
The Adenylyl Cyclase Activity of Anthrax Edema Factor

Wei-Jen Tang1,2 and Qing Guo1
1Ben-May Department for Cancer Research, The University of Chicago, Chicago, IL 60637

Abstract
Bacillus anthracis, the etiologic agent for anthrax, secretes edema factor (EF) to disrupt intracellular
signaling pathways. Upon translocation into host cells and association with a calcium sensor,
calmodulin (CaM), EF becomes a highly active adenylyl cyclase (AC) that raises the intracellular
concentration of cyclic AMP (cAMP). Growing evidence shows that EF plays a key role in anthrax
pathogenesis by affecting cellular functions vital for host defense. This strategy is also used by
Bordetella pertussis, a bacterium that causes whooping cough. Pertussis bacteria secrete the
bifunctional toxin CyaA which raises the intracellular cAMP. Here, we discuss recent advances from
structural analyses that reveal the molecular basis of the conserved mechanism of activation and
catalysis of EF and CyaA by CaM even though these two toxins use the completely different
sequences to bind CaM. Comparison of the biochemical and structural characteristics of these two
AC toxins with host ACs reveal that they have diverse strategies of catalytic activation, yet use the
same two-metal-ion catalytic mechanism.

Keywords
anthrax edema factor; pertussis CyaA; class III adenylyl cyclase

Edema factor (EF) is an 89-kDa protein secreted by Bacillus anthracis, the Gram-positive
bacterium that cause anthrax. EF belongs to a family of bacterial toxins that can specifically
elevate the intracellular cyclic AMP (cAMP) level, which is the prototypic second messenger
that regulates diverse cellular responses. The biological effects of cAMP are mediated by the
binding of cAMP to three families of signal transducers: cAMP-dependent protein kinases,
cyclic nucleotide gated channels (Biel and Michalakis 2009), and EPAC, the guanine
nucleotide exchange factor for Ras GTPase homologs Rap1 and Rap2 (Borland, Smith, and
Yarwood 2009). There are two major mechanisms by which bacterial toxins can raise the
intracellular cAMP level. The first mechanism is by the action of the bacterial adenylyl cyclase
(AC) toxins, which possess AC activity, the enzymatic activity that converts ATP to cAMP.
Their AC activities are activated only upon their entrance into host cells and association with
the specific cellular proteins that serve as the activator. In addition to the aforementioned EF
from Bacillus anthracis, two other examples of AC toxins include CyaA from Bordetella
pertussis and ExoY from Pseudomonas aeruginosa (Leppla 1984; Wolff et al. 1980; Yahr et
al. 1998). EF and CyaA share CaM as a common activator while the activator of ExoY is still
unknown. The second mechanism by which intracellular cAMP is increased by bacteria is the
ADP-ribosylation of heterotrimeric G proteins by bacterial toxins, resulting in increased
catalytic activity of host membrane-bound AC (mAC). Cholera toxin from Vibrio cholera and
labile toxin from Escherichia coli can ADP-ribosylate Gsα, rendering it constitutively active
to stimulate host mAC. Targeting a different G protein subunit, pertussis toxin from Bordetella
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pertussis ADP-ribosylates Giα, uncoupling G protein-coupled receptor from inhibiting host
mACs. In this review, we discuss new insights from the structural studies of EF and compare
the actions of EF with other ACs.

History of EF discovery and recent advances
EF was identified based on its ability to induce cutaneous edema and mortality of experimental
animals when mixed with anthrax protective antigen (PA) (Smith and Keppie 1954; Stanley,
Sargeant, and Smith 1960). EF together with PA is commonly referred to as edema toxin
(EdTx). About 22 years after its discovery, EF was found to have adenylyl cyclase (AC) activity
(Leppla 1982). EF was then found to be an inactive enzyme till activated by an eukaryotic
calcium sensor, calmodulin (CaM) (Leppla 1984). The cloning of the EF gene permitted the
generation of EF-defective anthrax bacteria, and such mutants had reduced virulence,
indicating a key role for EF in anthrax pathogenesis (Mock et al. 1988; Pezard, Berche, and
Mock 1991). Consistent with this notion, EdTx was also shown to inhibit the phagocytic
activity of human neutrophils and alter cytokine production of human monocytes (O'Brien et
al. 1985; Hoover et al. 1994).

Recently, significant advances have been made on EdTx. In order to enter into the targeted
host cells, EF is required to bind PA. A series of experiments has offered the molecular details
in the requisite steps for the delivery of EF by PA into host cells. These steps include the binding
of PA to its cellular receptors (TEM8 or CMP2), the proteolytic activation and oligomerization
of a PA heptamer, the association of three molecules of EF (or LF) to one PA heptamer,
endocytosis and finally the PA-assisted translocation of EF from late endosomes into the
cytoplasm (Gruenberg and van der Goot 2006; Young and Collier 2007; Dal Molin et al.
2006; Baldari et al. 2006). Furthermore, growing evidence shows that EdTx alone and together
with LeTx could profoundly affect key functions of host cells involved in the defense against
bacterial infection (Crawford et al. 2006; Hong et al. 2007; Paccani et al. 2005; Shen et al.
2004; Tournier et al. 2005; Szarowicz et al. 2009; Puhar et al. 2008; Rossi Paccani et al.
2007; Kim et al. 2008; Maldonado-Arocho et al. 2006; Tessier et al. 2007). These include the
effects of EdTx on macrophages, dendritic cells, neutrophils, T cells, and endothelial cells.
Furthermore, the molecular mechanisms behind such modulation also have begun to be
elucidated.

The availability of highly purified recombinant EF allowed the demonstration that EdTx indeed
could cause cardiovascular dysfunction, tissue damage, and mortality in mice (Firoved et al.
2005; Kuo et al. 2008; Watson, Kuo et al. 2007; Watson, Mock et al. 2007). In addition, EdTx
can sensitize mice to the treatment of lethal toxin (Firoved et al. 2007). However, a high lethal
dosage of EdTx (~2mg EdTx per kg mouse) is required to achieve lethality. Such high doses
are also required for LeTx to cause the death of the experimental animals (Moayeri et al.
2003). This is consistent with the notion that the mortality of anthrax infection is caused by
the combined effects of bacterial growth (bacteremia) and bacterial toxins (toxemia) so that
the maximal production of bacterial progeny can be achieved.

The other major advance since 2001 deals with the molecular basis of catalysis and activation
of EF, which is the focus of this review. This is achieved by the available X-ray structures of
the AC domain of EF alone and in complex with CaM as well as CaM-bound EF (Drum et al.
2002; Shen et al. 2002; Shen et al. 2005). CaM is a calcium sensor and signal transducer that
modulates the functions of over 100 effectors proteins. Combined with the biochemical
characterization, these structures of EF offer understanding of how CaM binds to and activates
its effectors (Hoeflich and Ikura 2002). This work has also showed that both EF and mACs
utilize two-metal-ion catalysis for the phosphoryl transfer reaction during cAMP production,
even though they both have the different structural folds and catalytic site sequences (Shen et
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al. 2005; Tesmer et al. 1999). Finally, an approved anti-viral drug targeted at the EF catalytic
site has served as an experimental tool to address the function of EF (Kim et al. 2008; Paccani
et al. 2005; Shen et al. 2004).

The molecular basis for the activation of anthrax EF and pertussis CyaA by
CaM

A series of structural studies have provided the molecular details of how EF is kept in the
inactive state and how the binding of CaM triggers the activation of AC activity of this enzyme
(Figure 1) (Drum et al. 2000;Drum et al. 2002;Shen et al. 2002;Shen et al. 2005;Ulmer et al.
2003). EF has three modular domains, a 30 kDa N-terminal PA binding domain (PABD), a 43
kDa AC domain, and a 17 kDa helical domain. The AC domain can be divided structurally
into the CA and CB domains and the catalytic site is located at the interface of CA and CB. The
comparison of the EF AC domain alone with CaM-bound EF and CaM-bound EF AC domain
reveals that the disordered catalytic loop triggered by the interaction of the EF helical domain
with the catalytic core domain is the key mechanism to keep EF in the inactive state in the
absence of CaM (Drum et al. 2002). The NMR study indicates that CaM uses its N-terminal
domain to bind the EF helical domain to initiate its binding with EF (Ulmer et al. 2003). The
anchoring of N-CaM to the EF helical domain allows the insertion of C-CaM between the
catalytic core and helical domains of EF. This initiates a conformational change of the switch
C region to stabilize the critical catalytic loop of EF for the high rate AC activity (~2,000 per
second). A series of structural and biochemical studies combined with computational
simulations reveals that EF also has two conserved aspartate residues, which coordinate two
magnesium ions required for AC activity; one magnesium ion deprotonates the 3’OH of ATP
and the other stabilizes the penta-covalent transition state intermediate (Shen et al. 2005). This
two-metal-ion catalytic mechanism is similar to those used by most DNR and RNA
polymerases for phosphoryl transfer reactions (Steitz 1998).

Cyclic AMP and calcium are two key intracellular second messengers and have considerable
crosstalk with each other (Willoughby and Cooper 2007; Cooper, Mons, and Karpen 1995).
Interestingly, the calcium dependent response of EF is biphasic. Physiologically relevant
intracellular calcium concentrations can enhance EF activity (Shen et al. 2002). At a resting
or modestly elevated calcium concentration (0.1–0.4 µM), the AC activity of EF is stimulated
by calcium ions. However, the AC activity of EF is inhibited at the higher concentrations of
calcium. As opposed to the stimulation of EF by calcium-bound CaM, the AC activity of EF
is inhibited by the competition of calcium ions with the magnesium ions at the catalytic site.
Thus, the effects of EdTx on the targeted cells are likely to be dependent on the intracellular
signaling context. Furthermore, other secreted factors from anthrax bacteria, such as the pore-
forming toxin anthrolysin O, could raise the intracellular calcium level and would likely affect
the functions of EdTx (Bourdeau et al. 2009).

CyaA, an 188 kDa adenylyl cyclase toxin, is secreted by a human pathogen that causes
whooping cough, a severe childhood disease worldwide (Mattoo et al. 2001; Rogel, Meller,
and Hanski 1991; Ladant and Ullmann 1999; Guermonprez et al. 2001). CyaA serves as an
anti-inflammatory and anti-phagocytic factor, facilitating respiratory tract colonization by B.
pertussis (Carbonetti et al. 2005; Mattoo et al. 2001). As opposed to EF, CyaA is a bifunctional
toxin containing not only AC activity but also hemolytic activity. Upon binding to its cellular
surface receptor (αMβ2 integrin), CyaA becomes a pore-forming integral membrane protein
for its hemolytic activity. In addition, the N-terminal AC domain is translocated into the
cytoplasm of the host cells. Similar to EF, CyaA is inactive without its activator, CaM. Upon
binding to CaM, CyaA becomes a highly active enzyme with a catalytic rate similar to that of
EF (Shen et al. 2002).
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The AC domain of CyaA shares 25% sequence identity to that of EF. Thus, it is not surprising
that these two toxins share the same domain organization and two-metal-ion catalytic
mechanism (Figure 2A) (Guo et al. 2005; Shen et al. 2005). Furthermore, the activation
mechanism of these two toxins by CaM is quite similar as well (Guo et al. 2005; Shen et al.
2005). However, even though the structures of these AC toxins are quite similar and the location
where CaM binds to these two toxins is also identical, CyaA and EF have completely different
CaM binding sequences (Guo et al. 2005; Guo et al. 2008). In addition, the specific roles of
N- and C-CaM for the activation of these two toxins are also completely different (Guo et al.
2008; Shen et al. 2002).

The structural analysis of CaM bound AC toxins also revise our view of how CaM can interact
with its effectors, leading to the desired biological outcomes. Structures of EF and CyaA in
complex with CaM reveal how several discrete regions of EF and CyaA form a large surface
to grab CaM, resulting in the stabilization of a catalytic loop for catalytic activation (Figure
2A) (Drum et al. 2002; Guo et al. 2008; Guo et al. 2005; Shen et al. 2005). CaM can grasp two
or three helices to trigger the dimerization of its effectors such as the small conductance
potassium channel (SK2) and glutamic acid decarboxylase (GAD) (Figure 2B) (Schumacher
et al. 2001; Yap et al. 2003). In the case of the SK2 channel, the interaction between two dimers
within the four subunits of SK2 triggers the channel opening to modulate the hyperpolarization
phase of action potential of nerve cells (Maylie et al. 2004). In addition, outside of the
conventional mode for CaM to bind an amphipathic α-helix such as that from myosin light
chain kinase (MLCK), CaM can bind other short motifs such as the turn-helix peptides and the
myristoylated peptides exemplified by CaM’s interaction with the major alanine-rich C-kinase
substrate (MARCKS) and CAP-23/NAP-22, respectively (Figure 2C) (Matsubara et al. 2004;
Yamauchi et al. 2003; Hoeflich and Ikura 2002). The CaM binding to these motifs can lead to
the removal of auto-inhibitory region of CaM effectors from the active site, leading to catalytic
activation.

Structural comparison of AC families and the development of selective EF
inhibitor

There are at least six classes of ACs based on their primary sequences (Linder 2006; Tang and
Hurley 1998). To date, the structures of three of these classes are available (Figure 3) (Gallagher
et al. 2006; Guo et al. 2005; Shen et al. 2005; Steegborn et al. 2005; Tesmer et al. 1997; Tews
et al. 2005; Kamenetsky et al. 2006). Class II ACs are bacterial AC toxins, which include
anthrax EF, pertussis CyaA, ExoY from P. aeruginosa, as well as a number of gene products
from Yersinia pseudotuberculosis, Vibrio cholera, and Burkholderia thailandensis that may
have AC activity. Class III ACs are the most abundant ACs and are found from bacteria to
humans. Among them, the most studied member is the mammalian mAC (Linder 2006;
Sunahara and Taussig 2002; Tang and Hurley 1998; Kamenetsky et al. 2006). At least 9
isoforms of mAC have been found and they are regulated by diverse intracellular cellular
signaling proteins such as heterotrimeric G proteins, CaM, and kinases. The specific pattern
of regulation for each mAC is dependent upon the particular isoform of the enzyme. All mAC
isoforms have two transmembrane domains (M1 and M2), each followed by a conserved
intracellular domain (C1a and C2a, respectively) (Figure 3). C1a and C2a are homologous to
each other and they form a head-to-tail heterodimer. The catalytic site is formed between two
conserved cytoplasmic domains and both domains contribute the residues critical for catalysis.

While the structure of inactive state mAC is not yet available, the conformational changes
revealed by the structural studies of pH-sensing AC from Mycobacteria tuberculosis (MtAC)
and bicarbonate-sensitive soluble AC from cyanobacteria (sAC) provide the possible activation
mechanisms of class III ACs (Figure 3). M. tuberculosis, the etiological agent for tuberculosis
in humans, has 15 putative class III AC. Of those, Rv1264 is activated by lower pH and the
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structures of Rv1264 at acidic and alkaline pH have been solved (Tews et al. 2005). The
comparison of these structures reveals that the juxtaposition of two catalytic domains by rigid
body movement is the key activation mechanism (Figure 3). Such juxtaposition of C1a and
C2a of mAC is also inferred to be the mechanism of how mACs are activated by GTP-bound
Gsα and forskolin, two potent activators of most mACs (Tesmer et al. 1997). The subtle
conformational switch at the catalytic site is also postulated to play a key role in the activation
of class III AC. Based on the structure of sAC from cyanobacteria, the treatment of bicarbonate,
which is known to activate sAC, induces the conformational change at the triphosphate-binding
region of the enzyme (Steegborn et al. 2005). This is postulated that such change could facilitate
the separation of the reaction products, cAMP and pyrophosphate, from the penta-covalent
transition intermediate to accelerate the catalytic rate of sAC.

Both EF and CyaA have at least 1,000 fold higher AC activity than those of class III AC (Shen
et al. 2002; Tang and Hurley 1998; Kamenetsky et al. 2006; Linder 2006). Since these two
classes of AC have completely different structural folds and sequences that make up the
catalytic site, it was originally postulated that they use different catalytic mechanisms for their
cyclization reaction (Drum et al. 2002). However, the follow-up structural and simulation
studies reveal that both classes of AC share the same reaction mechanism, two-metal-ion
catalysis (Shen et al. 2005; Tesmer et al. 1999). While it is difficult to pinpoint the molecular
basis for the turn-over differences among these two classes of AC, the fundamental variation
in domain movement for catalytic activation and the composition at the catalytic site likely
provides the major contribution (Benkovic and Hammes-Schiffer 2003; Knowles 1991). It is
known that the motion required for the activation of EF and CyaA is significantly smaller than
that of mAC (Drum et al. 2002; Guo et al. 2005; Tesmer et al. 1997; Tews et al. 2005). In the
case of EF and CyaA, the stabilization of the catalytic loop by switch C is the activation
mechanism. To do so, no major domain movement between CA and AB is required. However,
the juxtaposition or proper alignment of two cytoplasmic domains is the key step to activate
class III AC, and a large conformational change by the rigid body movement of two catalytic
domains is necessary. Thus, the ease in stabilizing the active state of the enzyme is likely to
contribute to the overall rate of class II AC. Furthermore, there are fundamental differences at
the catalytic site, which would dictate their ability to lower the transition state energy. For
example, class III ACs have a basic residue (histidine or lysine) to deprotonate the water
molecule to the hydroxyl ion, which, in turn, deprotonates 3’OH of ATP to the oxyanion for
its nucleophilic attack to the α-phosphate of ATP (Shen et al. 2005).

Recently, the structure of class IV AC from Yersinia pestis, the etiologic agent for bubonic
plague, was solved (Gallagher et al. 2006) (Figure 3). This family of ACs was first found based
on its ability to complement the defects caused by the deletion of the AC gene in E. coli. Again,
the class IV family has a structure distinct from class II and III ACs. It shares structural
similarity to phosphonucleotide processing enzymes such thiamine triphosphatase, but
currently the mechanism for the regulation and catalysis of this family is poorly characterized.

Distinct differences between AC toxin and class III AC catalytic site enabled us to search for
small molecular inhibitor leads that can specifically inhibit the activation of AC toxins without
affecting class III ACs. These inhibitors can be targeted to compete with the binding of EF to
substrate or CaM (Lee et al. 2004; Shen et al. 2004; Soelaiman et al. 2003). Such inhibitors
could be further developed as an anti-anthrax treatment to be administered in combination with
traditional antibiotics. Among those, the most potent EF inhibitor is an approved drug,
Adefovir, which can selectively inhibit the activity of EF both in the test tube (27 nM Ki) and
in cultured cells (IC50 around 100 nM) with no inhibition of the activity of endogenous host
AC (Shen et al. 2004). Adefovir is an acyclic nucleoside and it is approved to treat chronic
hepatitis B virus infection. This drug is proven to be a powerful experimental tool to
demonstrate the role of EdTx on the antigen presentation of T cells and enhanced migration of
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macrophages (Kim et al. 2008; Paccani et al. 2005). It is worth noting that other approved
acyclic nucleoside such as Tenofovir, an approved drug against human immunodeficiency
virus, also show high affinity to EF and can potently inhibit the AC activity of EdTx (Shen et
al. 2004); owing to its more favorable bioavailability, it may serve as a better inhibitor of EdTx
than Adefovir.

Evolution of the diverse CaM binding surfaces of EF and CyaA
A strong driving force must exist to select the two completely different, high affinity CaM-
binding surfaces of EF and CyaA. It can be speculated that one such driving force is the affinity
of the AC toxins for CaM. The affinity of CyaA for CaM is approximately 0.2 nM, two orders
of magnitude higher that that of EF. The need to have such a different affinity may be due to
the route of cell entry of these two toxins. The AC domain of CyaA translocates across the host
cell surface and stays on the cytosolic side of the plasma membrane (Ladant and Ullmann
1999). EF enters the cytosol of host cells through endocytosis and low pH-driven membrane
translocation (Abrami, Reig, and van der Goot 2005). Such high affinity would offer the
competitive edge for the AC domain of CyaA to reach the plasma membrane associated CaM
of host cells (Bahler and Rhoads 2002; Schumacher et al. 2001).

Conclusion remarks
Since the discovery of EF by Harry Smith nearly 50 years ago, significant progress were made
in our understanding of the molecular basis of regulation and catalysis of the AC activity of
this toxin. The comparison of EF with the other class II AC, CyaA from B. pertussis, and class
III ACs reveal how diverse signaling inputs can lead to the activation of AC through various
mechanisms, including the catalytic loop stabilization in class II ACs and the rigid body
movement of the two catalytic core domains and the conformational switch at the catalytic site
in class III ACs. Despite the difference in their activation mechanism, these two classes of AC
use the same two-metal-ion mechanism, which is also shared by many DNA and RNA
polymerases.

However, several questions regarding the structures and functions of EF remains to be
answered. Little is known of the structural basis of the interaction of EF with PA and the
translocation of EF into the host cell cytoplasm. Once entering into host cells, EF becomes
membrane-associated (Dal Molin et al. 2006; Guidi-Rontani et al. 2000). It is unclear whether
this is due to the association of EF with CaM or to its binding with other cellular factors. In
addition, growing evidence indicates that EdTx plays a key role in anthrax pathogenesis by
modulating the diverse functions of host cells vital for innate immunity and host defense (see
accompaining review by Tournier et al in this volume). EdTx also is shown to functionally
interact with other anthrax secreted factors (Kim et al. 2008; Paccani et al. 2005). Recent
genomic and proteomic studies reveal that anthrax bacteria secrete approximately 400 factors
(Chitlaru et al. 2007; Gat et al. 2006), and future studies will be necessary to address how EdTx
works together with other secreted factors to contribute to the complex processes of anthrax
pathogenesis.
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EF, anthrax edema factor
LF, anthrax lethal factor
PA, anthrax protective antigen
EdTx, edema toxin
LeTx, lethal toxin
CaM, calmodulin
CA and CB, the conserved domain A and B of the catalytic core domain of class II AC
PABD, PA binding domain
HD, EF helical domain
C1a and C2a, the conserved cytoplasmic domains of mAC
MLCK, myosin light chain kinase
MARCKS, major alanine-rich C-kinase substrate
SK2, small conductance potassium channel
GAD, glutamic acid decarboxylase
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Figure 1. Model for the catalytic activation of EF by CaM
Catalytic core domains, CA and CB, helical domain (HD) and PA binding domain (PABD) of
EF are colored in light green, dark green, yellow, and purple, respectively. The N- and C-
terminal domains of CaM are colored black and grey, respectively. The key switch region and
the activation catalytic loop are colored in red and magenta, respectively. EF alone structure
is a model based on the AC domain of EF (pdb code 1k8t) with the insertion of the PABD
domain from the CaM-bound EF structure (pdb code 1xfv) (Drum et al. 2002; Shen et al.
2005). The transition state for the initial contact of N-CaM to the helical domain of EF is
modeled based on the NMR study (Ulmer et al. 2003). For better visualization of the domain
organization, the cartoons depicting these three states are shown in the lower left panel.
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Figure 2. Three modes of CaM binding to its effectors
The PDB accession codes for CaM bound anthrax EF (EF), C-CaM bound pertussis CyaA
(CyaA), CaM bound rat small conductance potassium channel (SK2), CaM-bound C-terminal
end of glutamic acid decarboxylase (GAD), and CaM-bound fragments of myosin light chain
kinase (MLCK), myristoylated alanine-rich C-kinase substrate (MARCKS), and CAP-23/
NAP-22 are 1xfv, 1yrt, 1g4y, 1nwd, 1cdl, 1iwq, and 1l7z, respectively. The N- and C-terminal
CaM are colored black and grey, respectively and the color scheme of EF is same as figures
1. The domains in CyaA is colored according to those of EF. Specifically, CA and CB domain
of CyaA is colored as light and dark green, respectively. The key switch region and the
activation catalytic loop are colored in red and magenta, respectively. The N-terminal CaM is
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modeled in based on the biochemical analysis and computational simulation as described (Guo
et al. 2008). The CaM binding segments that are involved in the dimerization of SK2 and GAD
are colored in green and cyan, respectively.
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Figure 3. Structural comparisons of three classes (II–IV) of AC
The PDB accession codes for anthrax EF and pertussis CyaA of class II AC, membrane bound
mammalian AC (mAC), bicarbonate activated soluble AC from cyanobacteria (sAC), and low
pH activated inactive and active forms of AC from Mycobacteria tuberculosis (MtAC) of class
III AC, and Yersinia pestis AC of class IV AC are 1xfv, 1zot, 1cjk, 1wc5, 1y10, 1y11, and 2fjt,
respectively. The color scheme of class II AC is same as figure 2. The heterodimeric catalytic
domains of mAC and homodimeric catalytic domains of sAC and MtAC are depicted as ribbons
colored in cyan and green. For the clarity, the regulatory domains of MtAC are shown as the
surface representation and colored according to their catalytic domains. YpAC is a dimer and
only monomer is depicted since the catalytic center is at the center of the protein. The ATP
analogues in EF, CyaA, mAC, and sAC as well as the phosphate in YpAC denote the catalytic
site of these enzymatic and are colored according to their atoms.
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