekrladpnlikrhpf......
PKB-parasite 0 . IMLYEMVTGhlpEngesrdilfenikykkikisnrlspeiadllkkllqknpgkrlgsgitdaceikkhpt. .
PKCT_human 2 ..Gdaktntfcgtpdyiapeillgqgk. . YNHSVDW uLYEMLngspfhqueeel£h51mdnp£yprw1ekeakd1lvklfvrepekrlgvrgdquhpl 34
PKCB_worm 0 k.Dnltstfcgtpdyiapeilgeme . . YGVSVDWWAL 1Fn=1'IndrivlypvwlskeavxulkaEmtknagkrlgcwsqggedalra pf
PKC-fruitfly 75 n.Gmltttfcgtpdyiapeilkege.... . YGASVDWWAL lrwrv 1fdsimhddvlypvwlsreavsilkgfltknpegrlgctgdeneirkhpf. ..
PKN-frog 27 p.Sdrtstfcgtpeflapevltdas . . YTRAVDWW( LIY! £fpgd fdsivndevryprfltaeaiaimrrllrrnperrlgagerdaedvkkgpf. . 833
GRK_bovine 344 . .Kkkphasvgthgymapevlgkgva.......YDSSADWFGLECMLFKLLRghspfrqhktkdkheidrmtltmavelpdsfspelrsllegllqrdvnrrigclgrgagevkespf 453
GRK_fruitfly 345 ..Kkkphasvgthgymapevlskgts... YDSCAuwn MhYKLLthspErqhktkdkleidkmtltmnvelpesEsle1knllemllqrdvskrlgcmgngadevkmhnf 54
K-worm 354 ..Kdnepikgrvgtvgymapeivkner. YGVDWW LIYEMI fseaartlcrgll gc gr 7(
RHOK_human 24 Nkeg‘mvrcdtavgtpdylspevlksqggdgyx RECT :.-uYEMLng:pfyadslvgtyslumnhknsl:fpddndlskeaknllcafltdrevrlgrngveelkrhlf
RSK_human 13 nrqg HSA LMFEMLTgs1 lilkaklgmpqflsteagsllralfkrnpanrlgsgpdgaeeikrhvf.
RSK_plant 74 .HDK AD! ILLFEML iggkivkdklklpayltseahsllkgllgkeaskrlgggpagsneiknhkw. .
RSK-starfish 4 . HTTAAL uMFEMLTgalpEnghrketmamlpkaklgmqulspeaqsllrrﬂ lgaaengvedikkhaf.
NDRK-human 8 . . YNKLCD! JLEVIMYEMLIgyppfcsetpgetykl ltfppevpisekakdlilr i veeiksnsf.
MAST2_mouse 2 ..Refldkqvcgtpeyiapevilrgg... - YGKPVDWI IILYEFLVgC elfgqvisdeivwpegddalppdagdltskllhgnplerlgtssayevkghpf.
DPK1_human 1 ..Speskgaransfvgtagyvspellteks...ACKSSDLWAL CIIYQLVAglppfragney11qu11kleydfpekffpkardlvekllvldatkrlgceemegygplkahpf
PDK1_fungi 54 . .Dderaasfvgtaeyvspellteks....... ASTASDIWA! kivkleyef: saardlverclvldpagrftvehikkhef
Voregroung BE54]: DP DLFA € L
I M
vV L
wt_res_freqgs (2511): 11 9112 8 1 1
36 2 2
5 2 4
insertions 9 8
deletions 2 3438445555666777889 9 193
‘background (5905): S GDRERDLGNI INAFRALGR A 03
D EPPLYE A LLF LRAAL
FL F R
wt_res_fregs (1975): 1 3211174111111211111 1
1 112111 3 212 11111
11 1 1
position 200 © 210 . 220 . 230 T 240 © 250 © 260 270 ~ 280 ~ 290 B
AGCvsOtherEPK
PKA_human 27 . .Kgrtwtlcgtpeylapeiilskg. ... YNKAVDWWALGVLIYEMAAgyppffaacn:lqueluvsgkvrfpshfssdlkdllrnllqultkrfgnlkngvndlk_nhkw B 2
PKA fly 5 . . YNKAVDWWALGVLVYEMAAGYPP igiyekivsgkvr dlkdllrnllqvdltkrygnlkagvndikngkw. . . 3
PKA-worm 2 . . YNKAVDWSALGVLIYEMAAGY: dgpigiyekivsgkv] hfsnelkdllknllqvdltkrfgnlkngvadiknhkw. . .
PRKX_human 8 HGRAVDWWALGILIFEMLngppffdd.npfglyqlulagludfprhldfhvkdl1kk1lvvdrtrrlgnmkngandvkhhrw
PKB_human 3 . YGRAVDWWGLGVVMYEMMCgrlpfyngdherlfelilmeeirfprtlspeakslla
PK 50 . YGRCVDWWGVGVVMYEMMCgrlpfyskdhnklfelnnagdlrfpsklsqeartl1:gllvkdptqugggpedalelcradf .
1 .....YGKQVDWWSFGSLLYEMLTglppfynqdvgemyrkimmeklsfphfispdarslleqllerdpekrladpnlikrhpf..........
B i . ....HGKSADWWSLGIMLYEMVTghlpfngesrdilfenikykkikisnrlspeiadllkkllgknpgkrlgsgitdaeeikkhpf. .
PK 2 . YNHSVDWWSFGVLLYEMLT, 1fhsi yprwlekeakdllvklfvrepekrlgvrgdirghpl...... .. 34
PKCI k.Dnltstfcgtpdyiapeilgeme. ... ... .YGVSVDWWALGVLM’YEMMquppfead.neddlfea1lnddvlypvwlskeavn1lkafmtknagkrlgcwsqggeda;Lrahpf‘ B
PK( i 5 n.Gmltttfcgtpdyiapeilkege . . YGASVDWWALGVLMYEMMAggppfeadnedel fdsimhddvlypvwlsreavsilkgfltknpeqrlgctgdeneirkhpf. . . .
PKN-frog 727 p.Sdrtstfcgtpeflapevltdas . YTRAVDWWGFGVLIYEMMVgespfpgdeeeevfdsivndevryprfltaeaiaimrrllrrnperrlgagerdaedvkkqpf . .
GRK bovme 344 . .Kkkphasvgthgymapevlgkgva. . .....YDSSADWFSLGCMLFKLLRghspfrqhktkdkheidrmtltmavelpdsfspelrsllegllqrdvnrrigclgrgagevkespt. . .
itfl 345 . .Kkkphasvgthgymapevlskgts. . YDSCADWFSFGCMLYKLLKghspfrghktkdkleidkmtltmnvelpesfslelknllemllgrdvskrlgemgngadevkmhnf 54
54 . .Kdnepikgrvgtvgymapeivkner. . YSYGVDWWGVGCLIYEMIEgkapfrqrkekvkreeverrvredgekysekfseaartlerglihkepgfrlgerrvgrpedgaceirahpiF
224 ,.Nkeg—mvrcdtavgtpdy1spevlksqggdngGRECDWWSVGVFLYEM‘Lngtpfyadslvgtyskunnhknsltfpddndlskeaknllcafltdrevrlgrngveexkrhlf
3 Idhekkaysfcgtveymapevvnrq SHSADWWSYGVLMFEMLTgs1 lilkaklgmpgflsteagsllralfkrnpanrlgsgpdgaeeikrhvf.
4 . .Eentrsnslcgtieymapeiiqgkg. HDKVADWWSVGILLFEMLTgkppf1gg'nrdk1qqk1vkdk1klpay1tseahs1lkgllqkeaskrlgggpagsnelknhkw
4 . ......HTTAADWWSFGVLMFEMLTgalpfqgghrketmamipkaklgmpgflspeagsllrqlfkrnpanrlgaaengvedikkhaf. .
NDRK-human 8 . . YNKLCDWWSLGVIMYEMLIgyppfcsetpgetykkvmnwketltfppevpisekakdlilrfccewehrigapgveeiksnsf.
MAST2_mouse 2 . YGKPVDWWAMGIILYEFLVgcvpf fgdtpeelfgqvisdeivwpegddalppdaqdltskllhgnplerlgtssayevkghpt.
DPK1_human 1. .Speskqaransivgtaquspellteks .. .ACKSSDLWALGCIIYQLVAglppfragneylifqgkiikleydfpekffpkardlvekllvldatkrlgceemegygplkahpf..... 3
PDK1_fungi 54 . .Dderaasfvgtaeyvspellteks....... ASTASDIWAFGCIIYQLLAgrppfkagteyltfgkivkleyefppgfpsaardlverclvldpagrftvehikkhef . 555
foreground (530): YS DY SFGCILFEL T 378
T W VoY
wt_res_fregs (162): 41 91 419112282 2
1 6 307
insertions 9 8
deletions 4 4455678899111111111 1 134
‘background (2578): Y YSSKSDV SFGCTFYEIAS T 03
FTRRI M V VVLAILFT
I IW
wt_res_fregs (767): 1 5212294 72621126211 1
411412
1 1 1 1 3 2
position 200 © 210 . 220 . 230 © 240 ~ 250 ~ 260 270 ~ 280 ~ 290 .
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Fig. S14. Convergence behavior of the mc-BPPS sampler. Plots correspond to five analyses using the hyperpartition in Table 1 of
the paper and—to better assess inherent variability—where, in each case, 50% of input aligned sequences were randomly
removed. The total (multiple category) log likelihood ratio (LLR) and the (simulated annealing) sampling temperature (which is
arbitrarily set to 300° for the true distribution) are plotted as functions of the number of sampling steps (iterations). The
annealing scheme is as follows: Whenever the slope of the total-LLR function over a 50 iteration window remains fairly flat
(defined as a change in the LLR of less than one nat) the temperature is dropped by one degree; this continues until a
temperature of zero is reached.



Contrast alignment identical to Fig. 3 (top):

TRAFAC
_RabTTa TGVEFATRSIQVD. .. . GKTIKAQIWRTA
Rab33_1Z06A 2 IGVDFRERAVDID. . . . GERIKIQLWNTAEOERFRk SMVQHY YRNVHAVVFVYDMTNMASFHSLPAWIEEC
Rab23 1Z22A (LGVDFLERQIQVN. . . . DEDVRLMLWETA .AITKAYYRGAQACVLVFSTTDRESFEAISSWREKV
Rab27B 2FTSA 2! . SLTTAFFRDAMGFLLMFDLTSQQSFLNVRNWMSQL
Rab21_1Z08A {LGASFLTKKLNIG. . . . A .ALGPIYYRDSNGAILVYDITDEDSFQKVKNWVKEL
1G16A_Secd, 2 IGIDFKIKTVDIN. ... . TITTAYYRGAMGIILVYDITDERTFTNIKQWFKTV
3RABA Rab3A 2 (VGIDFKVKTIYRN. ... A . TITTAYYRGAMGFILMYDITNEESFNAVODWSTQI
1HUQA_Rab5C 2 (IGAAFLTQTVCLD. . . . A . SLAPMYYRGAQAAIVVYDITNTDTFARAKNWVKEL
1D5CA_Rab6 1 IGIDFLSKTLYLD. ... . SLIPSYIRDSAAATIVVYDITNRQSFENTTKWIQDT
1EKOA_Ypt51 EAAN IGAAFLTQRVTIN - W A . SLAPMYYRNAQAALVVYDVTKPQSFIKARHWVKEL
1KY2A Ypt7| VI . SLGVAFYRGADCCVLVYDVTNASSFENIKSWRDEF.
T VL

VL ST] LV

II I
wt_res_fregs: 128 9942 8 9 9 1 21

32 55 35

3_3 3,
OtherProtein (32722 TLG GK T L T GL LL IL LL LT T T
wt_res fregs: 111 11 11 111 11 11 11 11 1 1
position 0 B 40 B 50 B 60 . 70 . 80 B 90 . 100 110 120

Input alignment with 50% of sequences removed:

tx I - h

TRAFAC . o0
10IWA_Rab11a 29 LFKVVLI] “@LSRFTMEWLESKS IGVEFATRSIQVD. . . .GKTIKAQIW %ERYR.AITSAYYRGAVGALLVYDIAKHLTYENVERWLKEL

Rab33_1Z06A IFKIIVI] 'LTYRFCAGRFPDRTEAWIGVDFRERAVDID. . . . GERIKIQLW ERFRk SMVQHY YRNVHAVVFVYDMTNMASFHSLPAWIEEC

Rab23_1Z22A [IQRYCKGIFTKDYKKWIGVDFLERQIQVN. . . . DEDVRLMLW .AITKAYYRGAQACVLVFSTTDRESFEAISSWREKV

Rab27B 2F7SA 2 S $BVFLYRY TDNKFNPKFITRVGIDFREKRVVYN (IO)AFKVHLQLW . SLTTAFFRDAMGFLLMFDLTSQQSFLNVRNWMSQL
1_1208A {LGASFLTKKLNIG. . . . GKRVNLA] . ALGPIYYRDSNGAILVYDITDEDSFQKVKNWVKEL
X IGIDFKIKTVDIN. ... . TITTAYYRGAMGIILVYDITDERTFTNIKQWFKTV
3RABA_Rab3A (VGIDFKVKTIYRN. . .. . TITTAYYRGAMGFILMYDITNEESFNAVQDWSTQI
1HUQA_Rab5C 2 (IGAAFLTQTVCLD. . . . W . SLAPMYYRGAQAAIVVYDITNTDTFARAKNWVKEL
1D5CA_Rab6 1 IGIDFLSKTLYLD. . .. . SLIPSYIRDSAAAIVVYDITNRQSFENTTKWIQDI
1EKOA_Ypt51 (IGAAFLTQRVTIN. . . .EH' . SLAPMYYRNAQAALVVYDVTKPQSFIKARHWVKEL
1KY2A_Ypt7p AIGADFLTKEVTVD (1) DKVATMOVWISIT; . SLGVAFYRGADCCVLVYDVTNASSFENIKSWRDEF
vV LI ST L v
IIv I I
wt_res_freqs (8655): 1 218 99421 8 19 9 21
322 556 3 35
3_33 3 3
conserved (31351): T LLL T LLT L T L T
wt_res_freqgs (18370): 1 111 1 111 1 1 1 1

Input alignment with 50% of sequences removed (distinct seed):

TRAFAC 0

10IWA_Rab11a 29 ,LSRFTRNEFNLESKSWIGVEFATRSIQVD. . . . GKTIKAQIWNT; ERYR.AITSAYYRGAVGALLVYDIAKHLTYENVERWLKEL 127*
Rab33_1Z06A 20 S UCLTYRFCAGRFPDRTEAWT GVDFRERAVDID. . . . GERIKIQLWITA RFRk SMVQHYYRNVHAVVFVYDMTNMASFHSLPAWIEEC 119
Rab23_1Z22A 5 J EEMIQORYCKGIFTKDYKKWIGVDFLERQIQVN. . . . DEDVRLMLWSTAEOEEFD . ATITKAY YRGAQACVLVFSTTDRESFEAISSWREKV 103
Rab27B_2F7SA 25 W TAEOERFR . SLTTAFFRDAMGFLLMFDLTSQQSFLNVRNWMSQL 133
Rab21_1Z08A 6 JWSTLVLRYCENKFNDKHI TIWLGASFLTKKLNIG. . . . GKRVNLAIWSTACOERFH . ALGPIYYRDSNGAILVYDITDEDSFQKVKNWVKEL 104
1G16A_Secd 20 J SICLLVRFVEDKFNPSFITWIGIDFKIKTVDIN. . . . GKKVKLQIWRTAEOERFR . TITTAY YRGAMGIILVYDITDERTFTNIKQWFKTV 118
3RABA_Rab 2  CFLFRYADDSFTPAFVSIWVGIDFKVKTIYRN. . . . DKRIKLQTWRTAEOERYR . TTTTAYYRGAMGFILMYDITNEESFNAVQDWSTQI 120
1HUQA_Rab5C 20 S ELVLRFVKGQFHEYQESINT TQTVCLD . DTTVKFEIWNTA RYH . SLAPMYYRGAQAATIVVYDITNTDTFARAKNWVKEL 118
1D5CA_Rab6 10 S WS T T TRFMYDTFDNNYQSWIGIDFLSKTLYLD. . . . EGPVRLQLWRTAEOERFR . SLIPSYIRDSAAAIVVYDITNRQSFENTTKWIQDI 108
1EKOA_Ypt51 {LGAAFLTQRVTIN. . . . EHTVKFEIW, . SLAPMYYRNAQAALVVYDVTKPQSFIKARHWVKEL 106
1KY2A_Ypt7) IGADFLTKEVTVD Q . SLGVAFYRGADCCVLVYDVTNASSFENIKSWRDEF 107

v
L
I I
wt_res_freqgs (8605): 8 19 9 21
2 35
3, 3,
conserved (3T040: T T T T T T IL T L LL T T
wt_res_freqgs (18254): 1 1 1 11 1 1 11 1 1 11 1 1
Input alignment with 50% of T d (distinct seed):
TRAFAC . . .
10IWA Rabl1a 29 IGVEFATRSIQUD. . . . GKTIKAQIWRTAEOERYR . AITSAYYRGAVGALLVYDIAKHLTYENVERWLKEL 127
Rab33_1Z06A 20 IGVDFRERAVDID . GERIKIQLW [TACOERFRk SMVQHY YRNVHAVVFVYDMTNMASFHSLPAWIEEC 119
IGVDFLERQIQVN. . EDVRLMLWBTAEOEEFD . ALTKAY YRGAQACVLVFSTTDRESFEAISSWREKV 103

Rab23_1Z22A 5
Rab27B 2F7SA 25
Rab21_1Z08A
1G16A_Sec4, 20
3RABA_Rab3A 22

{(VGIDFREKRVVYN (10) AFKVHLQLW [TA
\L.GASFLTKKLNIG. .
(IGIDFKIKTVDIN.
(VGIDFKVKTIYRN .

QERFR. SLTTAFFRDAMGFLLMFDLTSQQSFLNVRNWMSQL 133
LATWBTAEOFERFH . ALGPIYYRDSNGAILVYDITDEDSFQRVKNWVKEL 104
| GKKVKLOQTWETASQERFR . TTTTAYYRGAMGI ILVYDITDERTFTNIKQWFKTV 118
.DKRIKLQTWMTAEOERYR . TITTAY YRGAMGFILMYDITNEESFNAVQDWSTQI 120

o

1HUQA_Rab5C 20 (IGAAFLTQTVCLD. . . .DTTVKFEIWSTA RYH . SLAPMYYRGAQAAIVVYDITNTDTFARAKNWVKEL 118
1D5CA_Rab6 10 IGIDFLSKTLYLD. . . . EGPVRLQLWETAEOERFR . SLIPSYIRDSAAAIVVYDITNRQSFENTTKWIQDI 108
1EKOA thS1 IGAAFLTQRVTIN. . . . EHTVKFEIWSTACOERFA . SLAPMY YRNAQAALVVYDVTKPQSFIKARHWVKEL 106

0 0

1KY2A Y TGADFLTKEVTVD (1) DKVATMOVWS . SLGVAFYRGADCCVLVYDVTNASSFENIKSWRDEF 107

v
L
I I
wt_res_freqs (8598): 8 19 9 21
2 35
3 3
conserved (31051): L L L LL L LL
wt_res fregs (18259): 1 1 1 11 1 11
Independently-obtained (PSI-BLAST) input alignment:
-
TRAFAC . o
10IWA_Rab11a 29 LFRVVLI] ILLSRF ILESKSTIG! IQUD. . . .GKTIKAQIWETAEOERYR . AITSAYYRGAVGALLVYDIAKHLTYENVERWLKEL 127
Rab33_1Z06A 20 IFKIIVI| LTYRFCAGRFPDRTEATIGVDFRERAVDID. . . . GERIKIQLWWTAEOERFRk SMVQHY YRNVHAVVEFVYDMTNMASFHSLPAWIEEC 119
Rab23_1222A 5 ATKMVVV] TQRYCKGIFTKDYKKTIGVDFLERQIQVN . . . . DEDVRLMLWETAEOEEFD . AITKAY YRGAQACVLVFSTTDRESFEAISSWREKV 103
Rab27B_2F7SA 25 LIKLLAL] 'FLYRYTDNKFNPKFITTVGIDFREKRVVYN (10) AFKVHLQLWST: ERFR . SLTTAFFRDAMGFLLMFDLTSQQSFLNVRNWMSQL 133
Rab21_1Z08A 6 SFKVVLL  LVLRYCENKFNDKHITTLGASFLTKKLNIG GKRVNLATIWNTAEOERFH . ALGPIYYRDSNGAILVYDITDEDSFQKVKNWVKEL 104
1G16A_Secdp 20 IMKILLI| LLVRFVEDKFNPSFITTIGIDFKIKTVDIN. GKKVKLQIWNT: ERFR. TITTAYYRGAMGIILVYDITDERTFTNIKQWFKTV 118
3RABA_Rab3A 22 MFKILIIEN FLFRYADDSFTPAFVSTVGIDFKVKTIYRN. DKRIKLQIWNT: ERYR . TITTAYYRGAMGFILMYDITNEESFNAVQDWSTQI 120
1HUQA Rab5C 20 QFKLVLL LVLRFVKGQFHEYQESTIGAAFLTQTVCLD . . . . DTTVKFETWRTAEOERYH . SLAPMY YRGAQAATVVYDITNTDTFARAKNWVKEL 118
1D5CA_Rab6 10 KYKLVFL IITRFMYDTFDNNYQSTIGIDFLSKTLYLD EGPVRLOLWSTAEOERFR . SLIPSYIRDSAAAIVVYDITNRQSFENTTKWIQDI 108
1EKOA_ Vp151 8 SIKLVLL IVLRFVSNDFAENKEPTIGAAFLTQRVTIN. . . . EHTVKFE IWST; ERFA . SLAPMY YRNAQAALVVYDVTKPQSFIKARHWVKEL 106
1KY2A_Ypt7 8 ILKVII , LMHRYVNDKY SQQYKATIGADFLTKEVTVD ( 1)DKVATMva-T ERFQ . SLGVAFYRGADCCVLVYDVTNASSFENIKSWRDEF 107
conserved (4148 T T D VL
IV L LV
v II I
wt_res_freqs (10518): 1219 1 9 9 21
323 46 35
3 23 3
130302 T L T T L T T T L T L TL L L
wt_res_freqs (18755): 11 1 1 1 1 1 11 11 11 1 1

Fig. S15. The robustness of the mcBPPS sampler (see text).



Contrast alignment identical to Fig. 3 (middle):

___--_-I.I_. S
RasLike . D) o e
_RabTTa 2 IGD L TRNE, _GKTIKAQI R.AITSAY DIAKHLTYEN KEL 127
Rab33_1Z06A 20 IFIIVIGDSNVGKTCLTYRFCAGRF' m.-wwmm QHYYRNVHAVVF PAWIEEC 119
Rab23_1222A AT MV TQRYCKGIF TEVDFLERQT DVELMLINTEGEERFD . ARTRASIRGAQACVLVFSTIDRESFEATSSWREKY 103
Rab27B 2F7SA 25 LIJLLALGDSGVGKTTFLYRYTDNKFNPKFITTV| IDFREKRWYN(lo)AFKVHLQLWDTAG ERFR . SLTT: “LLMFDLTSQO! 133
Rab21_1Z08A SFUWVLLGEGCVGKTSLVLRYCENKFNDKHITTLEASFLTKKLNIG . WVNLAIWDTAGEERFH . ALGPIHRDSNGAILVYDITDEDSFQKVKNWKEL 104
1G16A Secdp 20 IMJILLIGDSGVGKSCLLVRFVEDKFNPSFITTIEIDFKIKTVDIN. GKKVKLQIWDTAG JERFR . TITTAYYRGAMGI ILVYDITDERTFTNIKQWFKTV 118
3RABA Rab3A 22 MFILIIGNSSVGKTSFLFRYADDSFTPAFVSTVSIDFKVKTIYRN. ... DKRIKLQIWDTAGEERYR. TITTAYYRGAMGFILMYDI QDWSTQT 120
1HUQA Rab5C 20 oF) LVLLGESAVGKSSLV‘LRFV‘KGQFHEYQESTI AAFLTQTVCLD. . . . DTTVKFEIWDTAGSERYH . SLAPMYYRGAQAATIVVYDITNTDTFARAKNWVKEL 118
1D5CA_Rab6 10 KY/JLVFLGEQAVGKTSIT TIEIDFLSKTLYLD. . . . EGPVRLOLWDTAGERFR . SLIPSYIRDSAAAIVVYDITNRQSFENTTKWIQDI 108
1EKOA Ypt51 ST LVLLGEAAVGKSSIVLRFVSNDFAENKEPTI AAFLTQRVTIN. . . . EHTVKFEIWDTAGESERFA . SLAPMYYRNAQAALVVYDVTKPQSFIKARHWVKEL 106
1KY2A_Ypt7, ILVIILGDSGVGKTSLMHRYVNDKYSQOYKATISADFLTKEVTVD (1) DKVATMOVWDTAGSERFQ | SLGVAF!RGADCCVLWDVTNASSFENIKSWRDEF 107
RasLike faat TSVIVIG NAGKSTL YT KES E ﬁg N VEL LE KI TLWD E D & oM DVWV F S TY W v
SILIV F I E LIIN v E I ! 1L Y SF I
VL L D v VD L v L
wt_res_fregs: 1121129 1299325 21 161 1 929 2 111 11 13 1289 281 5 1 71 2112 2 1 21 6 1
73323 4 5 2 1221 3 6 6 2 6 12 4 45 2
4 2 3 34 4 2 3
offier T IRRVVVIGRVNAGKSTLTNAITGADAANEAGITIDINAG FDVDLK PEGRDYTFVD A HEGLG KNFETGAAEVDVVVHIVARAEGVDPQTRTHIDLAL
PKIGIVAHPDS FD LLK KIERYPFI LEPILV LETPG KY VILLE P LVE T EMLRELSRL LLL LL S
wt res_fregs: 111312281232996661422221111121427231111 111111 1121111128 1 21111 11111111116122114141141113211111121
21323312321 11 521 11211213 111111 11111 11 11311 5 211 1_ 112212111 113 21 1 1 1211 12
position 0 B 10 B 50 B 60 B 70 N £} B El . 100 . 110 . 120 B

Input alignment with 50% of sequences removed:

B R |

RasLike . ° oo

10IWA_Rabi1a VVLIGD, L T .GxTn(AQIWDTAG ERYR . AITSAY .LVYDIAKHL' KEL 127*
Rab33_1Z06A IIVIGDSNVGKTCLTYRFC . GERIKI( QHYYRNVHAVVF PAWIEEC 119
Rab23_1222A TQRYCKGIFTKD! T/EVDFLERQIQUN FD . ATTKAYYRGAQACVLVEFST ISSWREKV 103

Rab27B_2F7SA
Rab21_1Z08A
1G16A_Secdp
3RABA_Rab3A
1HUQA Rab5C
1D5CA_Rabg

‘LLALGDSGVGKTTFLYRYTDNKFNPKFITTVISIDFREKRVVYN (10) AFKVHLOLWDTAGSERFR . SLTTAFFRDAMGFLLMFDLTSQQSFLNVRNWMSQL 133
VVLLGEGCVGKTSLVLRYCENKFNDKHITTLEASFLTKKLNIG. . . . GKRVNLAIWDTAGOERFH . ALGPTYYRDSNGAILVYDITDEDSFQKVKNWVKEL 104
ILLIGDSGVGKSCLLVRFVEDKFNPSFITTIEIDFKIKTVDIN. . . . GKKVKLQIWDTAGEERFR . TITTAYYRGAMGI ILVYDT IKQWFKTV 118
ILIIGNSSVGKTSFLFRYADDSFTPAFVSTV[EIDFKVKTIYRN. . . . DKRIKLQIWDTAGEERYR . TITTAYYRGAMGFILMYDI DWSTQT 120
LVLLGESAVGKSSLVLRFVKGQFHEYQESTIEAAFLTQTVCLD . . . . DTTVKFEIWDTAGOERYH . SLAPMYYRGAQAAIVVYDITNTDTFARAKNWVKEL 118
LVFLGEQAVGKTSIITREMYDTFDNNYQSTIEIDFLSKTLYLD. . . . EGPVRLOLWDTAGRERFR . SLIPSYIRDSAAAIVVYDITNRQSFENTTKWIQDI 108

1EKOA_Ypt51 SINLVLLGEAAVGKSSIVLRFVSNDFAENKEPTIEAAFLTQRVTIN. . . . EHTVKFEIWDTAGEERFA . SLAPMYYRNAQAALVVYDVTKPQSFIKARHWVKEL 106
1KY2A Ypt7) 8 ILAVIILGDSGVGKTSLMHRYVNDKYSQQYKATTEADFLTKEVTVD ( 1) DKVATMOVWDTAGERFQ . SLGVAFYRGADCCVLVYDVTNASSFENIKSWRDEF 107
conserve B LZVIVIG NAGKSTLV YT KFS E N VEL LE KI TIWD €D R M YF DVVW F S TY W v
SILIV L F IE LIIN v A% I b4 IL Y SF I
L L D v VD L v L
wt_res_fregs (2330): 1121129 12993251 21 161 1 929 2 111 11 13 1289 28 5 1 71 2112 2 1 21 6 1
73 4 2 1221 3 6 6 2 6 12 4 45 2
3 34 4 2 3
conserve IRRWVIGRVNAGKSTTVNAITGADAANEAGTTIDI'NAG FDLDLK ECEDYTFVD & HECLG RNFETGAREVDVVVATVARREGVDAOTRTHIDLAT
PKIGIVAHPDS LLD LLK KIERYPFI LEPILV LEVP kY VILLE P IVE T EMLRSLSRL 1Ibh il S
A H I I IRD § VIEAIEQ
wt_res fregs (6325):  111312281232096611422221111121427331111 111111 121111128 1 21111 11111111116122114141141113211111221
11323312321 621 521 11211213 111111 1111 11 11311 5 211 1 112212111 113 21 1 111 1 211 12
1 11 2112 111 111 1213 112 11111111 2

Input alignment with 50% of sequences removed (distinct seed):

P T M

RasLike

10WA Rabla 29 LFKVVLIGD: LSREFTRNEF mvn. GKTIKAQIWDTAG ERY‘R.AIA LVYDIAKHL YEN KEL 127
Rab33_1Z06A 20 IFKIIVI LTYRFCAGRF] rwnmmm- Rk SM\ \gnxxm\ HAN PAWIEEC 119
Rab23 1222A 5 AIKMVVVGNGAVGKSSMIQRYCKGIFTKDYKKTI] V'DF’LERQIQVN AITKAY! CVL ISSWREKV 103
Rab27B 2F7SA 25 LIKLLALGDSGVGKTTFLYRYTDNKFNPKFITTV| IDFREKRWYN(IO)AFKVHLQLWDTAG ERFR . SLTTAFFRDANGFLLMFDLTSQOSFT 3
Rab21_1Z08A 6 SFKVVLLGEGCVGKTSLVLRYCENKFNDKHITTLEASFLTKKLNIG. . . .GKRVNLAINDTAGEERFH . ALGPIYYRDSNGAILVYDITDEDSFQKVKNWVKEL 104
1G16A_Secdp 20 IMKILLIGDSGVGKSCLLVRFVEDKFNPSFITTIEIDFKIKTVDIN. ..GKKVKLQIWDTAG ERFR . TITTAYYRGAMGI ILVYDITDERTFTNIKQWFKTV 118
3RABA RabdA 22 MFKILIIGNSSVGKTSFLFRYADDSFTPAFVSTV[EIDFKVKTIYRN....DKRIKLQIWDTAGEERYR.TITTAYYRGAMGFILMYDI QDWSTQI 120
1HUQA Rabsc 20 QFKLVLLGESAVGKSSLVLRFVKGQFHEYQESTIEAAFLTQTVCLD . DTT WL . SLAPMYYRGAQAAIVVYDITNTDTFARAKNWVKEL 118

10 KYKLVFLGEQAVGKTSIITRFMYDTFDNNYQSTISIDFLSKTLYLD. . . .EGPVRLOLWDTAGSERFR . SLIPSYIRDSAAAIVVYDITNRQSFENTTKWIODT 108

1EKDA ths‘! 8 SIKLVLLGEAAVGKSSIVLRFVSNDFAENKEPTIEAAFLTQRVTIN....EHTVKFEIWDTAGSERFA.SLAPMYYRNAQAALVVYDVTKPQSFIKARHWVKEL 106
KY2A Ypt7) 8 ILKVIILGDSGVGKTSLMHRYVNDKYSQQYKATIEADFLTKEVTVD ( 1)DKVATMQVWDTA ZERFQ . SLGVAFYRGADCCVLVYDVTNASSFENIKSWRDEF 107
conserveg(';gﬂ: T LRVIVIG NAGKSTL KYT KESDE TVE N VEL LE KV TLWD E’ﬁ D I YF DVW F LS TY WV
KILIV oF I E LIIN T E L sy LL Y I SF I
VL RL D v VD vV L
wi res fregs (2291): 1121129 1299325 121 16111 929 2 111 11 13 1279 2 811 2 71 2112 211 21 6 1
73323 14 6 2 1221 3 6 7 i 16 12 42 45 2
43 42 3 34 23 3
conserve T IRRVVVIGRVNAGKSTLTNRITGADAANEAGITVDSNAG FDLDLK EGRDYTFVDLA HEGLC KNFETGAAEVDVVVHIVAAAEGVEGQTRTHIDLAL
PKIGIVAHPDS FDALLK KIERYPFI IEPILV LEVP KY VILLE P LVE T EMLRSLSRL LLL LL S PMP D EVL LL
A I I VSKR L IGE I TK D IV I IRD S VIEAIE
wt_res_freqs (6314):  111312281232996661422221111121427131111 111111 12111112811 21111 11111111116122114141141113211111221
11323312321 112521 11211213 311111 1111 1171131175 111°1 112212111 113 21 1 111 1 211 12
2112 1111 1 11 213 112 1 1111111 2
Input alignment with 50% of r d(d seed):
| - - e - - 1L = - - = =
RasLike D D o oo o oo
10IWA_Rab11a 29 LFZVVLIGD. L .GKTIKAQIWDTAG ERYR . AITSAY .LVYDIAKHL' KEL 127*
Rab33_1Z06A 20 IF IIVIGDSNVGKTCLTYRFCAGRF! rwnwmn-- Rk SMVQHYYRNVHAVVF PAWIEEp 119
Rab23 1222A IQRYCKGIFTKDYKKTIEVDFLERQT DVRLMLWDTAG®EEFD . ATTKAY CVLVF 103
Rab27B_2F7SA 25 LI LLALGDSGVGKTTFLYRYTDNKFNPKFITTV] IDFREKRWYN(lO)AFKVHLQLWDTAG ERFR . SLTTAFFRDAMGFLLMFDLTSQQSFLNVRNWMSQL 133
Rab21_1Z08A SFVVLLGEGCVGKTSLVLRYCENKFNDKHITTLEASFLTKKLNIG. . . . GKRVNLAIWDTAGOERFH . ALGPIYYRDSNGAILVYDITDEDSFQKVKNWVKEL 104
1G16A _Secdp 20 IMJILLIGDSGVGKSCLLVRFVEDKFNPSFITTICIDFKIKTVDIN . GKKVKLQIWDTAG JERFR . TITTAYYRGAMGI ILVYDITDERTFTNIKQWFKTV 118
3RABA Rab3A 22 MFJILIIGNSSVGKTSFLFRYADDSFTPAFVSTVEIDFKVKTIYRN. ... DKRIKLQIWDTAGSERYR. TITTAYYRGAMGFILMYDITNEESFNAVQDWSTQI 120
1HUQA Rab5C 20 QFLVLLGESAVGKSSLVLRFVKGQFHEYQESTIEAAFLTQTVCLD. . ..DTTVKFEIWDTAGSERYH . SLAPMYYRGAQAAIVVYDITNTDTE: 11
D5CA_Rabb 10 KYLVFLGEQAVGKTSIITRFMYDTFDNNYQSTIEIDFLSKTLYLD. . ..EGPVRLOLWDTAGSERFR . SLIPSYIRDSAAAIVVYDITNRQSFENTTKWIQDI 108
1EKDA _Ypt51 8 SILVLLGEAAVGKSSIVLRFVSNDFAENKEPTIEAAFLTQRVTIN. .. .EHTVKFEIWDTAGSERFA.SLAPMYYRNAQAALVVYDVTKPQSFIKARHWVKEL 106
KY2A_Ypt7) 8 1 'IILGDSGVGKTSLMHRYVNDKYSQOYKATIEADFLTKEVTVD (1) DKVATMOVWDTAGSERFQ . SLGVAFYRGADCCVLVYDVTNASSFENIKSWRDEF 107
conserves (d?m: - _%vam NAGKSSL KYT KESDE -TVEL' N VEL LE KV TLWD ﬁ o) T YF DVW F LS TY WV
RInTy T QF I E LIIN I E L sy L YI SF I
RL D v VD vV L
wt_res_freqs (2326): 1121129 1299425 122 16111 929 2 111 11 13 1279 2 811 2 71 2112 211 21 6 1
73323 2 14 6 2 1321 3 6 7 i 16 3 42 15 2
43 42 3 23 3
conserve T IRRVVVIGRVNAGKSSLTNRITGADAANEAGITVDSNAG FDLDLD PEGRDYIFVDLA HEGLG KNFEIGAAEVDVVVHIVAAAEGVEGQTRTHIDLAL
PKIGIVAHPDS T FDALLK KIERYPFI IEPILV LEVP K KY VILLE P LVE T EMIRSLSRL L L LL S
A H I VSKR L IGE I TK D IV I
wt_res_freqs (6271):  111312281232996261412221111121427131111 111111 112111112811 21111 111111111161221141411A1111 11111221
11323312321 6 112521 11211213 311111 11111 11°11311°5 211 17112212111 1 11717211 12
1 11 2112 1111 1 1213 1111111
Independently obtained (PSI-BLAST) input alignment:
h_. ... : ; ll | -
RasLike ) o o oo o oo
10IWA _Rab11a 29 LFZVVLIGD. L TI IQVD. .. .GKTIKAQIWDTAGRBRYR . AITSAY LVYDIAKHL' KEL 127"
Rab33_1Z06A 20 IFJIIVI LTYRFCAGRF I GERIKIQLWDT QAR FRk SMVQHYYRNVH F PAWIEEC 119
Rab23_1Z22A 5 AI MVVVGNGAVGKSSMIQRYCKGIFTKDYKKTIGVDFLERQIQVN. EDVRLML] QIEFD . ALTKAYYRGAQACVLVFSTTDRESFEAI 103
Rab27B 2F7SA 25 LI, L!.ALGDSGVGKTTFLYRYTDNKFNPKFITTVGIDFREKRWYN(IO)AFKVHLQLWDT SRR . SLTTAFFRDAMGFLLMFDLT: FLI 133
Rab21_1Z08A 6 SFVVLLGEGCVGKTSLVLRYCENKFNDKHITTLGASFLTKKLNIG. ;KRVNLATIWD' QIRFH . ALGPTYYRDSNGAILVYDITDEDSFQKVKNWVKEL 104
1G16A_Secd 20 IMJILLIGDSGVGKSCLLVRFVEDKFNPSFITTIGIDFKIKTVDIN . ARFR . TITTAYYRGAMGI ILVYDI! IKQWEKT 118
3RABA_Rab3A 22 MFJILIIGNSSVGKTSFLFRYADDSFTPAFVSTVGIDFKVKTIYRN . OORYR . TITTAYYRGAMGFILMYDT QDWSTQI 120
1HUQA_Rab5C 20 QFLVLL LRFVKGQFHEYQESTIGAAFLTQTVCLD . IR YH . SLAPMYYRGAQAATIVVYDITNTDTFARAKNWVKE 118
1D5CA_Rab6 10 xv, LVE'LGEQAVGKTSIITRFMYDTFDNNYQSTIGIDFLSKTLYLD. o Q . SLIPSYIRDSAAAIVVYDITNRQSFENTTKWIQDI 108
1EKOA_Ypt51 8 s IGAAFLTQRVTIN. . . . ) . SLAPMYYRNAQAALVVYDVTKPQSFIKARHWVKEL  10¢
1KY2A Ypt7) 8 11l IILGDSGVGKTSLMHRYVNDKYS YKATIGADFLTKEVTVD (1) DKVATMOVWDTAGS) . SLGVAFYRGADCCVLVYDVTNASSFENIKSWRDEF.
m&%rmﬁgﬁvmgw TLEDLEGY) V YF DVAVLF s TY I L II mi
LIILIL G TV F E R E 0w I ¥ L Y SF L
vV I v L
wt_res_freqs (3817): 11211395 2 993266 221 162 1 121 1 13 1219129871 1 71 212232 1 21 1 1 11
1733237 4 21 4 1 2 1 3 77 2 7 137 4 56 1
42 1 2 1 4 12
conserve - BERVVUVGRUNSGRSSLLNATSCADFERNRG TR AG NAG KEN YTFVDLAGHEDGA KNVETGAAECDVAVAIVAAAEGVIAATRATVEHAR 0.3
IFKIGILARPDE T L PIRLA E EKR VVLI P LIE I EMLRALSRV LLLLLI D PSPQDIENL LLI
V5 F AT DY IN v T I IEQ s IME Q 1
wt_res_freqs (6701): 1114123813419963723221211121123 41 11 111 111 11111222911931311 21111221116122114141141111311113121
221323113332 6 11 521121212 2 1 11 141 1 1111123 6 1111 112212111 113422 1 112322211 111
33 11113111 111 11 21 11 1 1111 12 1111 1 1

Fig. S15. (continued).



Contrast alignment identical to Fig. 3 (bottom):

|

RabLike oo .
al 5 I IQVD. .. .GKTIKAQII _AITSAYYRGAVGALLVYDIAKH! KEL 127
Rab33_1Z06A 20 IFKIIVIGESNVGKTCLTYRFCAGRE! T ID. ...GERIKI s} PAWIEEC 119
Rab23 1Z22A IKMVVVGE GAVGKSSMIQRYCKGIFTKDYK.KTIGVDFLERQIQVN . AITKAYYRGAQACVLVFSTTDRESFEAISSWREKV 103
Rab27B 2F7SA 25 LIKLLAL FNPKFITTVG: (ID)AFKVHLQLWD {AGOERFR . SL! MFDLTSQOEFLNVRNWMSQL 133
Rab21_1208A SFKVVLLGEGC RN T G . GKR H.ALGPTYYRDSNGAILVYDITDE! 104
1G16A_Secdp 20 IMKILLI! LLVRFVEDKFNPSFITTIGIDFKIKTVDIN . ..Gxwim TITTAYYRGAMGIILVYDITDERWFTNIKQWFKTV 118
3RABA_Rab3A 22 MFKILII! TPAFVSTVGIDFKVKTIYRN. . . . DKRIKLQI! TITTAYYRGAMGFILMYDITNEESFNAVQDWSTQI 120
1HUQA Rab5C 20 QFKLVLL KGQF] ESTIGAAFLTQTVCLD. . . .DTTVKFEI H. MY YRGAQAATVVYDI 118
1D5CA_Rab6 10 KYKLVFLGIOAVGKTSIITRFMYDTFDNNYQSTIGIDFLSKTLYLD. . . .EGPVRL R.SLIPSYIRDSAAAIVVYDITNRQSFENTTKWIQDI 108
1EKOA Ypt51 SIKLVLLGEAAVGKSSIVLRFVSNDFAENKEPTI TQRVTIN. . . .EHTVKFEI SLAPMYYRNAQAALVVYDVTKPQEFTKARHWVKEL 106
1KY2A Ypt7, TLKVITLGNSGVGKTSLMHRYVNDKYSQQOYKATIGADFLTKEVTVD (1) DKVATMOVWDWAGQERFQ . SLGVAFYRGADCCVLVYDVTNASEFENTKSWRDEF 107
RablREAIRHG (E557) D
wt_res_fregs: 912 2 8 289 5 15 12 228 139 13 2 211 3112 99 9 44 13 68 1212116371 13131 12 93 1
2 5 1 1 16 5 5 173263 167 2 7
erRasLike ERRTLFV LDARG TTILKQLRIGERIVITQPTLAFTSEIVEISNG  KGGISFIVE VG HECAR RLWENTYANIDAVYYVVDARDRDRECDARDEFDAN
oIl KLQ Y NLR L FE VQ LIFLI SN RE MVISRE LHR
wt_res_freqgs: 7125713 88289 E9571156155114341991161154415119 121426342 49 11119 149119314534§égzzs§§8%§811144131112
position .
Input alignment with 50% of sequences removed:
RabLike .
10IWA_Rab11a 29 L I IQVD. .. .GKTIKAQT YR.AITSAYYRGA GALLVYDIAKHLﬂYENVERmKEL 127"
Rab33_1Z06A 20 IFKIIVIGESNVC LTYRFCAGRF I || ..,.n ERIKI QH: PAWIEEC 119
Rab23_1Z22A 5 ATl IQRYCKGIFTKDYKKTI .AITKAYYRGAQACVLVFSTTD [FEAISSWREKV 103
Rab27B_2F7SA 25 LIKLLALG SGVGKTTFL‘IRYTDNKFNPKFITTVGIDFREKRVV‘I‘N(ID)AFKVHY R.SLTTAI LTSQOSFLNVRNWMSQL 133
Rab21_1Z08A 6 SFKVVLLGGCVGKTSLVLRYCENKFNDKHITTLGASFLTKKLNIG. . . . GKRVNLAT H.ALGPIYYRDSNGATLVYDITDEDEFOKVKNWVKEL 104
1G16A_Secdy 20 IMKILLIGSGVGKSCLLVRFVEDKFNPSFITTIGIDFKIKTVDIN. .. .GKKVKLQT! R.TITTAYYRGAMGIILVYDITDERAWFTNIKQWFKTV 118
3RABA_Rab: 22 MFKILIIGYSSVGKTSFLFRYADDSFTPAFVSTVGIDFKVKTIYRN. DKRIKLQT YR.TITTAYYRGAMGFILMYDI QDWSTQI 120
1HUQA_Rab5C 20 QFKLVLL KGQFT ESTIGAAFL TQTVCLD. ...DTTVKFEI YH . SLAPMYYRGAQAAIVVYDITNTDWFARAKNWVKE: 18
1D5CA_Rab6 10 KYKLVFL II IGI! KTLYLD . R SLIPSYIRDSMAIWYDITN‘RQ [FENTTKWIQDI 108
1EKOA_Ypt51 8 SIKLVLLGRAAVGKSSIVLRFVSNDFAENKEPTIGAAFLTQRVTIN. .. .EHTVKFEI ¥YDVTKPQEFT! 106
1KY2A_Ypt7) 8 ILKVIILGESGVGKTSLMHRYVNDKYSQOYKATIGADFLTKEVTVD ( 1)DKVATMQVWD GQERFQ SLGVAFYRGADCCVLV‘[DVTNAS JFENIKSWRDEE_ 107
conserve KILVEAV TIL ¥ GEY ~ VeT GE T ITL YT TOAIVUVEDL DI IK WL DL 43
Q L E
wt_res_fregs (1142): 912 3828 516 2 221 139 923 2 212 312 99 944 3 69 1212116371 13131 12 93 14
2 5 8 2 5 1 5 5 5 1 32 3 167 2 7
Conserved (2034 EAKILFV LDAAR TTILKKLKL TTQPTLGFTSETVSISN KGGISFIVF VG HESAR PLWENY
MR ML NS L IL QII  HPNI KLQ PL Y NIR K RKL RH FE VQ LIFLI SN RE MVISRE LERM
v H VI BV V EIE TI T N o1 ]
wt res freqs (621): 7125713 8838 98571476165114341991861164515218 121426342 49 1111e 44911931453423377922813821144281214
35 45 a1 41 3 13 114 1171 121 12 5611 1 11 822
position 30 10 50 60 80 90 100 110 120
Input alignment with 50% of sequences removed (distinct seed): |
RabLike . 0 .
10IWA Rabifa 29 LFKVVLIGD: L I IQVD. .. .GKTIKAQT R.AITSAYYRGA! GALLVYDIAKHLEYE‘NVERWLKEL 127
Rab33_1Z06A 20 IFKIIVIGDSNVGKTCLTYRFCAGRE' T DT .GERIKI OH! PAWIEEC 119
Rab23_1Z22A AT IQRYCKGIFTKDYKKTI QIQVN. . . . DEDVRL vvw\.urmnnmxgacvl.wsﬂn [FEAISSWREKV 103
Rab27B_2F7SA 25 LIKLLALGDSGVGKTTFLYRYTDNKFNPKFITTVGIDFREKRW‘I‘N(IO)AFKVHY L (AGOERFR . SLTTAFFRDAMGFLLMFDLTSQOSFLNVRNWMSQL 133
Rab21_1Z08A 6 SFKVVLLGEGCVGKTSLVLRYCENKFNDKHITTLGASFLTKKLNIG. . . . GKRVNLATI ERFH . ALGPIYYRDSNGAILVYDITDEDEFQKVKNWVKEL 104
1G16A_Secd 20 IMKIL: LLVRF ur FITTIGIDFKIKTVDIN. . . .GKKVKLOT R.TITTAYYRGAMGIILVYDITDERGFTNIKOWFKTV 118
3RABA Rab3A 22 MFKIL: IDFKVKTIYRN. . . .DKRIKLQIWDRAGQERYR . TITTAYYRGAMGFILMYDITNEEGFNAVODWSTQI 120
1HUQA_Rab5C 20 QFKLVLLGESAVGKSSLVLRFVKGQFHEYQESTIGAAFLTQTVCLD .DTTVKFEIWD \AGQOERYH . SLAPMYYRGAQAATIVVYDI 118
1D50A Rabﬁ 10 KYKLVFLGEQAVGKTSII YO! DFLSKTLYLD. . . .EGPVR R SLIPSYIRDSAAAIV ¥YDI TopT 108
1EK 8 SIKLVL AAFLTQRVTIN FEIWD YAGQERFA . SLAPMY 106

HTVKI YDVTKPQEFT
1KY2 t7 8 ILKVIILGDSGVGKTSLMHRYVNDK‘ISQQYKATIGADFLTKEVTVD( l)DKVATMQ GQERFQ SLGVAFYRGADCCVLVYDV’I’NAS JFENIKSWRDEE 107
conserve KILYD AV TIL QT GEF  VPIVGRE T ITL KIFL CEERRT v TOCIVEVEDL b IK WL D
I'1 D I QA II ¥ I F L E
LV v

127
19
103
1

104
18
120
1
10¢
1
107

332
88

wt_res_freqs (1329): 912 2 8 28 5 15 12 228 1392913 2 211 4312 999944 13 68 1242116371 13131 12 93 1
2 5 2 6 4 6 5 11 32 6 3 167 2
Conserved (1885); ERETLEV IDRR TTILROIRT TTQPT TSIC YGGISETHE
MR ML NS L oIroit IHP‘NI ELQ T KNIR KV L lqlKL B Rg EEEVQALIFLI SN RE MVESRE Lgn
wt_res_freqs (578): 7136713 8838 59551177166115151991551174415149 521427412 59911119 24921931453422277911312921144251213
35 46 41 4154 51122446511 62 53 11
i 1 51° 3
position 30 40 50 €0 70 0 50 100 110 120
Input alignment with 50% of sequences removed (distinct seed):
o oL - B I I N .
RabLike . oo . D . .
10IWA Rabl1a I IQVD. . . .GKTIKAQI R.AIT Y ¥YDIAKHLE
Rab33 1206A 20 IFKIIVIGDS'NVGKTCL; RFCAGRF I DID. . . .GERIKI QHYY. PAWIEEC
- TQRYCKGIFTKDYKKTIGH DIQVN. . . .DED -AITKAYYRGAC ISSWREKV
RaboTB 2H79A 28 BIRTIAL XRYTONKENPKETTIVGIDFREKRVVYN (10) AFKVE >
Rab21_1Z08A 8 SFKVVLLGEG! ENKFNDKHIT' NIG. . ..GKRVNLAT ALGPI‘IYRDSNGAILVYDITDE KVKNWVKEL
1G16A_Sec4 20 IMJ(ILLIGDSGVGKSCLLVRFV‘EDKFNPSFITTIGIDE‘KIKTVDIN . . GKKVKLQT! TITTAYYRGAMGIILVYDITDERNFTNIKQWFKTV
3RABA_Rab3A 22 MFKILII{ FRYAL TVGIDFKVKTIYRN. .. .DKRIKLQIWDWAGQERYR . TITTAYYRGAMGFILMYDITNEESFNAVODWSTQT
1HUQA_Rab5C 20 QFKLVL AGQFHEY‘ ESTIGAAFLTQTVCLD. . . .DTTVKFEIWDIAGQERYH . SLAPMY YRGAQAATVVYD I TNTDUE!
1D5CA Rab6 10 KYKLVFLGEQAVGKTSII YOSTIGIDFLSKTLYLD . . . .EGPVRL R.SLIPSYTRDSAAAIVVYDI 1ODT
1EKOA_Ypt51 8 SIKLVLLGEAAVGKSSIVLRFVSN'DFAENKEPTIGAAPI.TQRVTIN. .. .EHTVKFET PM: YDVTK! {F 1
1KY2A Ypt7| 8 ILKVIILGDSGVGKTSLMHRYVNDKYSQOYKATIGADFLTKEVTVD ( 1) DKVATMQVWD] E] . SLGVAFYRGADCCVLVYDVTNASSFENIKSWRDEF
conserve KIL V D AVG T IL QY GEY  VPTVGFE T ITI K IRF L E YR RI  YY TDAIVVVEDL D IK WL D
L F I I F L Q IIYI F L E
L v
wt_res_freqs (1303): 912 3 8 289 5 16 12 221 1392913 2 212 43112 99 944 13 69 1212116371 13131 12 93 1
2 6 8 2 6 5 1 6 5 5 32 6 % 2 6
Conserved (T909); ERRTIZY TORAG TTIEROIRT ETFSISTC TCCTSFTNE Vo RESAR ROWAN DRORFGDARDEFDAN
NS ! LI IL OIT mmu ELQ TL KNLR KV Y RH FE VQ LIF‘LI su RE MVESRE LER
vI N QI Q (23
wt_res_freqs (587): 6136813 88389 E9531177166115451591551174115119 621427412 59 11219 14921831453422277811813921144251213
1 31
position 30 a0 50 70 0 90 100 110 T
Independently obtained (PSI-BLAST) input alignment:
- e S N P .
RabLike . .o .
10IWA Rabifa 29 LFKVVLI I IQVD. . . .GKTIKAQI R.AIT Y.
Rab33_1Z06A 20 IFKIIVI( LTYRFC; I ID .GERIKI Y.
Rah23_1Z22A 5 ATl TQRYCKGIFTKDYKKTI( QIQVN. . . .DED' AITK
Rab27B 2F7SA 25 LIKLL PRFITTVGI (10) AFKVHL R.SLT MFDLTSQOEFLNVRNWMSQL
Rab21_1Z08A 6 SFKVVLLGEGC ENKFNDKHITTLGASFLTKKLNIG. . . . GKRVNLAT 'H . ALGPIYYRDSNGAILVYDITDEDSFQKVKNWVKEL
1G16A_Secdy 20 IMKILLIGDSGVGKSCLLVRFVEDKFNPSFITTIGIDFKIKTVDIN. .. .GKKVKLQT TITTAYYRGAMGIILVYDITDERWFTNIKQWFKTV
3RABA_Rab3A 22 MFKILIIGNSSVGKTSFLFRYADDSFTPAFVSTVGIDFKVKTIYRN. . . .DKRIKLQI R.TITTAYYRGAMGFILMYDITNEESFNAVQDWSTQI
1HUQA_Rab5C 0 QFKLVLL KGQF] DESTIGAAFLTQTVCLD. . . .DTTVKFEI H. SLAPMYYRGAQAAIVVYDITNTDMFARAKNWVKEL
1D5CA Rab6 10 KYKLVFLGE! YOSTIGIDFLSKTLYLD. . . . EGPVRL R.SLIPSYIRDSAAAIVVYDITNRQOSFENTTKWIQDI
1EKOA Ypt51 8 SIKLVLLGEAAVGKSSIVLRFVSNDFAENKEPTIGAAFLTQRVTIN . .EHTVKFEIWD) AGQER!‘A SLAPMYYRNAQAALVVYDVTKPQEFIKARHWVKEL
1KY2A_Ypt7, ILKVIILGDSGVGKTSLMHRYVNDKYSQQYKATIGADFLTKEVTVD ( 1) DKVATMOVWD) . SLGVAFYRGADCCVLVYDVTNAS}

conserve KIL V D AVG T IL Y DGEF T TVFE TSK EL KKI F L
L F ID I

DR
wt_res_fregs (2231): 912 3 8 389 5 16 3 2228 1 9323 212 21 413 1 3
2 5 55 32 5

conserve EAKILFV LDAAG TTILHKLKDGDVASTQTTGFGSGIGCISEGES
MR ML N ™

LERLLOHI LHPNIEEN LVYEL

EIVT V IT TV VE
7236723 99399 995E2486241211A17244111367121212
35 46 5 52 32 23 25151,

wt_res_freqs (968): 211522

QE YR RI  YY TDGIVVVEDL Di
F L QA II ¥ I
L v
99 99 44 23 69 1242115371 1313
5 5 112263 16

HRIL PV RH FEKVQALIFLI SN RE

g 51 132436521 62

v
13 121 3 3
21

YGGISFTVF VG QESAR RLWKNYYANTDGVVYVVDAADKDRVESAKDEDAIL
R KA

L EKRELLHM

N NT QKI Y D Q DS
111427442 49 71229 249219A1454423367921912913234151117
261 3 3 3

position

Fig. S15. (continued).
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120




Table S1. Functional/structural relevance of pattern residues within Ras-like GTPases.

Residue’ ‘ Functional/structural relevance | References
Forms charge-dipole pocket associated with atypical switch Il a helix (37)
Forms charge-dipole pocket associated with atypical switch Il a helix (37)
Gly18 Hinge point for the P-loop; part of Walker A motif (3)
Gly23 Main chain hydrogen bond with GTP-phosphate group (3)
Lys24 Side-chain hydrogen bond with nucleotide phosphate groups (3)
Ser25 hydrogen bonds with phosphate groups and Mg** ion (3)
Forms an aromatic-aromatic interaction with the guanine base (3)
Thr43 hydrogen bonds with phosphate groups and Mg** ion (3)
Switch | region hinge point (42)
Forms charge-dipole pocket associated with atypical switch Il a helix (37)
Asp66 Walker B residue that coordinates with Mg++ ion via water (7)
Ala68 Blocks the Mg2+ binding site to promote nucleotide exchange (7,9)
Gly69 Switch Il backbone hydrogen bond with y-phosphate (3,7)
Key catalytic residue for GTP hydrolysis (3,7)
Interacts with the Walker A lysine whenever Mg2+ or guanine nucleotide is (7, 8)
absent; has a proposed role in Mg2+ release and nucleotide exchange
Forms charge-dipole pocket associated with atypical switch Il a helix (37)
Forms charge-dipole pocket associated with atypical switch Il a helix (37)
Tyro1l Aromatic stabilizing interaction (12) with guanine-binding loop hinge point (11, 42)
Trp105 Aromatic stabilizing interaction (12) with P-loop hinge point (11, 42)
Hinge point for the guanine base binding loop (37,42)
Asn124 Links together various subregions of the nucleotide-binding site (3)
Lys125 Links together various subregions of the nucleotide-binding site (3)
Asp127 Binding to the guanine base of GTP and GDP (3)
Ser1l54 Assists binding to the guanine base (3)

"Residues correspond to Rab11A and are color coded to correspond to the categories in Fig. S2.




Table S2. Functional/structural relevance of pattern residues within DNA clamp loader subunits.

A. Eukaryotic RFC subunits

Residue’ | Functional/structural relevance | Reference
Gly49 Walker A motif (22, 42)
Gly54 Main chain hydrogen bond with GTP-phosphate group (22, 42)
Lys55 Side-chain hydrogen bond with nucleotide phosphate groups (22, 42)

hydrogen bonds with phosphate groups and Mg** ion (22, 42)
Forms hydrogen bonds with backbone oxygen atoms on either side of the (16)
catalytic base
Arg90 Clamp and DNA binding in corresponding bacterial arginine (20)
Lys109 Interacts with the C-terminal end of the a4 helix, which binds directly to (16)
the clamp
Walker B aspartate: co-ordinates with ATP-associated Mg++ (22, 42)
Glulls Catalytic base (17)
GIn124 Forms hydrogen bonds between backbone regions harboring trans- (16)
interacting residues
Argl28 Part of a network of hydrogen bonds that locks down the relative (16)
orientation of domain Il of the adjacent RFC subunit with respect to ATP
Argl29 Part of a network of hydrogen bonds that locks down the relative (16)
orientation of domain Il of the adjacent RFC subunit with respect to ATP
Glul32 Hydrogen bonds in trans with the “sensor 2” conserved argining (16)
Argl57 Arginine finger that senses bound ATP and facilitates ATP hydrolysis in (23, 43)
trans
B. Bacterial clamp loader subunits

Residue’ ‘ Functional/structural relevance ‘ Reference
Gly60 Walker A motif (22, 42)
Gly65 Walker A: main chain hydrogen bond with GTP-phosphate group (22, 42)
Lys66 Walker A: Side-chain hydrogen bond with nucleotide phosphate groups (22, 42)

Walker A: hydrogen bonds with phosphate groups and Mg** ion (22, 42)

Lys121 Corresponds to Lys109 in RFC subunits (16)

Asp126 Walker B: co-ordinates with ATP-associated Mg++ (22, 42)

Glul27 Catalytic base (17)

Lys141 Forms a hydrogen bond in trans with the Walker B aspartate (24)

Required for ATP hydrolysis (25)

Thri65 May facilitate ATP hydrolysis in trans (44)

Argl69 Arginine finger that senses bound ATP and facilitates ATP hydrolysis (23, 43)

*Eukaryotic residues correspond to yeast RfcB and are color coded as for the categories in Fig. S6; bacterial clamp loader
subunits correspond to the E. coli y subunit and are color coded as for the categories in Fig. S8.




Table S3. Hyperpartition for Helicases.

Category Subgroup:
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Table S4. Functional/structural relevance of pattern residues within SF1 Helicases.

A. Superfamily 1 Helicases

Residue’ ‘ Functional/structural relevance | Reference
Gly36 Walker A glycine (28)
Lys37 Walker A: ATP-binding site (28, 45)
Thr38 Walker A: ATP-binding site (28, 45)
Phe64 Single-stranded DNA binding site (28)

Asp223 Walker B: Mg++ ion binding (28, 45)

Glu224 Walker B: catalytic base (28, 45)

Asp227 Links ATP-binding and DNA-binding sites (28)

Directly contacts the y phosphate of ATP (28)
Tyr257 Single-stranded DNA binding site (28)
Trp259 Single-stranded DNA binding site (28)
Arg260 Single-stranded DNA binding site (28)
Directly contacts the y phosphate of ATP (28, 45)
Links ATP-binding and DNA-binding sites (28, 45)
Gly569 Links ATP-binding and DNA-binding sites; backbone H-bond to Arg287 (28)
Forms a hydrogen bond with ribose moiety of ATP (28)
Arg610 Directly contacts the y phosphate of ATP (28, 45)
B. Superfamily 2 Helicases

Residue’ Functional/structural relevance ‘ Reference
Gly87 Walker A glycine (27)
Lys88 Walker A: ATP-binding site (27, 46)
Thr89 Walker A: ATP-binding site (27, 46)

Forms H-bonds with RNA (27)
Positions two RNA-binding residues, Arg116 and Arg316 (27)
Thri63 Forms H-bond with RNA (27, 46)
Forms H-bonds with RNA (27, 46)
Asp187  Walker B: Mg++ ion binding (27, 46)
Glu18s Walker B: catalytic base (27, 46)
Links ATP hydrolysis to RNA unwinding (27, 46)
Contacts RNA substrate (27)

Ser218 Forms H-bond with Asp190 (27, 46)

Ala219 Backbone forms an H-bond to y phosphate-associated water molecule (27, 46)

Thr220 Forms H-bond with Asp190 (27, 46)

Was proposed to help link ATP-hydrolysis to RNA unwinding (27, 46)

Gly340 Contacts the y phosphate of ATP. (27, 46)

Asp342 Forms a hydrogen bond with ribose moiety of ATP (27, 46)

Forms an H-bond to y phosphate-associated water molecule (27, 46)
Arg367 Forms an H-bond to y phosphate-associated water molecule (27, 46)
Helps position the y phosphate binding region (27, 46)

"SF 1 residues correspond to PcrA DNA helicase and are color coded as for the categories in Fig. S5-3; SF-2 residues correspond
to elF4Alll RNA helicase and are color coded as for the categories in Fig. S5-2.




Table S5. Hyperpartition for protein kinases.

Category Subgroup:
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Table S6. Functional/structural relevance of pattern residues within protein kinases.

Residue | Functional/structural relevance ‘ Reference
Gly52 Coordinates the y-phosphate of ATP for hydrolysis (47)
Lys72 anchors a- and B-phosphates of ATP (48)
Glu9l Forms a salt bridge with Lys72 and functions as a regulatory switch (49)
Lys92 Anchors the C-terminal carboxyl group (48)

Phel102 Hydrophobic anchor to large lobe (48)

Phel45 Functionally interacts with a PxxP motif that is implicated in localization (34, 50)

and processing by phosphorylation of AGC kinases; see (50).

Tyrl46 Functionally interacts with the AGC kinase PxxP motif (50)

Tyrl64 Integrates substrate and ATP binding regions (often a histidine) (51)

Argl65 Bridge to activation and Mg++ positioning loops and to Asp220 (48)

Aspl166 The catalytic base (48)
Lys168 Bridge to y-phosphate of ATP (48)

Asnl171 Coordinates secondary Mg++ ion; involved in phosphoryl transfer (30)

Tyrl79 Interacts with Phe145 (often a histidine) (34)

Asp184 Coordinates primary Mg++ ion (30, 48)

Phel85 Shielding active site from solvent (48)

Asp220 Bridge to active site (30, 48)

Trp221 Anchor to core (48)

Trp222 Proposed role in communicating ATP binding from the active site to a (52)

distal peptide-binding ledge

"Residues correspond to PKA_AGC and are color coded to correspond to the categories in Fig. S13.




Table S7. A hyperpartition generated automatically by the mc-BPPS sampler given as
input an alignment of 78,143 Rossmann fold protein sequences. The numbers in
parentheses at the end of each row correspond to the number of sequences assigned to
each subgroup by the sampler.

_Category subgroup
Set: 1 2 3 4 5 6 7 8 9 10 11

- + - - - - - - - - - - MainSetl (51853)
2: + + - - - - - - - - - 8Setl 0 (855)

3: + - 4+ - - - - - - - - s8etl 1 (660)

4: + - - 4+ - - - - - - - s8etl 2 (1735)
5: + - - - + - - - - - - Setl 3 (1913)
6: + - - - - % - - - - - Setl 4 (2669)
7: + - - - - - + - - - - 8Setl 5 (731)

8: + - - - - - - + - - - Setl 6 (761)

9: + - - - - - - - 4 - - 8Setl 7 (266)
10: + - - - - - - - - + - Setl 8 (4695)
11: + - - - - - - - - - 4+ Setl 9 (145)
12: - o o o o o o o o o o Rejected (11860)
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Figure S16. Output contrast alignments generated by a simple automated version of the mc-BPPS sampler
given as input an alignment of 78,143 Rossmann fold protein sequences.

Set1 0
Unknown ALI] YLAEFLLE:\ (=T IDNAkFXK L LT\ ‘IIS [OPDE] Q A FBXXX YEADV\EAL IﬂLIEAIHFH’LXBﬂ kF o LYEL. ...l AVATLYAYWITVY 162°
inknown ALIge (jcvLa) DisE - \IYIDHVFF KLY] QPDE o AVA 1| 169
Lentisphaerae ALIHCVRIeE VLA re  YEVECT S 7 DDRNE - T iR o “EIJYAVA 1 170
Chlorobi - L ILL o P| T 169
Proteobacteria X LT o Ly que)quettpl’ AVA T 170
Verrucomicrobi E- LLIEAT o Efivana 1TV 169
1 I = - IJ' N | J I J
Groupt n .« o . oo oo . e . o
cnnsunsus ALIFEVTGQDESYLAEFLLEKEXYEVHGIKRRA! DPHIT E: RLLEATRFLGLXEKKTRFYQASHSELYGL. ......... F L ITVN  162*
3.1 ALIWEVTGQE EVHGI! TQRIDHIYEDPHIDHVRF KLYPGDLTDTSNLJK ISEVQPDET - TLRILEAIRFLGL-QEKTRF' TIN 169
ZP U1B76259 ALIpes TGQD SYLAEFLLEKE - YEVHGIKRRASLF] RIIKDI PDET’ TIRLLEAIRLLGL - EKKTKF WB"“TCV‘N 170
YP_001996964.1 AL, EVHGI I - - I i s ITVN 169
YP002293587.1 ALINEVTGQDESYLAEFLLEKE - YEVHGT IYODPHIGNSKF - TLRLLEAIRFLGL-EKKTRF ipgkettpF: L N 170
YP_003549604.1 ALI e TGQD SYLAEFLLEKE - YEVHGI] TYEDPHIENARF - HLHYGDLTDTSNLTRII - I TRF’ i Y] YAAATMYAYWITVN 169
oregroun T D 3}\1}@1\ T T Y B o
1 L © v s
wt_res_freqs (18036) 13593 29 7 1 1 62 11 6 123 82 1 7 1 13 11 9 29
15 4 5 1 344 5 6 14 67 4
5 6 4 41 2
insertions 9 12 11 11 1111112 2 1111111 1 1 11321 14 111
deletions 83222 11111111111 4772211121244467887878911111222222342221119544411123344321 123233371333274211 1173433431 111126 75421 1 199
background (31860]: LITGG [ T L T G L DL L D VILAAG L L G T LILLSSLG L AK L 301.0
!
wt_res_freqs (19“13’: 11121 12 1 1 1 1 1 1111 1 1 111111 1 1 1 1 11111111 1 11 1
11 1 1 1 11 1 1
:
_,_L____________ R P N .
Group2 . . . . .
consensus 1 ALITGVTGQBGSYLAEFLLEKGXYEVHGIKRRA! IYQDPHIDNARF TRIT;  XSPEYTAD I TLRLLE: YPFLGLXEKRTRFY ASTSELYGL ........... FYPRSPYAVAKLYAYWITVN 162*
AAR38453.1 4 ALITGVTG! IDHIYEDPHIDHVRF-KLY SEVQPDIT s LYSYWMTIN 169
ZP_01876259.1 5 ALITGVTGQEGSYLAEFLLEKG- xsvH T T - ILH IRIIKDIQPDIT IRLLE: T TKFYQA: cvn 170
YP_001996964.1 4 ALITGVTGQE I -K! -- i L WITVN 169
YP_002293587.1 5 ALITGVTGQ! YQDPHIGNSKF - PEY i L WITVN 170
YP_003549604.1 4 ALITGVTGOWGSYLAEFLLEKG- YKVHGIKRRSSSLNTERVDHIYEDPHIENARF HLHYGDLTDTSNLTRIISEV PD 'NLGAQSHVAVSFE- - SPEYTADVDAIGTLRLLEAIRFLGL EKRTRFYQASTSELFGLV eipgrett; PYPESPYAAAKM’YAYWI 169
fol g A M LHYGDMSDATSI KLVE L 'YNLGAQSHV VSED P YTGNI AMG LRILDAVR A TSEMFG HPRSPYGAAKVYGHWM IN 5
wt_res_fregs (296): 989 9299999399 8 99 8 79 9791 99 8 686191 726 7 7 1 9 876791191231 1211 219 94999398979 7984 8 69121 519 77291929 2 27999 799349 91999994199182391 19
1 7 6 1 6 76 437 643 4 5 6 4 72 41 16 8 6 2 71 2 55 7 5 1656 6
6 2 5 1
insertions 121 11 21 1
deletions 1111 9 1 1221117111122154 9 1 113192941 3 8.7
‘ackground (65428),  ALI GGTGGT AGGGARAR v LGP ALRA RFUN 0.3
IIV AGRFL SHT LRFARR PARLILTD S EKLEELLELLEELA V VLVL L VTD EDIERLLEELVERL PL IIIHA GIL P LLEMDPEEWRRVMDI LTS LLVARLLLPHMRKRRVKSLLFIASISVY P PGLNA A T AALEALSRS
wt,reereqs(ﬂnQ): 253 9314559]32]115211 111611]141111]11]Z11]11]121]11]111621]121]122111]11]2412 131418211 1 111111112111111273151114214111121212142143111123122 1212192429121121111
22 112 21 11 13111 1 111 11 1 1 1 1 112 11 11 1 12 244 4 11 212 1 1 11 1 22 21 311 111 4311 1 21 1 11 1 4 1 1
position 10 . 20 T30 . 40 . 50 . 0 . 70 . 80 . %0 . 100 T 1o . 120 . 130 . 140 150 . 160
i
Unknown 163 v §
unknown 170 SY -
Lentisphaerae 171
Chlorobi 170
Proteobacteria 17
Verrucomicrobi 1

position

| I [] 1
roupt o« e .
consensus 163 G EE T 232
AAR38453.1 170 yxzsyﬁrcumcm;nmmsspnscmwmxvugmn sgkiet T 250
ZP_01876259.1 ledelyl VI 251
YP001996964.1 gltniagglekcl QQD-TPEDFVI 250
YP002293587.1 GM’YACNGILFNHKSFREGETFVTEKITRaxanxaqglesc]y" VI 251
YP_003549604.1 'NGI: VI_ 250
Toraground (66283 T L LpP G T L Tt
v I I
IV v
wi_res_freqs (18036): 1 1 26 1 12 1 1
2 2 1 2
i3 1
insertons 61 11111111111 1 6 11 6
delet 11582331 113457811111111 1111111776555556666786111221111234 199
Background 3THRU: T P LLL GL T I D L T 3010
VL
whres flegs (19023 111 1 11111 11 1111 1101 1 1
1
— - L_I_ [ — E— -— L - a
o e . o e o
ITR. eovnrennnnns T 232
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YP 0021222701 5 ILITGGA! P ICEHLCERLLEEG - NEVICVBFFIESKENIKRLLGNY - DPVQTTKTS' - - - -KIRILQA ptvhpgkedywgnvnpIGPR; 153
YP_002248317.1 9 ILITGGA] [FYTEKRAN! DPVQTIKTAVHGS INMLGLAKRT - PR 157
YP_003505157.1 4 VLVTGGAePILCERLLEQG HEVLC ILFTSRKDNIKKLMDNKD - DPVQTTKTSVMGAINMLGLAKRL - KIPVFQAST i GVRACYDEGKRCA) 152
Toreground (Z669F — TIT GAALYVGENTA L o] N A A AVI DDD EAE FG I VIIH AGI G EK G P RVFDV L § 1IL Ve IV g—hsn 0
VL FI L E L v P v R 1A sg
L H M a T
wt_res_freqgs (797): 512 91791198211 8 117 221191 16 51 1 111 211 111112 1318 711 1 13 16 11111 11 17 3 1 151 23 1944 6991 92149 2 2
37 87 61 1 7 13 6 1 1 1 51 3 1 1 5 1 1 2 6 54 1 7
1 1 1
insertions 1 11 1 12115811 1 19 1
deletions 3622222221111111112115721 1223491111111111122556566588555337 1111112224221 1 191191 3 141 163
‘background (63614): III GAAGFIGSATARELAAAGGATIAALDRSEAAGAAA] iGAAAAVACDVASEAAVDAAAAAAAAEFGRI GIVHAAGVTHDGPLEDLSDAEPDAVFAV LTATFRVLQAVAPHLRAGGGGSIVNTSTA VYGG AGQGAYAAAKGGVD 0.3
TRGL LEV L F R P RWLVG R DKLE L ELIEEE RVVVVLLA LID EDIE LLEELLER PP VDN EWDPE WER IRI LSPVLLAR LL LNLKRR  IRIGST GL F B oA AALE
vL TLD FE LD AV A H
wt_res_fregs (17239): 213 94241591315:1541171311111:511111112:1111111211111111531111121221111111:412 1143186111111111111111212113 21122111141131212121414431511 1112 12112924291221
632]1 1 1121 1 111111 1]11]112 212 11]1 ]111]11] 11 23254 11113 211 111 111114]2 12 1312 1 312171 31 1 2 1 3423
21 1 1 2 2 24 212 11 11 1 211211 1
position 10 40 50 60 N 70 N S0 100 11 120 130 140 150
Unknown
Chlorobi
Proteobacteria
Bacteroidetes
Aguificae
Nit

tro: "rlru
s or

1 1
roupt .
consensus 158
YP 001130149.1 164 TLFFDYYRQH. ivgalkgeditiyGDGTQTRSF
ZP 014525361 158 TLFFDYHRQH imgalgglpit
ZP 017175851 163 TLFFDYYRQH. ivgalknediti
YP 002122270.1 154 TLFFDYHRQH ivgalkgeditvy TRSF
YF 0022483171 158 TLFFDYHRQH iigalkgediti
P_003505157.1 153 TLFFDYKRQH. imgalrgediti
foreground (66283]: T T
wt_res_freqs (18036): 1 1
insertions 61 11111111111 1 11 6
deletions 11115823315 1134578111111112 111111177655555666__ 678811 1221111234 199
ackgroun T GG L L P LG T T D T T 3010
Vi
wires freqs (19023: 1 111 1 11111 11 1111 11 1 1 1
11
Group6 . o
consensus 158 TLF ceresreesaes Lo 232"
YP_001130149.1 154 TLFFDYYRQH. T ivgalkgediti
2P 014525361 158 TLFFDYHRQH T 1qglpiti: L
017175851 153 TLFFDYYRQH lknedit T
YP_002122270.1 154 TLFFDYHRQH. oy ivgalkgedi L
YP_002248317.1 158 TLFFDYHRQH. i lkgedit. L
YP_003505157.1 163 TLFFDYKRQH €PIUMHPQDGRVVSNF i 1 diti L
foregroun: RAFA E HGV V %% E T T
Y F L
» F v
wt_res_freqs (797): 2111 1 641 2 19189 1976 1 68691121921 12 1 21 193
4 i 6 757 1
1 1 2
insertions 1 ' 122 3 26 842112
deletions 121 1225514 1 111111 24 7848878992 163
‘background (636T4]: cFszmmzmcxsv-rmzwapsmysmsmmzn X IA T BAL AAYL AS DAVIGATINI 03
AMIRS KL APRNIRV SIA P ATDNT L PGPLSPE R VVF I  PINQ LVL
a b4 E Vv
wi_res_freqs (17239): 211114414311152113232651212211111111 1u 111111231211341511 1114 32 1123511112
3211434 17773113 1 222 1 T12171211
1
position 160 75 oo 190 200 210 220 230
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Figure S16. (continued).

Set1_5
- o —
Inknown 1 . K. .WSXXXFVKGNIADINATRK IFTEYKPA! 138*
Bacteroidetes 13 . .GgnWs---F' J [{IFTKNRI; 142
irmict 7 I esp F: cesees . .WS---FYIGNIAD NLINKIFDEHKPDI 146
Fusobacteria 11 CoageIEs m,nm.xwzu-x 1 . SETEkeikkhpNS. DI TTENTFNEYPEIAT 151
ibrobacteres 13 VISEAAEFIECI] LN. .DY- NcsE..L..VG IT t1ATLT.......GK......K. .WT---FVKANLADGAAIRSLFEK] 150
osition ST0 .20 B 30 50 ) T .80
| . l
Groupt . . oo oo n
nsensus 1 SNLIKRLLN. .DYRN 0. .I..VGIDNMIDYYDVSIREERL. - K. . WS XXXEVKGNI ADKNATDK I FTEYKPAVVVRLXAQNGVRY S 1T OOCXNEDAY IQS RLIEFYNILEACRES . . GXXKXVDHLVYASESS 138"
019501141 13 - -GgnNS - FVEESTANKEVIDKIFTKNRISVVVALAROAGVRYSIT- TQSYLIEFYNILEACREH . .E----VDHLVYASESS 142
' 02866968.1 7 - .WS- - -FYIGNIADKNLIDKIFDEHKPDIVV] TESNLIEFYNI: &
7045667641 11 ILA K. YE _FTKGDTADKNTIDNIFNEVKPEIAVRLAROAGVRYSTT T I/ FYNILEAC
P 003249049.1 13 \GFTECNLCKKLLN . . DY - NcsE..L..VGLDsITDYYD NIKHERLkeietlATLT. .. ....GK......K..WI---F' IDSLFEKYHFAVVVNLARQAGVRYSIT. 10sNLTfErYNT ..
Sreground (66283 — LI} q E T B T L D INf AA L
il H 5 i
L v L
w_res freqs (18036): 13893 29 7 1 1 62 11 6123 82 1 71
15 4 5 1 3 312 5 3
5 3 1
insertions 91 2 111 111 1111 2 2 112221 1111111
deletio 483222 nnnnnt 47722 1 1121244467887878911 1112 22 2 22342221119544411123344321 123233371333274211 11 11199
background (3TB6U TITGS T T T T GLDL L D VILARG T TItossie 3010
¥ v w L v
v L
wt_res_freqs (19023): Wi 12 1 1 1 1 1 1111 1 1111111 1 1 1 1 11111111
11 1 1 FER 1
1 1 1
—_— - - e - - - - = - - —m —_——- — ——_— -
roup? o e s ot . . oe
ensus 1 ILVTGAAGFIGSNLIKRLLN. .DYXN D I. . VGIDNMTDYYDVSIKEERL . .AGIE. . ..GL. ..K.. FVKGNIADKNAIDKIFTEYKP; IT NPDAYIQSNLIGFYNILEACRHS . . .GXXXXVDHLV‘IASSSS 138"
ZP_01959114.1 13 ILVTGAA V.. 'YDVNIKKERL . ..RGIE.......AL..... AngwS- - -FVEESIAN'KEVIDKIPTKNRISVWN‘LAAQAG 142
ZP,02356963.1 7 ILITGSAGFIGSNLILRLLK. .DY E D. - Thi IGIDNMSDYYDVSIKEYRL. .KKIE. .DLvektnnK. .WS- - - FYIGNIADKNLIDKIFDEHKPDIVVNLAAQA( 148
667641 11 ILVTGGAGFIGSNLILELLKtVED-I..N..I..VSIDNLNDYYDVSIKEWRL......SETEkeikkhpNS......K..YH---FIKGDIADKNTIDNIFNEYKPETAVNLAAQAG 151
YP 0032490491 13 VLVTGAAGFIGCNLCKKLLN..DY-NcSE..L..VGLDSITDYYDVNIKHERLkeietlATLT.......GK......K. .WT---F IDSLFEKYHFAVVVNLAAQAG! 150
Toreground (731); VLVIG AGFVGAATAR L K A G GVDNMN YYDVALK RL i F SGCF I N AV IF R DAIVALAAQAG NPDSY ANI GFFNVLEACK
I L v Iy Lp I L T I LAR
T I L VEW M v v L D
wi_res freqs (206): 49799 9991911141 9 1 11 1 9 919718 9985189 96 11 61116 3 111 17 1 4114699999999883 8 89119 193 9517289271 17661 771199899
52 8 1 E 7 1111 57 1 6 18 3 5 5 74 1 4 118 115 16 1
1 i 131 2 1 1 2 1
insertions 11 2 1 2291 1 1 1 334
deletions 231 9 2 S 98
Dackground (65552, VLVTGGACFTGRATARELAK A GA K ¥ AAVORSSAGGARRLAATAR TGGE 2K A AVACDVASEAADDAAVA VL TFHLAAVA SDADPDATFAT) TKAGGVGSLIFTSSAS 03
TEGL LEIV F R PY R I LIG REEKLEELARLLLE av w L VLLL LTD EDIE L E LVE L PI IVVNA GIL PA LE MDPEEWERVMRI VLSP LLARLLLPL MLKRRG RF NIGTIA
v L IAAD AA VWV E I v s sv DIA RLVL N TD TLD F K L V AV R TK VAR TEQK I HVA V
wt_res_freqs (17830): SSsesszaissinisazesr 113 1 6 11i3siiiiiiillinin 1121 11 1 11116311111112211 1111241261113182111111111111121111112721612212143111 2121214113116711
213 1152 1121 11 11 1 1 211 1111211211211 11 1 TOA1212 1310171 I 12 23l 62l 111 13ialenl S i 312111 21 321112
1 111171 1 117 712 1 13 i1 1111 "3 1111
position 10 20 . 30 R . 50 o0 — s — e 130

nknown o
o

irmicutes Eﬁ
Fusobacteria er
ibrobacteres o
o

Groupt

.
onsensus F . TYVDEIVEGVVRVMOKA . . . .. \u. .. PPYKVYNI 232*
P 019591141 143 TY T PPYKVYNI 268
P-0z860968.1 147 buw(lrrmet)kxx TYIDSTVEGIVRVMK PiPPYKVYNI 272
P 04566764.1 152 VYGSnkk: FSFTNK1 TDT .- 256
'P_003249049.1 151 W kki F 1k kr' i TF TVE( 1PPYKVYNI 276
oregroun i T T T o
I
wt_res_freqs (18036): 1 12 1 1
i 2
1
insertions 14 111 61 11111111111 1 6 11 6
deletions 1126 75421 11115823315 1134576111111112 1111111 7881112 21111234 199
‘background (31860]: T AK T GLG L L PILLL GL TIIL T I D L T 3010
VL
wi_res_freqs (19023): 11 1111 1 11111 11 111 1101 1 1
11
e Bl e ol B - — - -
.. eese o
PPYKVYNI 232*

F ymxlr ukhm TYVDDT! 1piPPYKVYNI 268
iki TYIDDIVEGIVRVMK ‘vpyKvY‘NI 212

14
7P 045667641 152 VYGsnl lrrmetlex

kkipy KLY FTNK ieifi TYIDDT'

Yi 1 _ 151 vYGSnkkipystddkvDNPVSLYAATKKSNELMAHAYSKLY - - -NIPSTG! GPAGRPAMAYFGFTNK kagkt iqi ENYGKCKRDFTFVDDIVEGVVRVHQHADckqngedgipl PPYKVYNT _ 276

WZT]—PX—omgwun TYGE DQPLSLYAASKN SNEL IAYSYARIFNEDGLPATGLRFFUVYGPHG PEMA ¥ MR FET NG L RDFTYVDDLY G T K B R 03
" T A MSHT LY G 11 a

LE YIFL
v
wt_res_freqs (206): 9991 81918799929836961713927116664571888999999997999999 6 96 7 9 1 9999828918 8 1 1 6 1 1 4494
52 7 5 7184 87 3 1 5 6 7 1 21 4445
4 11 1
insertions 9 1 2 113286 21
deletions 2 999 34123 45666666 9.8
background (65552 VGG GaK A IA RESA vTeovin: 03
oL P PGONP S T LGLDALSRALRL LAPR IRVVIVA ~ IATDMTAA PEE LD 1P TARLLLFL SDD IN QIFVL
AF GV G A I T R K VvV NVI TD EL S A D E ATI V.
wt_res_fregs (17830): 1122 12122924493413211111414111151111222661312211111111 1 11 11111121121214111311123111 23511122
311 22111 1 2 122113121411 3321 4341131 21511111 111 11 13 2311133215111224 211 21 11111
21 11 2 2 1 3 1 1 2 312 11 11 1 1 1 111 2 1 111 4

position 150 T 160 170 ~ 180 ~ 130 B 200 210 220 230



Figure S16. (continued).
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)
AEFEKLDIL EeEPE  STERT . 9] j“AALPEIL . KXXKGSSII] YK ESPOLLEYSS] EONLVEQG 171
Cyanobacteria “LDILI EQ ESIENT Of AAIRRL. - SONLISKG 212
Chlamydiae BQH] $2EO) ILeX - - VKGTII) KTLI) ELSLVEKG 215
Chloroflexi ILI| EQHS ITINT s At iL.K--AGSSII) 215
Firmicutes EQH) EQ iL.S--KGSSII) 215
Deinococcus GLDIL EoEPeDS TSI t PIe) IL.K- - PGSTII| 229
o: 80 o 90 o100 C1T0 o120 130 ~ 130 . 150 160 170
1 I w - IJ' I 1 A J
upt . oo o0 o . .
consensus 1 AT IAGRIGDEAFCQ TVAEFGKLDILVNA! QKSIEDI.K RTYIFAMFYLTKAALPHL . KXXKGSSTINTTEVTAYKGSPQLLDYSSIIGATVAFTRSLSONLVEQG 171
NP_489222.1 5 - ADVAFV' AT LDT 1EDI T {GATVAF" Ke 212
YP007951.1 7 -ADT LIAGHT CQSATKETIQAFGKLNILVANAAEQHPQVSIEDI t EEQLEKTFRT! {GAIVAFT} 215
YPT001545133.1 48 - ADVAIN T ILINA ITDI R’ VTAYRGSPQLLDYSAQIGATVAFTRSLSQALIDQK 215
YP_003244945.1 8 E€ - ADVST I TET LGKLDI; IEDI {ITAYRGSPQLLDYAS <GAIVAPTRSLSHNVVGQG 215
YP 0027880011 62 - IL TAGT TVKELGGLDILVANAAEQHPQDSISDI t PEQLERTFRT! mmnmqmym.. x- PGSTINTIRVTAYKGSPQLLDY SSHIGATVAFT: 29
‘Toreground (66283 I T L‘EL T L D Il AA L Y ] m
L v © g W
L v L L b
wt_res_freqs (18036): 13893 29 71 1 62 11 6 123 82 1 701 13 11 9 29 1
5 4 5 1 3 312 5 5 11 67 4
5 6 2
insertions 1 9 12 11 11 1111112 2 221 1111111 14111 61
deletions 483222211111111111224772211121244467887878911111222222342221119544411123344321 1333333710 3274211 117_3433331 11112675421 1111582331 199
ackgroun G L6 L T L T T L DL L D VITAR © T LILLSSLG T T 6L G 3010
v v
L
wires freqs (19023): 11121 12 1 11 1 1 1111 1 1111111 1 1 1 1 11111111 11 1 o111
11 71 1 11 1
1 1 1
— . Bpmm— ] L_ [ S — - - - - I - [ i — = - - ol P —
roup8 . . o o oo . . . oo
consensus 1 XLITGGESGIGR. T TAGDI( LDT. TFAMF KXXKGSSII TAY IVAF' 1
NP_489222.1 45 -LITGGRSGIGR SIAGDITDEAFCQRAIQQTVDEFGKLDILI! 'RTNIFSMFYLTKAAIKHL.K--KGSAII] TAYKGSPQLLWYSSTKGAIVAFTRSLSQNLISKG 212
07951.1 47 -IITGGESGIGRAVAISFAKEG-ADT TAGDIGQNSFCQSATKETIQAFGKLNT RTNIYSLFFMT] - -VKGTII KTLIRYSATKGAIVAFTRSLSLSLVEKG 215
YP 0015451331 48 -LITGC SGIGRAVAI I IFAMF K--AGSSIII DQK 216
003244945.1 LI TETVEKL RTNIFGMF PHL. S - -KGSSIT OLLYASTKGAIVAFTRSLSMNVVGQG 215
P 0027880011 62 ErocHBoTCRAVAVHEA ,mmuw NEEQR QmmmvgmsaRsv:,msnmwmquwngmssumwumm-np DSISDItPEQLERTFRTNIFAMFYLTQAAMPHL K- - PGSTIINTTSVTAYKGSPOLLIYSSTKGATVAFTRSLSQNLAEQG 229
Foregroun TTTTGGRSOIGRAVSY YAKGOTAN VT YT E KA DTAE "DTAE IE GQR I V GDT D C AATA G INVL N GVl P LDEL EDEW TFEVNIYG FF AQ AI YN AG GA IITTSSI OF LVBYSATKAAT FT ALS VG RG 1003
Vv RKVL L E v DI V HL KR IRA G L A L K
LI Vv L EK
Wt res freqs (185):  1279989999989612 39299491 17 87 9 199 1611 47 912 1 1 793 1 7 1111 9 2128 8 319 1 3122 1112 88119522 81 12 81 13 12 92 9818294 11 21 81893499288 78 193 11 28
872 8655 47 1 5005 siiaa 8 686 556 6 113 26 165 21 4 17 56 4 215 6§ 1 6 7 5
insertions 82 112 11 ER) 1
deletions 841111111111111111111191 111111 1 99 108
‘background (65522]  VIITGGGSGIGRAVALEFAKEGGAELVITGR! TAS TARR GPIDVLFEN GVA RAGGGGRIINIGSIAAFGA AGLGAYSAT 03
ILV ATRFL LHLVERLLER PYR ILLD &S KLE LLELIAA  V v 1Ll VT EDIER LL LL LIVI'L IL VA E WD PDDP EVMEL VL PLL LX LA LL LKRRVK LLEISTYSVL  PONP A A LGLE MI YRR ¥ X
sG E sv AG IE FVEV A G SVGs L
wt_res_freqs (17850): 313393125591315111311713113111511111111:11111]12111111115:11 2111221111111 412524134 511 11111111 11121111137216125110135113 1292142625117122121 12119914293411211 1341431115
41112 1121116211 111 1213 117121 111111 1115 i 2111111 1221712100 51 1173 11 12 1310712110 172271223713 1111 1
1 1 111 1411 13 23 2
position e —— 50 60 T T80 — 5 e o110 5 C130 140 . 150 160 170

nkno 172

Cyanobacteria 213
lamydiae 216

Chloroflexi 216

Firmicutes

Deinococcus

positio

1 1
roupt .
consensus IWTPLIPSTFPAEKVAA. FLASDD. . . ISGQVLHV 232"
NP_489222.1 IWTPLI 276
YP_007951.1 IWTPLITSTFSEEK' £ ruASQDssyISGQILH- 219
YP_001545133.1 IWTPLIPATFEAEK? - 219
YP_003244945.1 216 I TPLI VSG QVIHV 280
YP_002788001.1 230 IRVNAVAPGPIWTPLI PLKRPGQPA vAPSE‘VFLASDDssyISGQVLH- 293
oregroun L L?P 9 T T
v I I
I v v
wt_res_freqs (18036): 1 26 1 12 1 1
2 2 4 2
4 3 4
msemons 11111111111 1 6 6
deleti 5 113457“11111112 11111117 81112 21111234 199
Wc ground (31860 L T P LLL GL TL] T D T 3010
vi
wt_res_freqs (19023): 1 11111 11 1111 11 1 1 1
11
— [ R
up8 e oo . .
consensus 172 PMK] ASDD. . .ISGQVLHV 232"
NP_489222.1 213 1 PSTFPAEK
' 007951.1 216 ITSTFSEEK! LASQDssyISGQILH- 279
YP_001545133.1 216 I LH- 279

216 1.

£ PAYVYLASTDSSyVSGQUIHV 280
QSTPLERP

IpSTF
YP_002788001.1 230 IRVNAVAPGRIWTPLIPA' ®PAEVAPSFVFLASDDssyISGQVLH-_ 293
Toregromnd (761)— —TRVN VAPCHIWTELIPA b TGN PL R ASF ELAP FV LaS B  Soo ¥ I—T003
s S Ev pom oG W ¥ 5 T v
Q I
wt_res_freqs (185): 9999 9999969988763 21 9 183 9 199 9586 19 998 3 38 11
2 4 55 '2’ 5 2 5 8
insertions 14 8 9 259
deletions 112 2 11 1 11111513 108
Packground (65522 T TAT TA GDGT TASSE 166 YNI 03
LTAVILR F V’YGDMTRP PE L A DLLYAEDVVR LL ALE D FVV
A 2 Tev T EII I B
wt_res_fregs (17850): 4343]316512]42]111111] 11 11213123121312151112 43211 351 122
1122 1 31211111 1 1 1111134211 12 221 1 1 114
PR tE Rt 11 111131 1
position N . 190 N 200 . 210 L 220 L 230
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Figure S16. (continued).

Set1_7
wn YL . FXGEVAYTIAYEMENCYLEMAR 165"
Echinodermata R BVAYSTA YoUT 183
nidaria RaTyeX ) ey, 183
Arthropoda TR LVEKVCLE: 1 183
Chordata DSVOSAVEQAVQ 'a eyrvEorcrfivn cex S pRILt 1 BvayTa M 183
posi - 70 10 . 120 - 30 . 140 . 150 . 160 .
‘ ‘ 1 I v I 1 I J
Groupt . . e . .
consensus 1 IFIEASRGIEKATALKAARDEXANVVIA. KLPGTIYT! .. BIRDE: GGIDILVINA n LTGTLETPMKKYDLMNSI]| TYLCSQVCLP: I 165"
XP_0011998751 12 I T LPGTIY L.GGkel VH ESQVIS) FGGIDILVL L TLNL 183
XP~001634589.1 12 VFIy EKAT TA; KLPGTIYTA, IpcvvigT omvxxpcsmuvmm\smsm TLET 1 TYLCSQACL I 183
XP001608210.1 12 LPGTT 1P VRV RDETQVINAVRSAVEKFGOIDIE RYDLMNNT] LV 1T 183
XP_0026005801 12 g LPGTIYTAAEEIEAAGGKCpciVil DVLVNASAT, RYDLMNGT] sgxcr.nnmsxmmmusmmm: 183
Toreground (66283]; T T n T L D I1g AA L o
L v © W
L v IL A
wt_res_fregs (18036): 13893 29 7 1 1 62 11 6 123 82 1 7 1 13 11 9 29 1
15 4 5 1 3 344 5 6 14 67 4
6 1 1 2
insertions 1 9 12 11 1111112 2 112221 1111111 1 1 11321 1 4 111
deletions 483222211111111111224772211121 444575578739111117 2223 42221119544411123344321 123233371333274211 1173433431 111126 75421 1111 .9
background (31860F, ~ LITaG LG L T L GLDL L D VILARG L T T T LILLSSLG T AKX T aL 3010
VLA I v oL v
L v L
wt_res_freqs (19023): 11121 12 1 1 1 1 1 1111 1 1111111 1 1 1 1 11111111 1 11 1 11
1111 1 111 1
1 1 1
— RN T —— —— ] [ —— - mm————— - — -—- - o e—le o -
o e . . . o e
consensus 1 IFITGASRGIGKAT LPGTIY AGG......VDIRDI FGGIDILVNNASAL R YDLMNS INARGTYLCEQUCL: LEGRLNMAP . . FK TGMAE 165"
XPLOUTIO98751 12 LEITGASRGIGRAIALKAARDG - ANVVIM AEAHPKLPGTIYTAAEEVEKLGGke1pc iVDIREESQVI: GGIDILVNNASATSL L.,Pymmmpmmnsmpgymmmmysm(ysusmvz,smg 183
XP001634580.1 12 VFITGASRGIGK LPGTIYTA 1pcvvDl KFGGIDILVNN susmsnmmqDLm-smusnLcsggcu MCVLGMAE 183
XPOVIBOEA0A 13 TPITGASROIGKSTALKAAGDG. ANIVEARSTAEPHEKLEGTIYS AGGkal FGGIDILVNNASATSLTGTLHETEMKRYDLMNNINARGT I TGMAE 183
XP 026005601 13 TF TS0 SROTGRATALKCARDG  ANVY TAATAB P RPKLCTT Y TAARRT EAAGG ke ] pe L VD R P EDOVO AV E QRO F GOT DY LV NNA S AT G TLE T B & Y DLMNGTNARGTY LV SQKCLPY L GGKNPH T LN SHLNMOP b K GHVAY THAK YGMEMCVE.GHAE_ 163
3 TFITGGSRGIG IAT AAKDGPANI VAALS PHPKLPGIVES A EVE AGG DIR E I AI I YGOIDVVV NSSAT L T MKKFDLMNDVNVRG ¥ LTQ AIPYLR  NGHIL L BALDI  F GH GYTLGKFGNIVC LGLS
vV L LR vIoT yT 1 v VLV V FRLII AG L RY HI F K LE RVI V - NL AAIA Y SLLK &
I L F Q I M MS M
wt_res fregs (8 58769199999 881 692797874 27991 76878789122 8 816 799 9296 2 71 1 19779227 91799 7 7 69148981149189 4 114 239481 62787 6 99711 7 26 196119189115 7931
21 6 2 4 5 4 8 847 6 5 6 17 7 8116 2 82 1 84 25 5 4 54 111 1 43 7 126 5 832 1 7
1 1 1 3 1 4 51 4
insertions 1 136 1 119 1 o123 9 1
deletions 213333333333333332222191111111111 1 1 111 11 11 1 6 8.1
‘background (660T7]: WITGGSRGIGAHIALAFAKAGGABIIVAARSSAGGAALAAAIAAEAGGVAVAVA ADVASE DIDRAVL VV AFGGI S LSD: TAAFNLAQ! TLHVGSAAGLGG  PGQ( 03
LV TGFL S LVEELLRR P RV ILD REDKLEEALELLLELG VAVLVLL L LT V LL LL EL PL III L AIL PA L MTPEEPRRVIEI LLGPLR LK LAKLHIERR\I RVVFI TISV‘I LNP S T LALEIAH RSLRL
1 RYGFA TV
wt_res_fregs (17950): 3133932]559]1251113117131111]151111]11]211]11]121]11]11 263111 1111111 11 124126234348511111 1 ]111211]111373]112241]132312]212141411]17123122 22]1292429311]21]11141
1 21116211 113 1111211111121111 1111111 121 2 11 11 11 12 212 1 221 11 1 121311112111 216111 21 1111311111 21412 142311 21411
ErE Sl o St e o U U E A N W TR L 1 101 11 12111 11 12 2117112 111 21 11111 g i 3 1
position 10 . 20 . 30 . 40 . 50 . 60 . 70 . 8 . 90 . 100 . 110 . 120 . 130 . 140 150 . 160 .

Unknown <PDIMA
Echinodermata DIIT
Cnidaria T
Arthropoda P
Chordata KPDI
position 10

| I [] 1
roupt . . . .
consensus 66 EFKDDGT KS.CRKPDIMADAAYAILTKD. . . YTGNFCID 232"
XP_001199875.1 18 srmsmvnuwpmmmmqmcsssns- D 248
XP 0016345691 184 EFKDDGIAVNALWPKTAIATAAMKMLG D 26
XP 001062101 184 EFKDDGYAVNALWPKTATRTAAIEMLSGK - D 26
XP002600580.1 18 - VID_ 246
Toreground (6628 T L° G P

v I I

I v v
wt_res_freqs (18036): 12 1 12 1 1

2 2 4 2

4 3 4
msemons 6 1 11111111111 1 6 6
delet 5623315 1134578111 110015111001 17 51112 21111238 199
background BTBR0} G T T P TEL G TLIL T b T T 3010

VL
wt_res_fregs (19023): 1 1 11111 11 1111 101 1 1 1
11
- - -

roup9 . . B

consensus 166 EFKDDGI.
XP_001199875.1 184 EFKADGIAVNALWPRTAIWTMMQHIGGESDS -
XP. umsJAsst 1

XP_001608210. 184 EFKDDGVAVNALWPKTAIHTAAIEMLSGK
XP. 0026005801 184 EFRHDGIAVNALWPQTAISTAAMDMLAGV
foreground (266),  DLA WA T LWPKIVY S
E I NI R IT I
v v v L T
wt_res_freqs (86): 121 17 1 8991811 1791 7 233788882 11 19 8129972 1 1 119 5 29
B 6 81 4 88 2 455 a1 7 i 16
2 2 1 €
insertions 119 1 39 1 21 15 3 9
deletions 1 1111111129999999921 11 111 112 11129 81
ackgroun YRR ITATVIAPGNVAGDOSACLFAD A AAGROTAL 8D FoSR DVADAAATARGEA —JNGSETRY 03
R NIVR F IYTPNTRP E L LD IP RR LLYV ELVRLLLFLIZD IT AIINL
EV I

wt_res_fregs (17950): 4111114111121561312111111111 1 2 21 1211 4251311123211 21511114
1112 211111224111 23711121
11 2

position 170 N 1ee N 190 N 200 N 210 N 220 230
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Figure S16. (continued).

Set1_8
Unknown 160*
Thermotogae 145
Firmicutes 1 153
Fibrobacteres 144
Bacteroidetes 153
roupt o . .
consensus 1 IGEIRIFSRDEK I 1 EKVI 160"
YP 0015683191 8 -L. NT-AIKEIRIFSRDEK FIGDVRDI! LMEKIF 145
2P 020410581 10 -mIy LET-AIKEIRIF FI AL KTYVLETEN CAMMEKVI 153
YP 0032507581 1 -MI{ IGEIRIFSRDEK YI 1 EKVI 144
6167 0 ETGSFENAVLNRFLRT - dIGEIRIF: FIGDVRNL GVDYT: LK TlETDN ‘AVEEKTA 153
B d T T L D Iif AA L I Y B L
I L ] vV
L v IL A
wt_res_fregs (18036): 13893 29 7 1 1 62 11 6 123 82 1 7 1 13 11 9 29
15 4 5 1 3 344 5 6 14 67 4
6 1 2
insertions 1 9 12 11 11 11 11 1112 2 112221 1111111 1 11321 4111
deletions 4832222111111111112247 7221112124446788787891 11 11222222342221119544411123344321 1232333713332742]1 1173433431 11112675421 .
background (31860 LITGG LG L T L T T GLDL L B VIEANG L ] T LILLSSLG T AK T 3010
VLA I v v v
L v L
wt_res_freqs (19023): 11121 12 1 1 1 1 1 1111 1 1111111 1 1 1 1 11111111 1 11 1
11 71 1 1171 1
1 1 1
. 1]
Group10 . . .
consensus 1 xXMr . IGEIRIFSRDEKI TFEARA EEC
YP 001568319.1 8 -LVTGGTET LNT-AIKEIRIF 10 ATDKAVY - - - PINAMGMSKALI
2041058.1 10 -MT TKEIRIFSRDEK 1 FPI IEEG
YP 0032507581 1 - dIGEIRIF: Lo AAL
P 066167621 10 MITGGTESFGNAVINRFLAT dIGEIRIF [LOSCRNAMPGVDYT LKQ
foregrount B IT ¢ B ToR AV AAAG A RKVVV D LEAE T QAAA A F DV [
L K RLIL L '
L ﬂ L v
wt_res_freqs (1412): 52 9 19 48111] 1116 1 1511 2 1111 11 11 1222 372 1111 1 1 51118 1 2 1 126 11 11 11 1 221 6119511 1 1 1 11712 2119 1
2 2 5 1 1111 1 4211 172 1 41 1 136 21 1 6
2 1 35 2 1
IHSEI'(IOHS 2 11 11 21111233 34 3211 1 544431 21 111 21 6 11
deletior 4122111111111111111249 6462224234555788119999 11 1133559999599522254542222211 137897115899821631 499971 1294339841 111 188
Dackgron GOUNATGTSBE,— AVI G ACCIGAAVAEAFAARG GADVAVAG NARGAAARAAAL A AGGREAVVACDVASAARVARAAAARVAEFCKIDVIVAN GVA DGPSLDLSDDDNDX FRVTOLVRRALKAQCVGSIVE YC AGQUATARK SOREGES 03
A RLIL\ID LSEALEE LEEIL EL LVL LTDEEDIE LLLEIL R PL I LSPVLL R LHIG I L P P s
AV E EK v X I K
wt_res_freqs (16624): 203 5 2366933151114217 13363313 1131011291111 1 ]211]11]115311]112]22]112]11241 627425 611 111111111222211113721112112111111212151 14431571232 2 121129242 1212221
5 2121211 1 111213 1111211 11211 11 121 1 l 11! 12 2325 21 11 1 11 1311112111 111114 2 123131211 1 1 1 211
2 131111717 1 1 3t 2 1 11712 11 i S WY N
position . 10 . 20 . 30 . 40 . 50 . SD . 70 . BU . 90 . 100 . 110 . 120 . 130 . 140 . 150 . 160

Unknown LWIB:II( 5
Thermotogae iLrvoiTengioi tvy
Firmicutes {LWTERT <agnpi ¢ el
Fibrobacteres VIRIoSraop L i gacs
Bacteroidetes
fon
| . ] 1
roupt e o .

consensus VIPLWIEQIK.......TEPSMTRFIMSLEGAVDLVLFAFENGTSGDILVK 232"
YP_001568319.1 VAKSRTVEPDKTLICGTRYGNV‘MASRGSVIPLE‘VQQIKngkplL TNPDMTRFLMST: Y]
7P 02041058.1 TPLWIEQIKagnpi tiTEPSMTRFT v 231
YP_003250758.1 I VIPLWIDQIR: LV- 222
ZP_06616762.1 -KTKICCTR IPLWIEQI K"Gnnvtlu;rl\runr LV-_ 229
Toreground (86283 T T L® S T T T

v I I

I v v
wt_res_freqs (18036): 1 1 26 1 12 1 1

2 2 4 2

4 3 4
insertions 6 1 11111111111 1 6 11 6
deletions 11115823315 1134578111111112 111111177 111221111234 199
‘background (3T860); L@ L L PLIL Ob TIIE T b T T 3010

1
wt_res_freqs (19023): 11 1 11111 11 1111 11 01 1 1
11

Group10
consensus 161 vnxsmvcnxmccmysnvucsnssvmmmom. .. EPSMTRF ENGTSGDILVX 232"
YP_001568319.1 146 VAKSRTVEP! QQIKngkpl\: TNPDMTRF )
ZP 020410581 154 1 TRINTOQIR I Lv- 231
YPT003250758.1 145 1CCT IPLWIDQIRagppi ENGVSGDILV- 222
ZP 066167621 154 vAKsRvsG——kalccTRY TPLWIEQTR: vtmmmnpmsmswnwuu Lv-_ 229
Toreground (4695): IAAE  GIRVIAI PG I € AL 2 LEN ARAIVFLA G veNy it
R s ip FL
VE 1
wt_res_freqs (1412): 11212 3111112 53 1 8 11 1 11 11 111 41311111 4 1312
1 1 26 2 31
42 1
insertions 11211 11 111 311 9
deletions 2355711666211 122122233222223 999987551 1232223471111111125 188
‘background (61588):  ESLAAEYAGKGVTATAIAPGPTAGDLTAGL GDPA A GAGTQLGDLGSVEDIAAAAAYLASSDVTGATYN’V 0.3
R RL L PRNIRVNS F IDTEM RA EE L TP RLPE ELUF L DEIN QU L
wt_res_fregs (16624): ]144]413115211]222651]121111]1 1111 1 ]121]22]1212342513]114321]23511124
11 3 21143431 1 21512 11 122 2 1121 111 1
1 l l 1 22

position 170 180 130 B 200 210 220 230
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Figure S16. (continued).

Set1_9
-L -
nknown VL IREEACLIEEBAV - FEADY CXEDVVETIIIM 0 . . . EEEABREWS 0L . . .. . . XN . . LVLIEAT lcxx 142t
Deinococcus VI S L AV R FFAGLG- MOV I IR0 £ {E EEARRRWRVL 1 eqqv . PN. . . {TA 156
Cyanobacteria VEIRRSELT VAR FAQL G- FRILE I v £ (RESARIDWY QT 1 edkygER ubiq 157
Jorofiexi 17 \VTYEANQG - MDIVETEUAM Ry £ HEDEABBOWRFOT . . . -
itrospirae —LI LI ISVRFFAQKG-FTT! eI v £ £ EEAERIRI LE"‘lkeev PE... lapnqlplleldtme
Bacteroidetes SLIRAVAFFAD: F - DLVVE IR Oy £ o A . Bnpnflplietetrwe
roteobacteria eu TVKFFCDKG F) ex Kt £ f[EED; N Ptpnylplveletrwe
osttor
roupt « o
onsensus EXFDV hJ.DNNMm .. LEN... INKVYGD. .o ovonvnnnn..  142%
P_594153.1 : csmsrnwunvxlequ PN NKVYGDrpnliplieretrwd 156
P 323855.1 FRILGT dkygER. . . NKVYGDtpnylplgeletrwe 157
P 002463313.1 smv—rmmg; mTves NKVYCDEpny Lplvey.
P002248319.1 61 ERLK . YEVDIRDQOKTEQIFKEYNTDIK1T L NKVYGDapnglplieldtrwe 156
3 % bryver : RPADIREVSQLEPIFREFGTDIKLT - NKVYGDnpnflplietetrwe 156
YP_002955191.1 - IVIYRSAGLIESETVKFFCDKE - FOVVGIDNNF X DADIRDHEGISKIYGRYGKDIKaVIBCAAQ - SRNKVYGDtpnylplveletzwe 15
Toreground (B6Z83]° I T T L 5 n#n AL iT ﬁm -
© W
L v Lo " L
wt res freqs (18036): 13893 28 71 1 11 6 123821 71 13 11
5 4 5 1 341 5 1167
5 6 i a1
insertions 1 s 12 11 11 11111 11 112221 1111111 111321 14
deletions 48322221111111111122477221112124446 788787891111 12 22222342221119544411123344321 123233371333274211 1173433431 111126 199
Dackground BTR0)~ 1IT6s Lo L T L T T D VIIAG © T T LILLSSLG 3010
I v 1454 v
v L
Wires flegs (t0023; 11121 12 1 11 1 1 1111 1 11111111 1 1 111111111
FE 1 i 1
1
- - - = =0 - _———. - - -L i m
Grouptt c s o oo . e H
consensus 1 VLITGSAGLI oM. . . L LEN... TRDREATERIFAEYGTDI. . T . - e
1P sotisdd 5 -VITGSAGLI TGIDNDMGO: TRWNRVRleqqv.PN. . . DAPAT] TalIVAT B LNLLOAARQHA- —PTAPFIFTSTWYGDrpnllpllerstrwd 156
4 VLITGSSGLI TLGToNME TledhyGER. . | DRTAT 151 TIHTAAC i o N K 187
Vo oeiaal & piroseent Ty TVGIDNDMRy £ EGDEASTORNRQR - -« - - - DREATERIFAHYGNHIZLVIHT R LLEATRRYA- GDtpnrlplveyelrwe 186
YP 0022483191 5 -LITGSAGLI TIVGT! TkeeviPE. .. DOQKIEQIFKEYNTDIKLT = N Gpapnalplicldtrwe 16
YP_0033911671 5 -LVTGSAGLIGSEAVAFFADKF-DLVVGIDNNMIQy£fGTDASTEWNONRIqdsy .KN. .. EVSQLEPIFREFGTDIK]IVETAAQPSHDWAAR - - - - EPFTIRFTVNANGTLNMLEMTRQHC - - - SDAVFIFTSTNVYGDnpnflplietetrwe 156
1 5 .IVIGSAGLIGSETVKFFCDKG-FDVVGIDNNFLKEE£GEDASTEWNRQRLeash . KN R Hov

PSHDWAAS - - - - DPYMBFTVNANGTLVMLENFRAHC - - - PDSVFIFTST] GDtpnylplveletrwe 156
VH SAQ S A EGQS EP [NFD NA GIFN LE AR A WY s‘*lwrm o RRERIEeime
A s RV L FoOR

E G T
P L v ac
v E L v T v
wt_res_freqs (47): 215 9 19 291 113211 3 1 11986 9 91 12 17 929311 2 11 1 2 318 178 4 3 1822 19 871 96 9917 98 29 1 111 9971998
272 177 11 2 6 §5 3 5 82 5 21 2 57
11 3 is 1
insertions 6 2 22 3 2 3 1312 2 85 2 5 6 21 2 2 1 221
deletions 321111111 ] 44455311 22 1 2999999 2 463111114 9991 28 81
‘background (66138]: IVI GAGGGIGAAT EALAAA GAKLAAADRSEAG  GAAVAAEAAALG v AAAAVACDV AVAEFGRV G IVANAAVAHDGPSEELSDAEPDATFA NVIGIFN LELARPALKAGGGGSIVFVSTAAVYGG 03
TV TR L SHY LR RE PR LIG R EK LB LLELLEE A VLVLLL LID EDIE LLA L'E L PI I VN GIL PA L MDPE WERVND L SPVL AR LL LMLKRKV R NIGSISGL P
X ss R IVA D A V I I W S ASV EI L TLD AVRTK A I AV AF
wt_res freqs (17989): 213 5424559031 116431 1311111351101 111151111111 1 11111116311121112211 11112412 1 14345211111111111111111111 7316222 211313121212141441161121222
12NNl a2 unar 11110212 11711 11132 2 34 521 111 1313 21321 2 1Al 11712 131211 2 3271311
2 117 11117 1T 1) 171171 112 1 22 117121 1 131 1121
position PO N T T T a— 56 . 60 . 70 . 80 —l— A it iy L, 114
Inknown 4 K A A Gl FLAY. . ........c.0.n D! ARLVNAFWHFYON] T 232
i dms - as! SYF - - - D] AL IAAFHAFYRN I 276
v‘xanobacleria 158 Sapnhaykegidesmt  Tac L VNAFYHFY T oo
loroflexi idsshpyangisedmp. Iijas {, TRAFDAFFRH] T 276
itrospirae 157 ldkshpyyeygidesmsINgss - 216
Bacteroidetes 157 ideshpyfkdgidefmsIght . YONEE - 27
roteobacteria 157 idpshayndgidetms.IWht! EFLSYlmrccitgnkyf. LVNSLWHEFE} 276
e . o 220
1 1
Groupt .
consensus 3 LTGPNHSGTQLHGFLAY. ... cuuvvvnnnnn G. RGKQVEDNIHSA JLVNAFWHFYQNP . . XCGEVYNI 232"
YP_594153.1 157 4 dms . I LIAAFHAFYRNPr.
323855.1 8 i idesmt . T 1 ﬁvwr‘"LAYlmkctxsgdtytxf GYKGKQVRDNTHSYRLVNAFYHFYONPE
YP 002463313.1 157 1 isedmp. I - GYKGKQVRDNIHSARLTRAFDAFFRKPri
YP 0022483191 157 1dkshpyyeygidesmsIDg LAYLmkcaitgenytvE . GyKGKQVRDNI YONPY .
YP_003391167.1 157 ideshpy defmsIDh L ’“‘"‘"LSYlmkcaxtgtqytvf GyKGKQVRDNIHSWELVNMFWHFYQNPT .
YP 0029551914 157 i idetms. I i tgnkyfiygY.KGKQ 1 Pr.
Toreground (66283]: G T T
wt_res_freqs (18036): 1 12 1
1
insertons 11 61 11111111111 1 6 1 6
delet 75__421 11115823315 113457811111111 111111177 7881112 21111234 199
backgrou ground (37860 T 2K T GG L L PLLL GL TIIL T I D T T 3010
VL
wi_res_freqs (19023): 11 1w 1 11 ou 1111 11 1 1 1
1

Grouptt
consensus 43 VRDNIHSADLVNAFWHFYQNP . . XCGEVYNI 232"
YP 5941531 157 VRDNIHSADLIAAFHAFYRNPI . -AGEVYNI 276
YP 3238551 158 iapnhqykegidesmt.I EFLAYImkctisgdtytif . GyKGKQVRDNIHSYDLVNAFYHFYQNPr , -CGEIYNI 277
Yetoagssial 157 & isedmp. T MYTACFRGGCL gtpytve. THSADLIRAFDAFFRKPTi--AEVYNI 276
YP 0022483191 157 pYyeygidesnsl IL ke
VP O0ROMOT1 15y Sdeaney h TLV QUEEFLSY1mkcai tgtqytyE . GyKGKQVRDNIHSWDLVNMFWHFYQNPY .
VP 002351011 _ 18y sdpenoymagidecns IDh:KHsLFGAsKvAAnva GRYF_ - - GFKTGVFRGGCLTGES] EFLSYImrcci tgnky£iygY.KGKQVRDNIHSYDLYNSLWHFFEKPY .
foreground (145) HT YGAT! SE i ‘EYAR ysx MRT FR GCM G 2 CFIGH G GRQVRD TH DOVI FL

s L o1 E X EV Y

H L A1
wt_res_fregs (47): 37 61 69319 12 21 4846 317 316 59 451 9 8 919999 37 1912 31

4 7 8 77 14 56 4 2 3 6 6 1 4 3

5 1 1 3 3 11

insertions 37 i 2 9 1
deletions 1 99! 2 116334 38894449 81
‘Background TGGT38I: a0 TR CSKNLTVIAVRPCNIDODLCRATICD & A S AGTQURDFTEPDDVVE RATLASSA 1T OTINL 03

P PLNV S S LDALARSLRR LAPR VR NS G PAE L RLL‘I EEIA LLF DD N AIFVI

v T E v

wt_res_freqs (17989): 1 2122924293]132]11]141411]111]412325512]211]11]111 111 1 12]112111]314211 11143211 13 11121

2 3121411 33 1 1 13 23111 3215 122 11 1 11112

position B 150 B 160 B 170 . 180 B 190 B 200 © 210 o220 . 230
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