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Abstract
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The functional evolution of proteins advances through gene duplication followed by functional
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drift, whereas molecular evolution occurs through random mutational events. Over time, protein
active-site structures or functional epitopes remain highly conserved, which enables relation-
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ships to be inferred between distant orthologs or paralogs. In this study, we present the first
functional clustering and evolutionary analysis of the RCSB Protein Data Bank (RCSB PDB)
based on similarities between active-site structures. All of the ligand-bound proteins within the
RCSB PDB were scored using our Comparison of Protein Active-site Structures (CPASS) software and database (http://cpass.unl.edu/). Principal component analysis was then used to iden-
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tify 4431 representative structures to construct a phylogenetic tree based on the CPASS
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in geometry and amino acid composition.

comparative scores (http://itol.embl.de/shared/jcatazaro). The resulting phylogenetic tree identified a sequential, step-wise evolution of protein active-sites and provides novel insights into
the emergence of protein function or changes in substrate specificity based on subtle changes
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1 | I N T RO D UC T I O N

functional evolution also requires a gene duplication event to occur in
order to enable functional diversification.6 Without this gene duplica-

A functional clustering of ligand-defined active-sites in the RCSB

tion event, random mutations would only exchange one protein func-

Protein Data Bank (RCSB PDB)1 was undertaken to infer an evolu-

tion for another. There would be no evolutionary path for the diversity

tionary lineage of enzymatic function. Conversely, sequence based

of protein functions currently realized. Additionally, while survivability

phylogenetic methods are typically utilized to produce evolutionary

and fitness are important factors for the selection of mutations, func-

trees originating from a common ancestor.2 The resulting phyloge-

tional evolution involves other mechanisms of natural selection: neo-

netic tree can be used to infer an evolutionary relationship between

functionalization, subfunctionalization, and selection for gene dosage.6

species, to predict protein functions, and to reconstruct the sequence

In effect, molecular evolution and functional evolution result from

of ancestral proteins.3 This is possible because molecular evolution

innately different environmental pressures. Molecular evolution strives

4

occurs through random mutations at a constant rate. Importantly,

to maintain and enhance existing beneficial traits, while functional evo-

molecular evolution assumes the sequence alignment is based on

lution can be viewed as the development of new traits in response to

homologous proteins derived from a common ancestor in which func-

needs, stressors or competition.

tion has been maintained. Alternatively, the goal of functional evolution

The reliability of sequence-based evolutionary measurements

is to increase the diversity of protein functions, which may not occur

becomes suspect when protein sequence homology enters the “twilight-

through a common ancestor. In fact, there are likely multiple origin

zone” and falls below 25% sequence identity.7 In fact, the sequence

events leading to the same protein function, which may occur through

alignment of proteins with less than 25% sequence identity results in

either convergent or divergent evolution.5 While molecular evolution

over 95% of the proteins having distinct structures and function. Accord-

and functional evolution both require random mutations to occur,

ingly, low sequence identity raises serious concerns about the aligned
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proteins - are they really homologous proteins with the same function

experimentally determined ligand-defined active-sites. CPASS is

and from the same ancestor? Simply, the accuracy of a phylogenetic tree

distinctly different from protein cavity approaches because it

is directly dependent on the accuracy of the sequence alignment, which

focuses on known binding sites rather than putative pocket detec-

becomes undependable at low sequence identity.8,9 Therefore, due

tion. Further, substrate conformation is only used in the determina-

to the large sequential dissimilarity for the entirety of proteins

tion of active-site residues and not in the CPASS scoring function.

deposited in the RCSB PDB, sequence-based evolutionary methods

Consequently, the evolutionary analysis of protein functions in the

are not easily or reliably employed across an all-inclusive set of

RCSB PDB based on active-site similarity is a novel approach.

protein functional classes. Conversely, sequence alignments and

We previously demonstrated the utility of CPASS to decipher the

sequence-based database searches are intended to identify proteins

functional evolution (not molecular evolution) of proteins by comparing

that share the same function. In fact, advanced sequence alignment

the active-sites of 204 PLP-dependent enzymes.23 We produced the

techniques rely on multiple sequence alignments of presumed

first-ever phylogenetic tree that contained all four families or fold types

homologous proteins and such features as Hidden Markov models

(I to IV) for PLP-dependent enzymes. The resulting phylogenetic tree

(HMM profiles) or genetic algorithms in order to maximize an under-

correctly distinguished between the four individual folds and further

lying similarity between the aligned proteins.

sorted the enzymes by substrate specificity and function. Critically, no

Structure-based alignment is an alternative to sequence based

functional information was utilized to produce the phylogenetic tree of

alignments, especially considering the tremendous reduction in struc-

PLP-dependent enzymes, yet the enzymes were clustered perfectly

ture space relative to sequence space. Recent estimates suggest that

based on EC number (ie, branches were composed of enzymes with the

10,11

only a few-thousand distinct protein folds exists,

which is consis-

same EC number). Furthermore, examining individual branches of the

tent with the 1391 protein topologies currently identified by CATH.12

phylogenetic tree illustrates the step-wise evolution of function through

Nevertheless, the alignment of protein structures is even more challeng-

a series of single amino-acid substitutions. In effect, nearest neighbors

ing than sequence alignment, and fails for completely dissimilar struc-

in the CPASS derived phylogenetic tree identified subtle differences in

11

Like sequence, the arrangement of tertiary structures is

active-site sequences and structures that led to changes in enzymatic

extremely evolutionarily labile when considering the entirety of known

activity and substrate specificity. It is important to note that the nearest

protein functions. While global protein sequence and structure may drift

neighbors in the CPASS derived phylogenetic tree do not necessarily

without detrimental consequences, dramatic changes to an active-site

share a common ancestor nor do nearest neighbors infer an evolution-

or functional epitope of a protein may negatively impact the survivabil-

ary relationship between species. The CPASS derived phylogenetic tree

ity of an organism. Instead, functional evolution progresses slowly

captures functional evolution not molecular evolution. Nevertheless, we

through gene duplication and functional drift to avoid negative influ-

were still able to produce a phylogenetic tree for the PLP-dependent

ence on cellular fitness.13,14 This occurs because even minor changes in

enzymes despite sequence identity well-below 20% and poor structural

the spatial orientation or amino acid composition within an active-site

alignments between folds (TM-align24 score of ~ 0.3).

tures.

may lead to dramatic changes in substrate and reaction specificity. Con-

Based on this prior success, we expanded upon the phylogenetic

sequently, protein active-sites mutate at a much slower rate relative to

tree of PLP-dependent enzymes by using CPASS to functionally clus-

other structural elements and remain highly conserved over time.15 In

ter all ligand-containing proteins present in the RCSB PDB. In essence,

effect, a similarity in protein active-sites may remain even though the

CPASS was used to produce an unrooted phylogenetic tree containing

overall sequence or structure of a protein has completely diverged.

essentially all protein functional classes present in the RCSB PDB.

Thus, it may be possible to infer an evolutionary functional relationship

CPASS was used to make a pair-wise comparison between all of the

based on similarities in protein active-sites in situations when global

ligand-defined binding sites within the RCSB PDB to produce an

sequence or structure similarities no longer exist. Again, a global

all-versus-all CPASS similarity score matrix. The proteins were then

sequence or structure alignment of functionally dissimilar proteins is

clustered by the identity of the bound ligand. Principal component

very likely to fail. There is simply too much noise (eg, large regions of

analysis of the CPASS scores was employed to identify a representative

sequence and structure differences) that would mask any residual signal

structure for each functional class (ie, same ligand and EC number) in

(eg, functional epitope or ligand-binding site). Instead, by focusing only

order to reduce the overall size of the dataset. The representative

on the active site/ligand binding site we can effectively remove or

structure for each functional class was then successfully modeled into a

reduce the noise and enhance the signal.

single unrooted phylogenetic tree based on the CPASS similarity score

Several methods and databases have been previously published

matrix. The resulting unrooted phylogenetic tree demonstrates the

describing the clustering of proteins from the RCSB PDB. These

functional evolution across all of the protein functional classes within

include sequence,16 structure,17 ligand conformation,18 atomic

the RCSB PDB. Again, to be clear, since CPASS does not utilize global

properties,19 and putative cavity20 based approaches. Similarly,

sequence or structure similarity the resulting unrooted phylogenetic

evolutionary analyses are possible on large and divergent super-

tree does not describe molecular evolution from a common ancestor.

21

or a combination

Instead, the CPASS phylogenetic tree highlights the large-number of

of sequence, structure, and reaction mechanism data.22 However, a

distinct origin events that have led to the diversity of known protein

clustering and subsequent phylogenetic analysis based on ligand-

functions. To further illustrate the effectiveness of our approach, we

defined active-sites has not been done. The Comparison of Protein

also highlight two specific regions of the phylogenetic tree that demon-

Active-site Structures (CPASS) software and database compares

strate the stepwise substrate and enzymatic evolution of fructose-

the geometry and amino acid similarity between pairs of

6-phosphate (F6P) bound active-sites.

families using structure-function relationships
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2 | MATERIALS AND METHODS

2.3 | Active-site overlays
From the CPASS representative dataset and tree, 9 enzymes were

2.1 | Active-site structure comparison

selected for additional investigation. Structural and sequential differ-

Protein structures with ligand defined active-sites were collected from

ences between the active-sites of the enzymes (PDB IDs: 1H83, 3BI5,

1

the Protein Data Bank and subjected to an all versus all comparison
using CPASS.25,26 It is important to note, that some protein structures
contain more than one bound ligand. In these cases, each unique
bound ligand was treated as a separate and distinct ligand-binding site
and was included in the all versus all comparison. Unique ligands are
defined as being different chemical compounds or sharing less than
80% sequence identity in the ligand-defined active sites. The primary

1SEZ, 3M5P, 2O2D, 2P3V, 1LBY, 1JP4, 1KA1) were elucidated by
visual inspection using Chimera.31 In each case, residues were considered to be in the active-site based on their relative proximity to the
bound ligand in their respective crystal structure (6 Å). The orientation
of the active-sites relative to one another was also determined by
CPASS, as a standard 3D overlay of the tertiary structures would
result in misalignment of the active-sites.

goal of these exclusion criteria was to remove redundant ligand-binding
sites from X-ray structures that contain multiple identical copies of the

3 | RE SU LT S

protein structure within the unit cell.
CPASS scores were subsequently converted to relative distances by
subtracting from 100% CPASS similarity. The distance matrix, due to
size and computational constraints, was divided into smaller matrices
based on bound ligand. Principal component analysis was applied

3.1 | Functional clustering and principal component
analysis of ligand defined active-sites
The Comparison of Protein Active-site Structures (CPASS) software

where

and database (http://cpass.unl.edu/) was used to compare all protein

functional clusters were generated based on Enzyme Commission

active-sites from the RCSB PDB that contained a bound ligand. Please

to the smaller ligand defined matrices using MVAPACK

27

For each PCA scores plot, only the first two principal

note, some protein structures contain more than one bound ligand. In

components, which capture the highest and second highest amount

these cases, all of the unique ligand binding sites (eg, different com-

of variance in the datasets, were chosen. For each EC number clus-

pound and location) were used in the CPASS analysis. CPASS per-

ter, a 95% confidence ellipse was calculated which was used to find

forms a pairwise comparison between two protein active-sites, where

(EC) number.

28

the representative active-site with the shortest Euclidean distance
to its center. Ligands that appear only once or a few times in the
PDB were not amenable to this PCA analysis. Instead, a representative active site was randomly selected from these small membered
(eg, singleton) classes only if the EC number was not previously identified from the prior PCA analysis. A total of 4431 representative
active-sites were identified and then utilized to produce the CPASS
phylogenetic tree.

active-site residues were determined based on a defined distance to
the bound ligand (6 Å). CPASS similarity scores are determined by similarities in both amino acid composition and by the relative amino acid
positions between the two compared active-site. An “all versus all”
distance matrix derived from CPASS similarity scores was initially calculated for all of the ligand defined active-sites in the RCSB PDB.
The protein structures were then clustered based on the identity
of the bound ligand in order to create function specific protein groupings and to reduce the size of the dataset. A total of 169 protein function groups were created based on a shared identity of the bound

2.2 | Phylogenetic analysis of representative activesites

ligand. Consequently, a total of 169 principal component analyses

The CPASS distance matrix for the representative active-sites was

of these ligand defined protein groups. Group membership within the

input into FastME for tree generation using the Neighbor-join algo-

PCA scores plot was further defined by Enzyme Commission (EC)28

rithm.29 Briefly, the neighbor-join algorithm joins the two closest

number and demarcated by a 95% confidence ellipse. A representa-

taxa or nodes in the distance matrix and creates a new node, which
has recalculated distances to the remaining taxa and nodes. Multiple
iterations of this process build the unrooted tree until only a pair of
nodes remains. Identification and investigation of the resulting
unrooted tree structure was accomplished through visual inspection

(PCA) were then performed using our MVAPACK27 software for each

tive example of a PCA scores plot for the collection of fructose6-phosphate (F6P) bound active-sites is shown in Figure 1. There are
8 different enzymatic functional classes (EC numbers: 1.2.1.9, 2.7.1.105,
2.7.1.11, 3.1.3.11, 3.1.3.25, 3.5.1.25, 5.3.1.8, and 5.3.1.9) and one unannotated group in the PCA scores plot.

using the Interactive Tree of Life online tool.30 The unrooted tree,
available at http://itol.embl.de/shared/jcatazaro, is searchable and

3.2 | Structural representatives of functional classes

has also been shared on our website at https://www.bionmr.unl.edu.

The PCA scores plots were leveraged to find a representative protein

Leaves are labeled by PDB ID, colored by EC function, and contain

structure for each functional class based on EC number and the type

popup windows with links to the respective PDB entry, EC function,

of bound ligand. For each functional class in the PCA scores plot, the

and bound ligand. A complete table with the unique, non-redundant

protein active-site with the shortest Euclidean distance to the center

mappings for each PDB ID to their corresponding representative

of the 95% confidence ellipse was chosen as a representative struc-

PDB ID can be found in the Supporting Information (Figure S1, Sup-

ture. Again, the 95% confidence ellipse defines the membership for a

porting Information).

given functional class. Accordingly, the selected protein active-site

4
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FIGURE 1

The PCA scores plot of a CPASS distance matrix for fructose-6-phosphate bound proteins. Active-sites are clustered by Enzyme
Commission number, which refers to a specific function. Ellipses correspond to the 95% confidence intervals for each of the functional clusters
(colored) and the dataset (black) [Color figure can be viewed at wileyonlinelibrary.com]

should have a high CPASS similarity score or a small variance relative

the functional classification was not used as part of the phyloge-

to the other protein active-sites in the functional class. In effect, the

netic analysis. Instead, the resulting phylogenetic tree was simply

selected protein active site is expected to serve as a structural “aver-

annotated with the known functional classifications. A full, linear

age” for the functional class. This is supported by the histogram plots

unrooted tree with annotated leaves is provided in the Supporting

of the CPASS similarity scores shown in Figure 2A,B. The CPASS simi-

Information (Figure S2, Supporting Information). Existing tools

larity scores between members of a given functional class (eg, same

provided within iTOL enable searching the tree by PDB ID, modify-

bound ligand and EC number) are significantly larger (Figure 2B) than

ing the tree display (circular, linear, etc.), as well as exporting high

the CPASS similarity scores between members of different functional

resolution images. Additionally, pop up boxes have been implemented

classes (Figure 2A). The relatively flat distribution of lower CPASS

for each representative active-site, which contains the EC number, the

scores in Figure 2B is attributed to members of unannotated groups

bound ligand, the 3D structure of the protein, and links to the RCSB

that presumably have different functions despite binding the same

PDB1 and KEGG32 databases. Notably, the link to the RCSB also pro-

ligand. In total, the 169 PCA score plots identified a representative

vides the CATH12 and SCOP33 classification for each protein structure.

structure for 4431 EC functional classes. A complete table with the

The tree structure can be downloaded directly from iTOL and the raw

unique, non-redundant mappings for each RCSB PDB structure to

distance matrix can be provided upon request.

their corresponding representative structure can be found in the Supporting Information (Figure S1, Supporting Information).

3.3 | Phylogenetic analysis

3.4 | Active site similarity versus sequence or
structural alignment
The entire sequence and the complete structure for the 4431 represen-

A phylogenetic analysis was conducted using a distance matrix based

tative proteins were subjected to a multiple sequence alignment with

on CPASS similarity scores for the 4431 protein active-sites. The

Clustal Omega or a three-dimensional (3D) structural alignment with

phylogenetic analysis used the neighbor-join algorithm and the

TMalign.24,34 Histograms of CPASS similarity scores, percent sequence

resulting unrooted phylogenetic tree is shown in Figure 3. An anno-

identities, and TMalign similarity scores are shown in Figure 2. A CPASS

tated, interactive and searchable version of the phylogenetic tree is

similarity score of ~30% is considered reliable and indicates conserved

hosted by the Interactive Tree Of Life (iTOL)

30

and is located at

features between the two active sites. As evident by the histogram plot

http://itol.embl.de/shared/jcatazaro, and has also been shared on

(Figure 2A), a significant number of the pair-wise comparisons of active

our website at https://www.bionmr.unl.edu. The unrooted phyloge-

sites fall in the significant >30% range. Conversely, a sequence identity

netic tree is shown in a circular display with leaves colored according

less than 20% or a TMalign similarity score below 0.5 are considered

to the function defined by the first EC number [oxidoreductases

insignificant and suggest the proteins are not homologous.7,24 Accord-

(red), transferases (blue), hydrolases (yellow), lyases (green), isomer-

ingly, the histograms displaying the distribution of sequence (Figure 2C)

ases (purple), ligases (orange), not annotated (black)]. Importantly,

and structure (Figure 2D) similarity scores suggest minimal or

5
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FIGURE 2

Histogram plots illustrating the distribution of (A) CPASS similarity scores (blue line), (B) the CPASS similarity scores between the
representative active-site for each functional class and the other members of the group (ie, same EC number and bound ligand), (C) percent
sequence identity, and (D) TMalign similarity scores for the pair-wise comparison of the 4431 representative active-sites used to generate the
phylogenetic tree in Figure 3. The vertical line in each histogram plot identifies the lower score that defines a significant level of similarity [Color
figure can be viewed at wileyonlinelibrary.com]

non-existent similarities between the 4431 representative proteins.

scores plot for the collection of F6P bound active-sites (Figure 1)

Specifically, of the approximately 10 million pairwise sequence and

yielded several important observations. First, a number of the 95%

structure comparison only 3304 (0.03%) homologous pairs (>35%

confidence ellipses partially overlap in the PCA scores plot. This sug-

sequence identity, >0.5 TMalign score) were identified.

gests that there are structural elements that remain consistent within
the active-site even though the enzymatic functions vary considerably. Second, a complete separation of two functional classes would

4 | DISCUSSION

indicate that the active-sites have either diverged significantly over
time or have converged to act upon the same substrate. An evolution-

Herein, we report the first functional clustering and evolutionary anal-

ary functional drift is also apparent when considering the shape and

ysis of the entirety of proteins deposited in the RCSB PDB with a

positions of the ellipses in the scores plot. The various clusters appear

bound ligand. A functional evolution (not molecular evolution) was

to drift away from the center of the scores plot. Assuming the center

based on active-site similarities determined by our CPASS software

of the PCA scores plot is the structural average of all active-sites

and database. Protein active-sites were first divided into functional

bound to a ligand, the movement of an ellipse or active-site toward or

classes based on the type of bound ligand. PCA of the CPASS similarity

away from the center would indicate convergent or divergent evolu-

scores was then used to visualize the relative similarities of the func-

tion, respectively. In effect, the substrate specificity and/or enzymatic

tional class membership. The resulting PCA scores plot was then anno-

activity is diverging as the enzyme moves away from the center of the

tated with EC numbers and the 95% confidence ellipses (Figure 1) were

scores plot or converging as it moves toward its center.

used to define the membership of each functional class within the
scores plot.

In this study, PCA was primarily utilized to identify a representative protein structure for each functional class. Simply, the protein

PCA has been extensively used in chemometrics and various

structure closest to the center of each ellipse was identified as the

“omics” fields for fingerprint analysis.35 In this study, PCA was used to

representative active-site for the functional class. For example, a total

reduce the variance within each functional class while also reducing

of eight protein structures were identified from the PCA scores plot

the size of the dataset used for the phylogenetic analysis. The PCA

of the F6P bound active sites shown in Figure 1. This corresponds to

6
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FIGURE 3

A phylogenetic tree of 4431 representative CPASS active sites from the RCSB PDB is presented. The phylogenetic tree highlights the
functional evolutionary relationships between protein active-site structures. Leaves are colored according to the first EC number of the annotated
active-site (1: oxidoreductases, red; 2: transferases, blue; 3: hydrolases, yellow; 4: lyases, green; 5: isomerases, purple; 6: ligases, orange; not
annotated: black). An annotated, searchable and interactive phylogenetic tree is located at the iTOL30 website http://itol.embl.de/shared/jcatazaro

one protein representative for each of the seven EC functional classes

found on nearby branches of the CPASS tree. The remaining homolo-

and one protein for the single unannotated class. In this manner, PCA

gous pairs were found on distant branches. The separation of homolo-

allowed for a drastic reduction in the size of the dataset to about 10%

gous pairs is a result of proteins containing multiple ligand-binding sites,

of its initial size. A representative active-site was randomly selected

where these alternative ligand binding sites are not related to their EC

from low-populated EC functional classes (eg, singletons) that were

classification. For example, the RNAse enzyme 1AFL has two bound

not amenable to this PCA analysis. This only occurred if the EC func-

ligands (20 -monophosphoadenosine-50 -diphosphate and citrate) where

tional class was not already present in the list of active-sites identified

20 -monophosphoadenosine-50 -diphosphate is relevant to its EC classifi-

from the PCA analysis. Importantly, the resulting set of proteins

cation (EC 3.1.27.5). But, 1AFL was placed into the CPASS tree based

achieved a maximal variety of functional classes with little sequence

on its citrate binding site, which is likely not related to its EC classifica-

(< 20% identity) or structural (< 0.4 TMalign score) similarity between

tion. Accordingly, nearest neighbors to 1AFL on the CPASS tree may

each member of the set (Figure 2). This also indicates that the data set

be distinct from its EC classification because of the unique ligand-

is mostly comprised of non-homologous proteins since likely homol-

binding site.

ogy is inferred from a sequence identity >35% or from a similar struc7,24

The structure and amino-acid composition of a protein active-site

A distance matrix was then generated

is typically highly conserved in order to maintain function and retain

from an all-versus-all comparison of the 4431 representative protein

cellular fitness. Thus, functional evolution of a protein progresses

active-sites from each functional class. The matrix of CPASS similarity

slowly and likely follows a step-wise process of single-amino substitu-

scores were then subjected to the neighbor-join algorithm for a phylo-

tions that also involves a prior gene duplication event. The process

genetic analysis (Figures 3 and S2, Supporting Information). The

proceeds until a new function or substrate specificity is achieved.

resulting unrooted phylogenetic tree captures the stepwise functional

Importantly, this step-wise evolution of function is clearly evident in

evolution of essentially all of the protein functional classes present in

our phylogenetic tree of protein active-sites. Nearest-neighbors, even

the RCSB PDB.

those from different organisms, have very subtle differences in active-

ture (> 0.5 TMalign score).

Protein active-sites were paired together in the tree according to

site structures and/or sequence. Simply, as an active-site progresses

enzymatic function, which was also seen in our previous study of

toward the next node, a change in substrate specificity or enzymatic

23

Consistent with this trend was the obser-

activity may result from a few amino-acid substitutions and/or minor

vation that 66% of the limited number of homologous pairs were

conformational change (Figures 4 and 5). Importantly, since the

PLP-dependent enzymes.

7
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CPASS phylogenetic tree describes functional evolution, and not

diversity of protein function evolved from multiple random and inde-

molecular evolution, nearest neighbors do not necessarily share a

pendent origin events. In other words, there are multiple functional

common ancestor. Nearest neighbors may be orthologs or paralogs

ancestors that have produced the diversity of protein functions. Pro-

that result from divergent or convergent evolution. In fact, nearest

teins may share a similar active-site, but this function may be posi-

neighbors may actually be from species very far apart on the evolu-

tioned on completely different structural scaffolds that evolved from

tionary tree. Simply put, nearest neighbors are functionally, not evolu-

distinct sets of ancestors. Accordingly, the organization of the phylo-

tionarily related.

genetic tree is also consistent with convergent evolution where dis-

Interestingly, while nearest neighbors share similar function, an

tant active-site architectures have slowly mutated toward the same

overall view of the functional distribution throughout the entire phy-

enzymatic function. In essence, the dramatic dispersion of color through-

logenetic tree is more complex and diverse. This is apparent from the

out the phylogenetic tree is further evidence of the multitude of diver-

relatively random distribution of colors throughout the phylogenetic

gent and convergent events that have occurred in the evolution of

tree, where leaves are colored according to the first EC number for

protein functions. Additionally, our analysis considers each ligand defined

each representative protein. The phylogenetic tree is not uniformly

active site within a particular protein independently. One protein may

divided or colored into six contiguous functional classes. Instead,

have multiple ligand binding sites and, thus, each site would have a

there are many small pairings and subgroupings of similar functional

unique representative in the tree. This method is in stark contrast to

classes that are evenly distributed throughout the tree. This mixing of

sequence and structure tools where the entire primary sequence or

function is likely due to multiple ancestral active-site scaffolds that

3D model is used for comparison and subsequent phylogenetic ana-

have evolutionarily diverged and then expanded their biological roles.
In effect, there is not one active site template for all hydrolases, not
one template for all transferases, or not one template for all ligases.
Furthermore, the lack of homologous proteins, based on low sequence
and structure similarity (Figure 2C,D), also implies, by definition, that
the 4431 proteins evolved from multiple ancestors. It is important to
note that some of the apparent randomness in the distribution of protein function may be explained by proteins having multiple distinct
ligand binding sites, but only a single EC classification. Accordingly,
some proteins may be positioned into the tree based on these secondary ligand binding sites that may not be related to their defined function. In this regards, the functional color-labeling may not be correct.
While not assumed, our analysis provides strong evidence that all
known active-sites did not emerge from a single ancestor nor did each
EC class emerge from a single unique ancestor. Instead, the known

lyses. Active site comparisons are not bound by these constraints
and, therefore, the CPASS representative tree may capture the functional evolution of two or more ligand binding sites associated with
one protein. This further explains the dispersion of color throughout
the CPASS phylogenetic tree.
Two representative regions of the phylogenetic tree have been
highlighted to further illustrate the effectiveness of an evolutionary
clustering of function based on CPASS similarity scores (Figure 4). It is
important to note that two branches highlighted in Figure 4 come
from distinct regions of the phylogenetic tree. Nevertheless, both
branches contain a protein active-site bound to fructose-6-phosphate
(F6P), where two proteins (1LBY 3.1.3.25, 3M5P 5.3.1.9)36 were
representative structures identified from the PCA scores plot displayed
in Figure 1. Using these two proteins as arbitrary starting points, a stepwise evolution of substrate specificity and enzymatic activity is easily
observed. The active-site of 1LBY has inositol-phosphate phosphatase
activity and was found to be most similar to 2P3V,37 which shares the
same function as 1LBY (Figure 4A). An overlay of the 1LBY and 2P3V
CPASS determined active-sites reveals an almost identical match in
terms of both amino acid identity and geometry (Figure 5A). This is to
be expected as nearest neighbors have the closest distance (highest
CPASS similarity). Furthermore, the primary difference between the
two active-sites is the identity of the bound ligand. 2P3V is bound to
S,R meso-tartaric acid instead of F6P, which was simply a result of the
crystallization conditions. This outcome also demonstrates an important
feature, the robustness of CPASS to identify highly similar active-sites
independent of the identity of the bound ligand.

FIGURE 4

Two regions of the phylogenetic tree from Figure 3 were
selected for further detailed analysis. (A) The protein active-sites in
this branch of the phylogenetic tree illustrate protein functional
evolution that results in changes in substrate specificity. (B) The
protein active-sites in this branch of the phylogenetic tree illustrate
protein functional evolution that results in changes in both enzymatic
activity and substrate specificity. Proteins are listed by their PDB IDs
and EC functions (3.1.3.25: inositol-phosphate phosphatase; 3.1.3.7:30
(20 ), 30 phosphoadenosine-50 -phosphate phosphatase; 5.3.1.9:
glucose-6-phosphate isomerase; 1.3.3.4: protoporphyrinogen oxidase;
1.5.3.17: non-specific polyamine oxidase; 1.5.3.14: polyamine oxidase
(propane-1,3-diamine-forming)) [Color figure can be viewed at
wileyonlinelibrary.com]

The next nearest node to 1LBY in Figure 4A includes two protein
active-sites (1JP438 and 1KA139) with a similar function (identical for
the first three EC numbers), but that act on different substrates. The
CPASS determined active-sites for 1JP4 and 1KA1 are quite similar
(not shown), where the primary difference is the identity of the bound
ligand (adenosine monophosphate vs adenosine-30 -50 -diphosphate). In
effect, these two nearest-neighbor nodes (Figure 4A) contain a pair of
proteins with similar functional classification (3.1.3.25 or 3.1.3.7), but
with different bound ligands in the experimental structures deposited
in the RCSB PDB. A comparison of the 1LBY active site, an inositolphosphate phosphatase, with 1JP4, a 30 phosphoadenosine-5 0 -
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FIGURE 5

Structural overlays of the active-sites for (A) 1LBY (black) and 2P3V (yellow), and (B) 1LBY (black) and 1JP4 (green). Residues are
labeled by type and sequence position with those from 1LBY in black and those from 2P3V and 1JP4 in red. Overlays are oriented relative to the
bound F6P in 1LBY with the coordinated magnesium ions displayed in purple. Structural overlays of the active-sites for (C) 3M5P (black) and
2O2D (pink), and (D) 3M5P (black) and 1SEZ (cyan). Residues are labeled by type and sequence position with those from 3M5P in black and those
from 2O2D and 1SEZ in red. Overlays are oriented relative to the bound F6P in 3M5P. Residues were chosen for the comparative analysis if they
were within 6 Å of the bound ligand and were used in the CPASS similarity scoring [Color figure can be viewed at wileyonlinelibrary.com]

phosphate phosphatase, reveals minor structural and amino acid

are conserved. These residues assist in the coordination of the sub-

differences between the two active sites (Figure 5B). Since the active-

strate sugar and phosphate moieties, respectively. For 1JP4, the sub-

sites have a similar function but different substrate specificity, the

strate is changed to 30 -phosphoadenosine 50 -phosphate (PAP), which

observed changes in amino acid composition and active-site geometry

induces spatial changes and amino-acid substitutions in the active-site

are most likely related to substrate binding.

(Figure 5B). Specifically a tyrosine is replaced by a histidine (1JP4:

The four proteins (1LBY, 2P3V, 1JP4, 1KA1) comprising this node

His198) and an arginine is replaced by a threonine (1JP4: Thr195).

are magnesium dependent phosphatases, which have an evolutionarily

These amino-acid substitutions form a new hydrogen bond network

conserved active-site and coordinate 2 to 3 metal ions.39 The metal

around the PAP 50 -phosphate moiety.38 A reorientation of the side

ions specifically enable the catalytic dephosphorylation of bound sub-

chain of the remaining arginine creates space to accommodate the

strates and are essential to enzyme activity. Interestingly, the metal

increase in size of the PAP ligand. Interestingly, the PAP phosphatase

coordination sites are strictly conserved even though the metal ions

maintains some of its inositol 1-phosphate/fructose-1,6-bisphosphate

do not participate in substrate binding. Critical to our study, the

phosphatase activity.38 Considering how close the active-sites are to

2+

sequence identity for members of the Mg -dependent superfamily is

one another in the phylogenetic tree and the similarity of the active-site

below 25%,38 which makes sequence-based evolutionary analysis

structures, the residual enzymatic activity is understandable.

extremely challenging and further highlights the benefits of our

A similar comparative analysis of protein functional evolution is

CPASS approach. In fact, the CPASS analysis further confirms the high

illustrated by examining another branch from the phylogenetic tree

conservation of the metal coordination site. This is apparent in the

(Figure 4B). Unlike the first illustrated example that lead to an evolu-

structural overlays in Figure 4. The active-site residues identified by

tion of substrate specificity (Figure 4A), this branch leads to the pro-

CPASS around the coordination sites deviate very little in position

teins adopting new functions in addition to changes to substrate

while sequence identity is absolutely maintained. Conversely, the resi-

specificities. The focus of this branch is the active-site of 3M5P, which

dues opposite the metal coordination sites, which do change between

is a glucose-6-phosphate (G6P) isomerase and was identified as a rep-

Figure 5A,B, are involved in substrate recognition.

resentative structure from the PCA scores plot in Figure 1.

Since the active-sites for 1LBY and 2P3V have the same function

The active site of 3M5P was found to be most similar to 2O2D,40

and act upon the same substrate, the tyrosine (1LBY:Tyr155, 2P3V:

which has the same function as 3M5P (EC 5.3.1.9, G6P isomerases). An

Tyr153) and arginine (1LBY:Arg165, Arg167, 2P3V: Arg170, Arg172)

overlay of the two CPASS active-site structures in Figure 5C indicates

residues on the distal side of the active-site relative to the metal ions

near identity in regards to both amino-acid composition and structure.
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Again, the only difference in these two active-site structures is the

is important to appreciate that our CPASS phylogenetic tree does not

nature of the bound ligand. 3M5P is bound to F6P; whereas, 2O2D is

depict the traditional hierarchal evolution in time from a common

bound to citrate. This difference is likely just a result of differences in

ancestor. Instead, we have simply employed a special graph sub-type,

the crystallization buffers. Critical residues in the active-sites of 3M5P

an unrooted tree, to visually cluster protein active-sites based on their

and 2O2D that are directly responsible for enzymatic activity are a

relative similarity in shape and amino-acid composition. In this regards,

lysine (3M5P: Lys505, 2O2D: Lys571), a glutamate (3M5P: Glu346,

nearest neighbors on the CPASS phylogenetic tree do not necessarily

2O2D: Glu411), and an arginine (3M5P: Arg261, 2O2D: Arg326).

share a common ancestor, and, importantly, our analysis does not sug-

These residues are positioned directly around the substrate sugar

gest that all protein active-sites share a common ancestor. To the con-

moiety,

40

facilitate proton transfer (lysine, glutamate), and stabilize

of independent, random, evolutionary events have occurred, which has

the intermediate structure.
The next nearest node to 3M5P includes three protein active41,42

sites (1SEZ, 3BI5, 1H83)

trary, our CPASS phylogenetic tree clearly demonstrates that a multitude

with a similar function (oxidoreductase

produced multiple functional ancestors. In effect, nature is constantly
“re-inventing the wheel” when it comes to protein function.

activity), but act on different substrates. However, the active-sites are
no longer conserved when comparing 3M5P, a G6P isomerase, to
1SEZ, a protoporphyrinogen oxidase (PPO) (Figure 5D). The lysine,
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5 | CO NC LUSIO N
Our CPASS phylogenetic tree (http://itol.embl.de/shared/jcatazaro,
https://www.bionmr.unl.edu) depicts the functional similarity of 4431
protein active-sites from the RCSB PDB. In this manner the step-wise
transformation of enzymatic activity and substrate specificity is easily
visualized through a comparison of nearest neighbors. Simply, nearest
neighbors' share a similar function while functional diversity ensues as
proteins move further apart along the tree. In essence, our CPASS
phylogenetic tree provides a visual map of protein functional space. It
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