

















predicted with amino acid sequence. Phages belonging
to a cluster were in close proximity on the tree, reflect-
ing the basis of clusters: overall genetic similarity. For
lysin A proteins, the majority of the phage clusters
stayed together in the amino acid phylogenetic tree (see
Figure 2A). However, clusters K (red) and L (navy)
diverged from each other, while cluster B (purple)
showed an even greater divergence from the cluster
conservation observed for the other lysin A clusters
tested and the terminase proteins.

When the two trees were compared to each other, the
terminase sequence was found to be more conserved
within clusters than the lysin A proteins. In other words,
groups of similar phages showed little variation in the
amino acid sequence of terminase and slightly more
variation in that of lysin A. This difference could be
attributed to the variation of catalytic domains in the
lysin A protein. Lysin A proteins are made up of a
combination of catalytic domains, and these domains
can vary between phages, giving lysin A more opportu-
nity for variation: most endolysins contain two or more
catalytic domains and one cell-binding domain
(Fischetti, 2008). The cell-binding domain is conserved
because all mycobacteriophages target mycobacterium

(B)

specifically, but there may be different combinations of
catalytic domains between mycobacteriophages.
Terminase, on the other hand, performs a very specific
function and has less room for variation (Shen et

al., 2012).

Structural Predictions

Structural predictions for each phage’s terminase and
lysin A protein from Phyre2 were visualized in Pymol.
Protein structure visuals were superimposed, as shown
in Figure 3, to determine the structural similarity of lysin
A or terminase proteins produced by each phage. A
superalign function on Pymol generated quantitative
scores to measure structural alignment where high
alignment scores indicate higher structural similarity,
which can be confirmed visually.

The inverse of alignment scores for each phage combina-
tion were input in PHYLIP’s neighbor-joining algorithm
to generate phylogenetic trees from structural alignment.
The resulting trees are shown in Figure 4. The
neighbor-joining method identifies pairs of operational
taxonomic units that minimize the branch length at

FIGURE 3. The image above shows two examples of proteins being superimposed in PyMol. (A) Structural predictions of
lysin A proteins from mycobacteriophage Acquire49 and Rita1961 aligned in the PyMol Molecular Graphics System. These
models had a structural alignment score of 338.382, indicating high structural similarity. (B) Structural predictions of lysin
A proteins from mycobacteriophage Acquire49 and Yuna aligned in the PyMOL Molecular Graphics System. These models
had a structural alignment score of 78.41, indicating low structural similarity.
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FIGURE 4. The trees above are built based on the phage's superalign scores. (A) Phylogenetic tree built with the neighbor
function in PHYLIP based on superalign scores between lysin A proteins phage. (B) Phylogenetic tree built with the
neighbor function in PHYLIP based on superalign scores between terminase proteins of each phage.

stages of clustering, quickly identifying the branch
lengths (Saitou & Nei, 1987).

As observed from Figures 4A and 4B, cluster relation-
ships were generally conserved between both lysin A and
terminase proteins. The most highly conserved clusters
for lysin A were clusters G, N, and P, while the remaining
clusters showed some evolutionary divergence. However,
the terminase proteins showed strong conservation
between the clusters. Most strong cluster conservation is
observed in clusters B, G, L, and P. The remaining
clusters demonstrated general conservation, with two of
the three phages closely related.

Comparative Analysis and Discussion

Generally, the phylogenetic trees based on structural
alignment conserved cluster relationships as well, as
indicated by clusters G and P, which were conserved in
both Figure 4A and Figure 4B. Many clusters, such as L
and B, only had minimal protein structural variation in

either lysin A or terminase but not both. There was less
structural variation of terminase within clusters than of
lysin A (see Figure 4B), which was to be expected
because this trend was also seen in the trees based on
amino acid sequence (see Figure 2). The fact that clusters
were loosely maintained and that similar trends were
seen between amino acid sequence phylogeny and
structural phylogeny reflects a key motif in biology:
structure determines function.

Some of the variation in cluster conservation in Figure 4
can be attributed to error introduced by the structural
prediction algorithm used, Phyre2. In general, the
protein models from Phyre2 yielded a wide range of
coverage, many as low as 30%. This resulted in incom-
plete models, an error compounded as structural analysis
was conducted.

Error was also likely introduced to the structure-based
trees by the neighbor-joining method, which is a very
basic algorithm. By contrast, the amino acid-based
trees were predicted by PhyML, which uses a maximum
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likelihood algorithm (Guindon & Gascuel, 2003). The
maximum likelihood algorithm is a more modern
improvement upon simpler methods such as
neighbor-joining. The use of different methods may
have resulted in inconsistencies in phylogenetic tree
prediction.

There are some notable differences between the struc-
tural alignment trees and amino acid trees. For example,
Figure 4 demonstrates that the phage Dallas is structur-
ally distant from the rest of its cluster and is closely
related to Tomaszewski. This relationship is conserved in
the lysin A and terminase phylogenetic trees, suggesting
that there may be an evolutionary relationship between
the two phages that was not obvious from only amino
acid sequence. This is especially relevant to phage
genomes because evolution occurs through not inherited
mutations but also horizontal transfer, or mosaicism. In
terms of evolution, one change in an amino acid has the
potential to significantly change the structure of a
protein, thus affecting the protein’s function. A small
change in the DNA sequence could alter the properties
of the amino acid, causing a drastic change in structure.
For this reason, structural comparison could provide
valuable insight into evolutionary history. The structural
similarities between both lysin A and terminase struc-
tures in Dallas and Tomaszewski, despite a lack of
sequence similarity, may suggest evolutionary conver-
gence to these structures.

Furthermore, cluster organization is based on overall
genetic similarity but is constantly changing; some
clusters have almost 100% sequence alignment, while
others have almost none (Hatfull et al., 2010). Hatfull
and his team developed clusters with the goal of organi-
zation, not to demonstrate phylogeny, so while there are
evolutionary trends, as seen in the trees based on amino
acid sequence (see Figure 2), this is not always the case.
Therefore, while using clusters to track the consistency
of structure-based and sequence-based phylogenetic
trees is useful, the clusters themselves should not be
used to assess the evolution of the phage. It is also
important to note that comparing overall genetic
similarity is not sufficient, because bacteriophage can
transfer their DNA to other phages. Thus, structural
analysis could be useful in understanding evolutionary
changes not reflected in the analysis of DNA and amino
acid sequences.
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CONCLUSION

Cluster conservation was observed across all phyloge-
netic trees generated (see Figures 1, 2, and 4). Notably,
stronger conservation was shown in the terminase
protein compared to lysin A, which may be attributed to
lysin A’s diversity in catalytic domains (Fischetti, 2008).
There may also be less room for variation in terminase
because its function is crucial to phage replication.
Terminase’s higher cluster conservation was observed in
both the amino acid-based phylogenetic trees and the
structural alignment trees.

While all trees demonstrated a degree of cluster conser-
vation, predicted evolutionary relationships between
clusters varied for the structural alignment and amino
acid sequence-based trees. Therefore, the trees generated
from structural alignment could help validate cluster
relationships and help determine phages’ evolutionary
history. Further investigation of structural phylogenetic
trees may determine their effectiveness as tools in
predicting evolutionary relationships between
bacteriophages.

Further analysis should be conducted using the structural
prediction protein server I-TASSER, a program that has
proven to provide robust and accurate protein predic-
tions. I-TASSER, ranked best in automated 3D structure
prediction by the Protein Structure Prediction Center
(Zhang, n.d.), uses a three-step algorithm that optimizes
probability and uses verified template protein sequences
as a basis for the prediction. The algorithm then assem-
bles full-length protein models using ab initio modeling
and maximizing the low free-energy states, which are
identified by the database SPICKER. Structural outputs
from I-TASSER may be compared in PyMol using the
same superalign function. Then, trees generated using the
neighbor-joining method could be compared with the
amino acid sequence trees. They could also be compared
to the structural trees generated from Phyre2 to assess the
significance of the changes in output.
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