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Introduction
Biochemistry is a fascinating discipline 
that involves studies at the interface 

of biology and chemistry through ex-
amining the structure and function of 
the four main classes of fundamental 

biological molecules: carbohydrates, 
lipids, nucleic acids, and proteins. In 
the cellular world, vast arrays of complex 
biomolecules interact in an elegant and 
highly sophisticated manner to carry out 
the various processes that separate living 
cells from inanimate matter. It is within 
this submicroscopic realm that protein 
machines called enzymes operate. 
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Abstract

Routine cellular processes such as transcription, replication, and cell 
division result in knots, tangles, and torsional stress in DNA. All 

living organisms produce proteins known as topoisomerases to alleviate 
these DNA topology challenges, which can lead to cellular dysfunction 
or death if unresolved. Type II topoisomerases manage DNA topology 
by generating a transient double-stranded DNA break in one segment 
of DNA and passing another segment of DNA through the break before 
resealing the broken DNA. Human type II topoisomerases are well-
characterized anticancer drug targets, but there are severe off-target 
toxicities often associated with some of these drugs. Humans have two 
versions of topoisomerase II, and it is of clinical interest to selectively 
target one version of topoisomerase II in humans. Selective targeting 
requires a thorough understanding of the differences between the two 
versions, and the evidence presented here explores some of the key pieces 
of information regarding these differences including genomic, amino 
acid sequence, modification, and interaction data. We argue that the 
two versions of topoisomerase II differ in key regions that also are heavily 
modified via post-translational modifications, which may provide key 
insights into the regulation and separation of function between the two 
isoforms. Finally, we suggest that protein domains display modularity 
that may help us understand the design of these and other proteins by 
analogy to the idea of a dependency graph. 
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Enzymes are responsible for catalyzing 
the very reactions that make it possible 
to harness energy from food, build new 
biomolecules, copy DNA, and many 
other routine cellular processes. Due 
to their critical roles, enzymes are also 
effective drug targets from a pharmaceu-
tical perspective. 

Cancer is one example of a disease 
where using specific drugs to target en-
zymes can be very effective. In fact, for 
several decades, drugs like doxorubicin 
and etoposide have been used to fight 
cancer (Murphy et al., 2017). Both of 
these drugs happen to impact the same 
enzyme found in the nucleus of cells: 
DNA topoisomerase II. There are a 
handful of other drugs that also impact 
topoisomerase II for the treatment of 
cancer, and there are additional drugs 
(e.g., levofloxacin) that target bacterial 
type II topoisomerases (DNA gyrase and 
topoisomerase IV) for the treatment of 
infections (Pommier et al., 2010).

While agents targeting topoisomer-
ase II are effective, they are not without 
side effects (or adverse events, as they 
are called in the medical field). Anti-
cancer drugs that target topoisomerases 
are often associated with some of the 
well-known side effects of chemotherapy 
like hair loss, gastrointestinal problems, 
and others. These effects are common 
to most drugs that impact enzymes/
proteins involved in cell division and/
or DNA function. Unfortunately, these 
effects are not necessarily the most 
concerning. For example, etoposide 
treatment is associated with a risk for 
developing acute myeloid leukemia 
(Pendleton et al., 2014). In other words, 
when a patient is treated with etoposide, 
there is a chance that the drug may ac-
tually cause a different cancer (called a 
secondary or treatment-related disease). 
Additionally, doxorubicin is a member of 
a class of drugs known as anthracyclines, 
which are associated with cardiotoxicity 
and have a lifetime dose limit maximum 
to reduce the risk of toxicity (Zhang et 
al., 2012; McGowan et al., 2017).

Figure 1. Families of Topoisomerases. Four of the five families of topoisomerases 
are represented with example structures at left or right. A diagram depicting the 
specific locations of DNA cleavage by each family and the location of the tem-
porary covalent bond formed (either with the 5’ or 3’ end of the cleaved DNA) 
are shown using shapes linked to the DNA. Note: the diagrams do not show the 
full enzyme, but instead display a shape representation of a part of the enzyme. 
Structure images were derived from the Protein Databank (RCSB.org) with the 
structure file noted in parentheses as follows: Type IA: E. coli topoisomerase III 
(1D6M); Type IB: H. sapiens topoisomerase I (1A36); Type IIA: S. cerevisiae 
topoisomerase II (4GFH); and Type IIB: M. mazei topoisomerase VI (2Q2E). 

Figure 2. Domain and Biochemical Structure of Type IIA Topoisomerases. A) 
The domain map of a type IIA topoisomerase is depicted with some key regions 
identified along with key catalytic (Y) and metal-binding residues denoted (E….
DxD). B) Ribbon diagram based upon the crystal structure of S. cerevisiae topoi-
somerase II (RCSB 4FGH). One protomer is color-coded with the domain map. 
The other protomer is grey. Structure images were generated using Pymol. 
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Both etoposide and doxorubicin have 
been extensively studied in the literature, 
but open questions still remain about the 
exact mechanism behind these adverse 
events. Therefore, it is critical to care-
fully examine the precise mechanisms 
of drugs to predict and possibly avoid 
some of these extreme side effects. Our 
work focuses on type II topoisomerases 
to explore their function in cells and 
to explore whether new agents can be 
developed that help avoid some of these 
toxicities. 

In this manuscript, we will explore 
the structure and regulation of topoi-
somerases, and we will provide some 
reflection on possible novel targeting 
mechanisms, as well as implications for 
what these enzymes mean for a design 
perspective. Using a design-inspired 
viewpoint, we will examine enzymes 
as modular proteins and consider im-
plications of a modular perspective on 
discovery of protein functions and the 
development of targeted therapeutics.

Topoisomerases: Regulators 
of DNA Topology

Topoisomerases are a family of enzymes 
that resolve topological challenges 
in DNA. These enzymes have been 
found in all three domains of living 
organisms and are even found in the 
genomes of some viruses (McClendon 
et al., 2006). Topoisomerases regulate 
DNA topology by generating transient 
single- or double-stranded DNA breaks. 
The first topoisomerase to be discov-
ered was initially named the ω protein 
(Wang, 1971) and later became known 
as topoisomerase I (Wang et al., 1979). 
A few years later, DNA gyrase was found 
(Gellert et al., 1976) and later named 
topoisomerase II, though gyrase is still 
the common name (Wang et al., 1979). 
This naming turned out to be quite for-
tuitous since type I enzymes generate a 
single-stranded DNA break while type II 
enzymes form a double-stranded DNA 
break (Figure 1). 

This has become the naming con-
vention of the now five families of 
topoi somerases (Table 1). As seen in 
Table 1, type I and II enzymes are 
divided into families (IA, IB, etc.). For 
example, topoisomerase III is a type IA 
while topoisomerase IV is a type IIA. 
This classification system accounts for 
structural and biochemical characteris-
tics. As depicted in Figure 1 and listed 
in Table 1, several different mechanisms 
(single- vs. double-strand break, 5’ versus 
3’ linkage, spacing between breaks) are 
utilized by different families of topoisom-
erases. While the type I enzymes are a 
fascinating study, we will be focusing on 
the type IIA enzymes for the remainder 
of this review. 

Type II Topoisomerases
Type II Topoisomerases are divided 
into two major families: IIA and IIB 
(Figure 1, lower portion). While Type 
IIB topoisomerases are present in some 
organisms, the Type IIA topoisomerases 
are apparently more abundant in nature, 
and the enzymes encoded in the human 
genome are Type IIA topoisomerases (as 
discussed below). Type IIA topoisomer-
ases, known generically as topoisomerase 
II, are dimers or tetramers meaning 
these enzymes are made from two or 
four separate protein chains. In the case 
of Type IIA enzymes in eukaryotes, the 
enzymes are typically dimers with two 
copies of the same protein chain coming 
together to form the functional enzyme. 
In archaea and bacteria, the enzymes 
are generally tetramers with an A2:B2 
structure meaning two copies of each 
of two different proteins. For example, 
DNA gyrase is a type II topoisomerase 
in bacteria, which is formed by two cop-
ies of the protein GyrA and two copies 
of GyrB. 

The organization of the protein do-
mains within topoisomerase II is similar 
across organisms. As seen in Figure 2A, 
common protein domains including the 
ATPase, TOPRIM, and other domains 
are shown. The organization of prokary-

otic enzyme protein domains generally 
matches that of the eukaryotic proteins, 
except that the prokaryotic versions have 
separate protein chains for each half. 

X-ray crystallography has enabled the 
acquisition of high-resolution structures 
of type II topoisomerases (Dong et al., 
2007; Schmidt et al., 2010; Schmidt 
et al., 2012). This information has 
provided detail on how these protein 
domains relate to each other. As seen 
in Figure 2B, the ATPase domain is 
at the “top” while the TOPRIM and 
DNA binding domains are found in the 
middle. The protein then loops down to 
a lower domain (C-gate) before looping 
back up the sides. What is not present in 
this structure is the C-terminus, which 
is thought to exist on either side of the 
enzyme like a pair of “ears” or “wings.” 
However, due to the relatively flexible 
nature of this domain, the crystal struc-
ture of the C-terminus has not yet been 
resolved. 

Topoisomerase II performs a com-
plex catalytic cycle that involves a series 
of steps and movements (Figure 3). First, 
topoisomerase II binds to a helix-helix 
cross-over, which may be formed by 
separate chromosomes or segments of 
the same DNA molecule (Zechiedrich 
et al., 1990; Roca et al., 1993). Second, 
topoisomerase II bends one of the two 
DNA segments and creates a temporary 
double-strand break (Deweese et al., 
2009; Schmidt et al., 2010). The bro-
ken segment is called the gate segment. 
During the process of cutting the gate 
segment of DNA, topoisomerase II forms 
a covalent bond between an active site 
tyrosine amino acid and the 5’ ends of 
the broken DNA segment (Liu et al., 
1983; Sander et al., 1983; Zechiedrich 
et al., 1989; Mueller-Planitz et al., 2008; 
Schmidt et al., 2010). Due to the sym-
metry of topoisomerase II, this occurs 
with a four base-pair stagger, as depicted 
in Figure 1. As the DNA is bent and 
cleaved, topoisomerase II binds to ATP, 
which “closes” the top portion of the 
enzyme, called the N-terminal gate or 
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N-gate (Lindsley et al., 1993; Roca et 
al., 1993; Classen et al., 2003; Wei et 
al., 2005; Bendsen et al., 2009; Schmidt 
et al., 2012). Third, with the N-gate 
closed, topoisomerase II pulls apart the 
gate segment, forming the DNA gate. 
The other segment of DNA, called the 
transport segment, transverses through 
the DNA gate (Osheroff, 1986). Fourth, 

the N-gate undergoes a twisting confor-
mational change that appears to be ac-
companied by the hydrolysis of one ATP 
molecule (Roca et al., 1992; Lindsley et 
al., 1993; Harkins et al., 1998; Baird et 
al., 1999; Schmidt et al., 2012), which 
may prevent the transport segment from 
back-tracking to the N-gate (Schmidt 
et al., 2012). Fifth, the DNA gate can 

now close and allow the opening of the 
“bottom” of the enzyme, called the C-
terminal gate or C-gate (Osheroff et al., 
1987; Robinson et al., 1991; Bromberg 
et al., 2002). This occurs along with 
the hydrolysis of the second molecule 
of ATP (Roca et al., 1992; Lindsley et 
al., 1993; Harkins et al., 1998). Clos-
ing of the DNA gate also allows for the 

Table I. This table depicts families of topoisomerases and representative examples. Type I topoisomerases temporarily cut 
one strand while type II topoisomerases temporarily cut both strands of the double helix. Domains where specific enzymes 
are found are denoted: A, archea; B, bacteria; E, eukaryote. Linkage refers to the phosphotyrosine covalent connection 
between the topoisomerase active site and the cleaved DNA. Activity is classified by the ability to support relaxation (rel) 
or supercoiling (sup) and the direction of supercoiling is denoted: - for negative supercoils and + for positive supercoils. 
Question marks represent information that has not been determined or where results may differ between organisms. Rep-
resentative species are denoted. It should also be noted that there are viral topoisomerases in the IA, IB, and IIA families 
that are not shown in the table.

Family Enzyme Rep. Species Linkage Mechanism Cofactors Activity

IA
 

topoisomerase I (B) E. coli

5’
enzyme-bridged 
strand passage

Mg2+ rel -topoisomerase III (α, β) (E) H. Sapiens

topoisomerase III (A, B) E. coli

reverse gyrase (A)
Sulf.  

acidocaldarius
Mg2+, ATP sup +

     

IB
topoisomerase IB (E, B)

H. sapiens 3’
controlled rota-
tion/swiveling

none rel -+topoisomerase IB mitochon-
drial (E)

      

IC topoisomerase V M. kandleri 3’
controlled rota-
tion/swiveling

none rel -+

      

IIA

topoisomerase II (E) S. cerevisiae

5’
double-strand 
passage, 4-bp 

overhang
Mg2+, ATP

rel -+topoisomerase II (α, β) (E) H. sapiens

topoisomerase IV (B) E. coli

gyrase (A,B) E. coli sup -

      

IIB
topoisomerase VI (A, E) Sulf. Shibatae 5’

doubls-strand 
passage, 2-bp 

overhang
Mg2+, ATP rel -+

topoisomerase VIII (B, A) A. degensii ? ?
Mg2+, 

ATP(?)
rel -
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Figure 3. Catalytic Cycle of Type IIA Topoisomerases. 1) The di-
meric enzyme binds a helix-helix crossover (one segment in gold, the 
other in purple). 2) The gate segment of DNA is bent and cleaved. 
The transport segment is captured by the N-terminal clamp in the 
presence of ATP. 3) The gate segment ends are separated and the 
transport segment can cross to the lower portion of the enzyme. 
This is accompanied by the hydrolysis of one ATP molecule to 
ADP. 4) The gate segment is ligated and the N-terminal portion of 
the enzyme rotates. 5) The C-gate opens and releases the transport 
segment. The second molecule of ATP is hydrolyzed. 6) The C-gate 
closes and the N-gate opens allowing release of the gate segment 
of DNA. The enzyme is now reset for another round of catalysis. 

Figure 4. Gene Browser Features of the human TOP2A Gene 
Locus. Data generated online at http://genome.ucsc.edu/ (Kent, 
et al., 2002).

Figure 5. Gene Browser Features of the human TOP2B Gene 
Locus. Data generated online at http://genome.ucsc.edu/ (Kent, 
et al., 2002).
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gate segment to be ligated (i.e., original 
bonds reformed and no longer bound 
to the enzyme). Once the transport seg-
ment is released, topoisomerase II can 
now close the C-gate, release the ADP, 
and open the N-gate so the gate segment 
can be released. 

This fascinating process involves 
several highly coordinated and orches-
trated events. For example, the ability 
to cut DNA requires the enzyme to be 
in a conformation where the DNA gate 
is closed. This is because each active 
site requires amino acids from separate 
halves of the enzyme to be complete. 
As discussed earlier, topoisomerase II 
in humans and other eukaryotes is a 
homodimer—meaning two copies of the 
same protein. The TOPRIM domain, 
which coordinates two Mg2+ ions from 
each protein chain interacts with the 
active site tyrosine from the opposite 
protein chain to form a functional cata-
lytic site. While the DNA gate is open, 
or if the protein chains are separated, 
DNA cleavage and ligation cannot take 
place. This design feature acts as a fail-
safe mechanism that prevents release of 
the DNA ends from the protein before 
they are re-attached. 

Exploring Two Isoforms  
of Topoisomerase II

Type II topoisomerases appear to be re-
quired for life in living organisms. Even 

“simple” life forms such as yeast (e.g., 
Saccharomyces cerevisiae) or bacteria 
(e.g., Escherichia coli) encode at least 
one type II topoisomerase with many or-
ganisms encoding two separate enzymes. 
Humans encode two separate type IIA 
topoisomerases: topoisomerase IIα and 
topoisomerase IIβ. These two enzymes 
are encoded by separate genes on sepa-
rate chromosomes and controlled by dis-
tinct promoters (Nitiss, 2009; Pommier 
et al., 2016). While topoisomerase IIβ is 
widely expressed across a range of tissues 
(Consortium, 2013), topoisomerase IIα 
expression appears to follow progression 
of the cell cycle with an increase in S-

phase and mitosis (Nitiss, 2009). Based 
upon cellular and biochemical evidence, 
topoisomerase IIα is more involved in 
DNA replication and chromosome seg-
regation, which fits with the observed 
expression profile (Nitiss, 2009). Topoi-
somerase IIβ is more involved in regula-
tion of topology during transcription and 
for chromatin remodeling (Nitiss, 2009). 
Recent evidence also indicates a role for 
topoisomerase IIβ in domain looping 
(Uuskula-Reimand et al., 2016). 

In mammals, loss of topoisomerase 
IIβ at the cellular level can be tolerated 
(Errington et al., 1999). However, the 
situation appears to be different at the or-
ganismal level. Mice lacking topoisom-
erase IIβ die of neural developmental 
failure (Yang et al., 2000). More recent 
experiments suggest that this is because 
of a critical role for topoisomerase IIβ in 
regulation of chromatin topology during 
the process of chromatin remodeling 
where regions of DNA are “turned on 
or off” through movement of regulatory 
components in the DNA. For example, 
topoisomerase II-mediated DNA strand 
breaks have been shown in specific 
cases to be an integral part of regulating 
gene expression (Bunch et al., 2015; 
Madabhushi et al., 2015). In contrast, 
topoisomerase IIα is absolutely required 
at the cellular and organismal levels 
(Nitiss, 2009). Loss of topoisomerase 
IIα leads to problems with chromosome 
segregation and cell division (Grue et al., 
1998; Akimitsu et al., 2003; Carpenter 
et al., 2004). During replication, newly 
synthesized chromosomes, referred to as 
sister chromatids, become intertwined 
or catenated. The interlinking of these 
sister chromatids must be resolved 
prior to mitosis in order for chromo-
some segregation to take place properly. 
Topoisomerase IIα is required to carry 
out this critical function in cells, and 
topoisomerase IIβ is unable to fully 
complement for the loss of the other 
isoform. Similarly, topoisomerase IIα is 
unable to fully complement for the loss 
of topoisomerase IIβ.

What is the reason behind this dif-
ference? Why could one isoform not 
complement for the other? Is it pos-
sible that by examining the differences 
between the proteins we might be able 
to identify components that are critical 
for isoform-specific roles in cells? These 
questions have health relevance as well. 
Human type II topoisomerases are also 
cancer drug targets, but the clinically 
used cancer drugs cannot differentiate 
between either of the isoforms. As men-
tioned earlier, some of these drugs have 
severe risks (i.e., secondary leukemia 
for etoposide and cardiotoxicity for the 
anthracyclines) associated with their use, 
and there is evidence that these adverse 
events may involve topoisomerase IIβ. 
Interestingly, this is the version of the 
enzyme that is present in all tissues, 
while growing tissues generally express 
topoisomerase IIα (Drake et al., 1989; 
Capranico et al., 1992). Therefore, it is 
of clinical and pharmaceutical interest 
to be able to develop agents that can 
selectively target topoisomerase IIα (and 
avoid topoisomerase IIβ). 

The Tale of the Tails
Topoisomerase IIα and IIβ share approxi-
mately 65% amino acid identity, though 
they differ in length by over 90 amino 
acids (β is longer). Most of the shared 
amino acid sequence is found in the 
core domains: ATPase, TOPRIM, DNA 
binding/cleavage, and C-gate. In these 
regions, identity rises to >80% (similarity 
above 90% in some regions). Both the 
extreme N-terminus and the C-terminus 
are distinct between the isoforms. For 
example, the C-terminal domain is very 
different with only 30% amino acid iden-
tity. In evolutionary terms, this portion 
is considered “variable” compared to 
the rest of the protein, but it makes up 
around 25–30% of the protein at roughly 
400 amino acids. 

Evolutionists believe topoisomerases 
I and II evolved independently (conver-
gent evolution) multiple times (Forterre 
et al., 2007; Forterre et al., 2009). In 
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the specific case of topoisomerase IIα 
and IIβ, the evolutionary assumption is 
that these two isoforms originated from 
a common ancestral topoisomerase II 
via duplication followed by subsequent 
divergence (Lang et al., 1998; Sng et 
al., 1999). The timing of this event is 
thought to be around the time of the 
origin of vertebrates since these two 
isoforms appear to be common to verte-
brates, but not typically found in other 
life forms (Lang et al., 1998). However, 
the evolutionary mechanism for the 
divergence of the C-termini is unknown.

Along with collaborators, we found 
that when comparing the two human 
isoforms and assuming a common 
ancestor for them, their sequences ap-
pear to be under purifying selection for 
functional constraint (Deweese et al., 
2019). So, it appears that these regions 
in the two isoforms are different and 
are under selective pressure to remain 
that way. From a design perspective, we 
would argue that this is evidence that 
these proteins were designed separately 
(using common modules) to fulfill dif-
ferent functions.

The C-terminus is the least well-
understood portion of the enzyme. As 
noted earlier, no structural data is avail-
able for this region in the eukaryotic 
enzymes, and early research in this 
area suggested that cells could survive 
the loss of large segments of this region. 
However, a more thorough examination 
is needed. 

There are several lines of evidence 
for complex regulatory roles for the 
C-terminus in these enzymes. First of 
all, the evidence from previous studies, 
mentioned above, regarding the inability 
of either isoform to fully complement 
loss of the other even though the cata-
lytic portion of the enzyme is essentially 
the same. Second, there are a large num-
ber of post-translational modifications in 
this region including phosphorylation, 
sumoylation, and others (see discussion 
below). Third, there is evidence for 
isoform-specific protein-protein inter-

actions with the C-terminus, discussed 
below (Deweese et al., 2019). Fourth, 
exchanging this region between the two 
proteins leads to a change in biochemi-
cal and cellular function (Linka et al., 
2007). Thus, given our understanding of 
the similarities and differences between 
topoisomerase IIα and IIβ, we suggest 
that the C-terminus is a prime candidate 
for a complex regulatory role. In other 
words, why does topoisomerase IIβ not 
complement for the loss of topoisomer-
ase IIα? There must be something that 
one version has that the other is missing, 
and most of this difference (with some 
exception at the extreme N-terminus) 
is found in the C-terminus. Note that 
the N-terminus also likely plays an im-
portant role, but it is only 20–40 amino 
acids. Therefore, our current focus is on 
the larger C-terminal domain.

In the following sections, we will 
explore several pieces of data related to 
the C-terminus that help provide some 
insight into the differences between the 
two isoforms. It has been hypothesized 
that by examining the C-terminus, we 
may be able to develop more selective 
anticancer agents that may reduce ad-
verse events (Murphy et al., 2017). 

Surveying Differences 
between Topoisomerase  

IIα and IIβ

Genomic Differences
In terms of genomic context, the genes 
topoisomerase IIα (TOP2A) and IIβ 
(TOP2B) are found on different chro-
mosomes. Using the UCSC Genome 
Browser (http://genome.ucsc.edu/), we 
can gain a better look at the genetic 
context and components of these genes 
(Kent et al., 2002). TOP2A is on the long 
arm of Chromosome 17 at chromosome 
band 17q21.2 (Figure 4), while TOP2B 
is on the short arm of chromosome 3 at 
chromosome band 3p24.2 (Figure 5). 
Their exon structures are very similar, 
but they vary in the intronic regions 

with a higher density of SINES (Short 
Interspersed Nuclear Elements) found 
in the intronic regions of TOP2A. Ac-
cording to the original mapping reports, 
several exons in the N- and C-terminus 
differ in their start/end positions (Lang 
et al., 1998; Sng et al., 1999). In addi-
tion, several LINEs (Long Interspersed 
Nuclear Elements) are found in TOP2B 
that are not found in the other isoform. 
Interestingly, the genes for both isoforms 
contain at least one non-coding RNA 
gene within an intron. The non-protein 
coding genes are different between the 
two genes and found inside different 
introns. 

Based upon the gene expression data, 
clearly TOP2B is much more broadly 
expressed across a range of tissues, 
while TOP2A is much more selectively 
expressed. Interestingly, 5’ of both iso-
forms are retinoic acid receptor genes. 
Retinoic acid receptor alpha (RARA) is 
5’ of TOP2A while RARB is 5’ of TOP2B 
(Figure 5). 

In reviewing the sequence align-
ments, it is clear that some regions 
of the protein are largely shared, as 
discussed above. However, the extreme 
N-terminus and the C-terminus are very 
different between these two isoforms 
(Figure 6). Several examples of regions 
of the sequence alignments are shown 
including snapshots within the largely 
shared core catalytic regions and in the 
N- and C-terminus where these two 
proteins differ so significantly. 

Post-Translational Modifications
To examine the post-translational modi-
fication (PTM) data, we used the online 
databases Phosphosite Plus (Hornbeck 
et al., 2015) and UniProt. Phosphosite 
Plus enables researchers to examine lo-
cations and types of modifications along 
with the literature and proteomic evi-
dence for those modifications. As seen 
in Figure 7, both isoforms are known to 
have many putative sites for PTMs—pri-
marily phosphorylation and ubiquitina-
tion. However, much of the evidence in 
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the database for these modifications is 
from high-throughput proteomics stud-
ies. Thus, there have been relatively few 
research papers published on roles and 
significance of specific modifications. 
For example, there is clear evidence for 
regulatory roles in promoting activity of 
topoisomerase IIα for phosphorylation at 
Ser-1213 (Wells et al., 1995; Ishida et al., 
2001). However, most sites do not have 
such detailed characterization. 

It should be noted that both isoforms 
have similar numbers of putative modifi-
cations, but interestingly, around half of 
those modifications (91/191 for Top2A) 
are found in the C-terminal domain 
(Deweese et al., 2019). Also, when 
examining both isoforms, a number of 
the modification sites are not shared 
between isoforms—especially in the C-
terminus (Deweese et al., 2019). Thus, 

there are unique modification profiles 
for both enzymes that may help explain 
the separate functional regulation. Cur-
rently, we are continuing to examine 
the database evidence for these modi-
fications to characterize the differing 
profiles between the isoforms.

Protein-Protein Interactions
Protein-protein interactions are also a 
major factor in the regulation of func-
tion in cells. The cellular environment is 
a very busy, crowded place. The ability of 
proteins to interact with specificity and 
cause changes in activity in other pro-
teins is still an amazing thing to consider. 
These interactions require proteins to 
have specific sequences, to fold in com-
plex three-dimensional shapes, and to be 
able to interact in the chemical and pH 
environment where they operate.

Previously, we showed using The 
BioGrid database (Oughtred et al., 
2019) that topoisomerase IIα and IIβ 
collectively interact with ~143 proteins 
and about 34 of these interact with both 
isoforms (Deweese et al., 2019). More 
recently, this number has changed to 
~153 proteins with only 32 of these 
showing evidence for interaction with 
both isoforms. Figures 8 and 9 depict 
interaction networks generated by The 
BioGrid database. It should be noted 
again that this data is primarily from 
high-throughput studies rather than 
functional studies. So, little is known 
about the significance (or lack thereof) 
for most of these interactions. However, 
these networks provide a starting point 
for us in our ongoing analysis of the 
interactions and modifications of the 
C-terminal domain of topoisomerase II. 

Figure 6. Segments from Sequence Alignments of Type IIA Topoisomerases. Sequences from 15 type IIA topoisomerases 
are shown. Sequences were retrieved from Uniprot. Selected example regions are shown including the extreme N-terminus, 
a portion of the TOPRIM domain (metal-ion binding region), and two portions of the C-terminal domain are shown. 
Alignments were generated using MEGA7: Molecular Evolutionary Genetics Analysis version 7.0 for bigger datasets (Ku-
mar, Stecher, and Tamura 2015).
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Figure 7. Post-Translational Modifications of Top2A and Top2B from Phosphosite Plus. Modification maps were generated 
by Phosphosite Plus (phosphosite.org) for H. sapiens Top2A (https://www.phosphosite.org/proteinAction.action?id=2303) 
and Top2B (https://www.phosphosite.org/proteinAction.action?id=5866). All sites with at least one reference are shown 
mapped onto the domain structures of the enzymes. 
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Importantly, it is clear that both isoforms 
interact with dozens of proteins—with 
less than half of those proteins shared 
between the isoforms.

Summary
As discussed above, topoisomerase 
IIα and IIβ in humans represent two 
versions of an enzyme that have dis-
tinct roles in cells. Even though these 
enzymes share a catalytic mechanism, 
they are regulated independently in 
cells and cannot compensate for the loss 
of the other isoform. We hypothesize 
that much of this regulatory function 
is embedded within the C-terminus of 
the protein with some regulation also 
occurring at the N-terminus and pos-
sibly at regions within the protein. This 
model for isoform specific functional 
regulation of topoisomerase II is not 
likely unique to this family of proteins, 
but instead it represents a broader model 
for protein regulation. 

This brings up another important 
concept: modular protein domains. 
Several of the domains within topoisom-
erase II are shared between the isoforms 
but the regulatory domains appear to be 
distinct. Could it be that the domains of 
proteins serve as modules in the original 
design and thus we see shared protein 
domains across diverse organisms and 
protein types? It is also possible that the 
regulatory domains have taxon specific 
differences that enable these proteins to 
operate in the specific cellular context 
of a given species or genus, for example. 
This may help explain why some pro-
teins share large portions of information 
across diverse organisms but also have 
some regions that are highly specific for 
a given subset of organisms. 

Protein Domains as Modules
Ewert (2018) has argued that protein 
families can be analyzed statistically us-
ing the traditional tree model or using a 
dependency graph model. In his analysis, 
he examined the presence or absence 

of protein families across a wide range 
of organisms. His work found that the 
pattern of the presence and absence of 
protein families among organisms fit a 
dependency graph model better than a 
ancestry tree model (Ewert, 2018). This 
result was true for each of the protein 
databases examined. While this does 
not prove the protein families are sorted 
in a modular fashion, it is supportive of 
the possibility. In other words, imagine 
a designer providing specific families of 
proteins based upon the needs of specific 
organisms. 

We would like to suggest for it to be 
considered that this may not be limited 
to the level of protein families. Many 
proteins have two or more domains that 
represent smaller sections of the whole 
protein but may have a discrete func-
tion (e.g., the GHKL ATPase domain 
of topoisomerase II). What if protein 
domains are sorted in a modular fash-
ion? How could we know if that was the 
case? How could we test it? 

Interestingly, there is a concept in 
evolutionary biology called “promiscu-
ous domains” (Basu et al., 2008). These 
protein domains “show a tendency to 
occur in diverse domain architectures” 
(Basu et al., 2008). According to the 
cited study, these domains seem to 
appear and come and go along the sup-
posed evolutionary spectrum in a man-
ner not consistent with simple common 
descent. We suggest that this pattern may 
fit a “modular” concept better than a 
tree-like common descent concept, but 
there is much work that remains to be 
done in this area. 

Further, it is becoming apparent that 
proteins may also have organism- and 
species-specific differences that may be 
finely tuned for a given organism. In 
other words, there may be high levels of 
constraint on protein sequences that are 
organism-specific, which may preclude 
the ability of these sequences to evolve. 
This is an interesting area of investiga-
tion, and we hope that other scientists 
will carefully consider that subtle protein 

differences among organisms may have 
implications at the organism level.

Discussion: Implications  
and Open Questions

Topoisomerases are fascinating molecu-
lar machines responsible for relieving 

“topological entanglements”—knots and 
tangles—in the DNA. These enzymes 
operate by transiently breaking one or 
both strands of DNA. As drug targets, 
these enzymes have been exploited in 
the treatment of cancer. The type II 
topoisomerases, human topoisomerase 
IIα and IIβ, are very similar throughout 
their catalytic regions but differ widely 
at the N- and C-termini. These regions 
likely serve regulatory roles for these pro-
teins, and we hypothesize that selective 
targeting of the C-terminus may enable 
the generation of selective topoisom-
erase II drugs that may reduce adverse 
events in patients. 

As mentioned above, topoisomer-
ases are essential to all known forms 
of life. These enzymes are needed in 
the simplest of organisms to facilitate 
the maintenance of DNA. Thus, even 
the smallest known genomes require 
topoisomerase activity to facilitate 
maintenance. The Neo-Darwinian 
paradigm requires multiple indepen-
dent yet highly convergent origins for 
these proteins both among and within 
the individual topoisomerase families. 
In other words, the Neo-Darwinian 
paradigm would require type IIA topoi-
somerases to originate more than once 
independently—yet converging on 
common modules and domains that 
are widespread (e.g., TOPRIM, GHKL 
ATPase, etc.). 

In fact, evolutionists in the topoi-
somerase field have acknowledged that 
topoisomerases present a difficulty for 
evolutionary explanations: 

The phylogenetic distribution of 
DNA topoisomerases is thus quite 
puzzling and clearly does not agree 
with the classical universal tree of 
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life: neither with any of the alterna-
tive models such as the bacteria-first 
model nor with the ring of life model. 
Another puzzling problem is the 

phylogenetic position of viral DNA 
topoisomerases. Whereas in some 
cases their placement can be ex-
plained by HGT [Horizontal Gene 

Transfer] from a cellular host (e.g. 
mimivirus Topo IA and IB), in other 
cases (e.g. Poxvirus Topo IB, T4 
Topo IIA) the viral DNA topoisom-

Figure 8. Protein-Protein Interaction Network for Top2A. The BioGrid (BioGrid.org) database was used to generate an 
interaction map for Top2A (https://thebiogrid.org/113006/summary/homo-sapiens/top2a.html). Partners are shown with 
those having the most evidence being depicted as closer to Top2A in the center. 
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erases form well-defined subfamilies 
that are only distantly related to their 
cellular counterparts. (emp. added) 
(Forterre et al., 2007)

Ironically, some evolutionists see the 
large number of diverse topoisomerases 
as counterintuitive. For example, in a 
paper on the phylogenomics and origin 

of topoisomerases, the authors muse: 
“An intelligent designer would have 
probably invented only one ubiquitous 
Topo I and one ubiquitous Topo II to 

Figure 9. Protein-Protein Interaction Network for Top2B. The BioGrid (BioGrid.org) database was used to generate an 
interaction map for Top2B (https://thebiogrid.org/113008/summary/homo-sapiens/top2b.html). Partners are shown with 
those having the most evidence being depicted as closer to Top2B in the center. 
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facilitate the task of future biochemists. 
The reality turned out to be quite differ-
ent, and more interesting.”(Forterre et 
al., 2009) Aside from the obvious note 
that these authors have no real clue 
what “an intelligent designer would 
have” probably done, their presumption 
assumes a very reductionist perspective 
on living systems. 

From a design perspective, the diver-
sity of topoisomerase forms makes sense 
in light of seemingly ever-increasing 
evidence for specialization of these 
enzymes. As discussed above, specializa-
tion is evident with topoisomerase IIα 
and IIβ in the fact that each enzyme 
performs some distinct nuclear func-
tions and cannot fully complement for 
the loss of the other. This specialization 
has been acknowledged by others in the 
topoisomerase field. For example, lead-
ing topoisomerase researchers speculate 
why there are so many topoisomerases: 

“We are now beginning to answer 
that question, and the picture that 
has emerged is that each of these en-
zymes has a set of specific functions 
and that their specialization allows 
for precise coordination, especially 
in complicated DNA transactions 
that are required for replication, tran-
scription and chromosome segrega-
tion. Our emerging understanding 
of chromosome nuclear territories, 
DNA repair, chromatin-remodeling 
complexes and super-enhancers, in 
addition to replication and tran-
scription factories and chromatin 
looping, underscores the importance 
of understanding the six vertebrate 
DNA (and RNA) topoisomerases and 
integrating that knowledge into our 
study of genome function.” (Pom-
mier et al., 2016)

Indeed, the topoisomerase field is 
just beginning to grasp the depth of 
complexity of these amazing molecular 
machines. Having six topoisomerases 
in vertebrates may not seem logical 
to some reductionists. Using a design 
perspective, we see living organisms as 

engineered systems designed to live and 
function in diverse environments and 
contexts. As our understanding of the 
complexities of the genome increases, 
the need for more complex regula-
tory mechanisms becomes apparent. 
These mechanisms clearly extend to 
the control of fundamental enzymes 
involved in DNA metabolism including 
topoisomerases and a number of other 
critical enzymes. 

It is hard to imagine any one of the 
topoisomerases developing via an un-
guided process once—let alone multiple 
times independently—because they 
are essential to life, and thus present 
chicken-egg paradoxes. Evolving topoi-
somerases incrementally via natural 
selection would face severe challenges. 
For example, a partially functional 
topoisomerase that cuts but cannot li-
gate (reconnect) the DNA ends would 
result in permanent strand breaks. If the 
protein chains of topoisomerase II can-
not form homodimers (eukaryotes) or 
heterotetramers (bacteria), then the en-
zyme would fail to perform its function 
since the active site of topoisomerase II 
requires amino acids from two separate 
protein chains to function in precise 
spatial proximity. 

Aside from these fundamental is-
sues, there are many other questions 
that could be raised about the supposed 
evolution of topoisomerases. What 
about the communication taking place 
within the topoisomerase II domains 
during the stages of the catalytic cycle? 
What about the complex strand pas-
sage mechanism and the coupling of 
ATP hydrolysis? How could that system 
develop incrementally? A partially 
functional topoisomerase II does not 
solve the major challenges. An objec-
tion may be raised by specialists in the 
field that an enzyme called Spo11 exists, 
which is able to generate strand breaks 
(Romanienko et al., 2000). In recent 
years, this protein has been shown to 
function in meiotic recombination and 
has similarity in structure to the subunit 

A of topoisomerase VI. It actually forms 
a heterotetramer with a second protein, 
Top6BL (Robert et al., 2016; Vrielynck 
et al., 2016). This highly specialized 
role for Spo11/Top6BL highlights the 
increasing specificity of function among 
these enzymes. Thus, Spo11 does not 
answer any of the above questions since 
it also serves a critical, highly-specialized 
cellular role.

These questions bring up a final 
thought: how do topoisomerases get to 
where they are needed and “know” when 
and where to act? This is a complex 
question and one that will likely be 
solved in the next few years. We hypoth-
esize that localization is a function of 
the C-terminus of the protein and likely 
involves protein-protein interactions, 
post-translational modifications, and 
chromatin-topoisomerase interactions. 

Conclusion
From a design perspective, these en-
zymes have been present since the 
beginning and are uniquely suited to 
increasingly specialized roles. The more 
we learn of the localization, regulation, 
and specialization of topoisomerases, 
the more complex and nuanced the 
picture becomes. Thus, we argue that 
these amazing “molecular scissors” are 
precisely what Paul spoke of in Romans 
1:20—the “things that have been made” 
that enable us to see His everlasting 
power and divinity. 
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The Creation Research Society eKINDS research 
initiative continues to address many of the most 
challenging questions in Creation Biology, including:

How did we get the wide variety of today’s species 
from a small number of animals preserved on the 
Ark? How do new species form, and how does this 
fit within biblical creation? Can we trace the spread 
of the created kinds from the Ark to where they live 
today? 

The Society continues to seek donors willing to help 
fund this initiative. For more information on how you 
can help, please contact the Creation Research 
Society at (928) 636-1153 or crsvarc@crsvarc.com.

eKINDS
Examination of Kinds In Natural Diversification and Speciation


