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Abstract

The contents of this thesis have been modified from the publication “Araujo J, Ottinger S,
Venkat S, Gan Q and Fan C (2022) Studying Acetylation of Aconitase Isozymes by Genetic
Code Expansion. Front. Chem. 10:862483”. Though studies have found multiple lysine sites in
which acetylation takes place in Escherichia Coli aconitase, acetylation’s effects on the
enzyme’s activity have yet to be studied. Aconitase is the dehydratase-hydratase found in the
citric acid and glyoxylate cycles responsible for the reversible isomerization of citrate to
isocitrate via cis-aconitate intermediate. There are two isoforms of aconitase in E. coli: AcnA
and AcnB. In this study, the genetic code expansion technique was utilized to generate 14
different site-specifically acetylated aconitases, with both isozymes being represented. Following
enzyme assays and kinetic analysis of the variants, it was found that the acetylation of two
altered aconitases impacted the level of enzyme kinetics from that of their wild-type
counterparts, with AcnA K684 decreasing enzyme activity and AcnB K567 increasing enzyme

activity.

Introduction
Aconitase Background
Aconitase is an enzyme involved in the citric acid and glyoxylate cycles with its function
being composed of two reactions: the conversion of citrate to an intermediate, cis-aconitate, and
the subsequent conversion of cis-aconitate to isocitrate. The former is a dehydration reaction,
while the latter rehydrates the intermediate (Akram, 2013). The mechanism in which these
reactions are carried out is then important to note; between the dehydration and rehydration, cis-

aconitate is required to flip 180° about the Ca-C3 double bond (Lloyd et al., 1999). There are



two genetically variant isoforms of aconitase in Escherichia coli: AcnA and AcnB. It has been
concluded that while AcnA is an iron and redox stress-induced aerobic stationary-phase enzyme,
AcnB acts as the major citric acid cycle enzyme (Cunningham et al., 1997).

When comparing the AcnA and AcnB isozymes of E. coli to aconitase enzymes within
the eukaryotic cell, mitochondrial aconitase and human iron-responsive-element-binding protein
(cytosolic aconitase), it can be noted that the variation between their cellular functions is mainly
derived from their respective amino acid sequences; the former having 29% identity and the
latter having 53% identity with E. coli AcnA (Gruer and Guest, 1994). Upon analyzing the
foundation of their structures, however, the three cysteine residues in ligand binding to the iron-
sulfur center, are conserved in each variant (Prodromou et al., 1992) (Fig. 1a).

The activity of the enzyme itself is dependent on which of the three states that the central
iron-sulfur cluster takes on: active [4Fe-4S], inactive [3Fe-4S], and the apo-enzyme form
(Araujo J et al., 2022). It is this conserved center that causes aconitase to be a commonly utilized
biomarker for oxidative stress within the cell, for exposure to reactive oxygen species (ROS)
such as hydrogen peroxide, superoxide radicals, or hydroxyl radicals, can lead to the release of
Fe-a from the active [4Fe—4S]?* state, thus generating the inactive [3Fe—4S]'* composition
(Yarian et al., 2006) (Fig. 1b). This effect is evident to such an extent, that E. co/i mutants
lacking superoxide dismutase activity (and therefore the capability to disassemble the ROS
superoxide) underwent O»>-dependent aconitase inactivation at a rate estimated to be of the order

of 10° M!s'! (Gardner and Fridovich, 1991).












Figure 3. The top set of data is obtained SDS-PAGE analysis, and the bottom set is the
chemiluminescence produced by western blotting. Wells 1 and 6 are wild-type AcnA and
AcnB respectively. Lane 2, AcnA-164AcK; lane 3, AcnA- 342AcK; lane 4, AcnA-482AcK;
lane 5; AcnA-684AcK; lane 7, AcnB- 77AcK; lane 8, AcnB-373AcK; lane 9, AcnB-396AcK;
lane 10, AcnB-407AcK; lane 11, AcnB- 539AcK; lane 12, AcnB-559AcK; lane 13, AcnB-
567AcK; lane 14, AcnB-728AcK; lane 15, AcnB- 758 AcK; lane 16, AcnB-835AcK. For each
lane, 2 mg of purified proteins were loaded. Anti-AcK indicates acetyllysine antibody.

Following these verifications, the kinetic activities of each aconitase variant could then
be measured, with the data being graphically represented in Figure 4. Upon observation, it was
first noted that many lysine sites, when acetylated, did not have a very significant impact on
aconitase activities. Furthermore, it was compelling that those that did affect activity did so in
opposite ways: lysine acetylation of site 684 decreased AcnA activity while lysine acetylation of
site 567 increased AcnB activity (Fig. 4a). Considering these findings, specific enzyme kinetic
data was also calculated and documented for the activity levels of these two impactful sites in
Table 1. Variables noted were the Michaelis Constant, Ky, the catalytic constant, Kcai, and the
Kcat divided by the Km. These values represent an inverse measure of enzyme affinity for the

substrate, the enzyme turnover number at high substrate concentrations, and enzyme catalytic
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efficiency respectively; this information, in combination with data shown in Figure 4, verified

our conclusions about AcnA and AcnB activity levels (Cornish-Bowden, 2015).

60
AcnA 15 AcnB

111,

164AcK 342AcK 482AcK 684AcK

45

30

Enzyme activity (U/min/mg)

Figure 4. Graphical representation of enzymatic activities of wild-type AcnA and AcnB as
compared to their site-specifically acetylated variants. A 50 mM citrate concentration was

utilized to obtain this data.

Ky (mM) Keat (s) Keat /Ky (s'mM)
WT AcnA 1.64 £ 0.21 20.6 = 1.62 12.6
AcnA-684AcK 3.45£0.23 7.33+£0.89 2.1
WT AcnB 9.34 £ 0.72 63.5+4.52 6.8
AcnB-567AcK 9.76 £ 0.67 125 £9.32 12.8

Table 1. Kinetic parameters of AcnA and AcnB and the two variants that experienced a

change in activity levels. Mean and standard deviations were calculated from three replicates.

Though the enzyme-kinetic data did confirm the decrease (AcnA) and increase (AcnB) of

catalytic efficiencies as a result of acetyllysine incorporation, it was not evident from this
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information alone why the enzyme affinity was more than doubled in the AcnA variant but
remained relatively similar in the variant of AcnB. Noting the fact that the only variable
component between the activity-altering sites, 684AcK AcnA and 567AcK AcnB, and the other
acetylated aconitases was the location of the lysine residue, it was clear that the alteration of
behavior was likely to have stemmed from where the site was located relative to the protein’s
folded conformation.

Taking this fact into account, the two impactful residues were mapped onto their
respective crystal structures (Fig. 5). Because the structure of E. coli AcnA was unknown,
Human cytosolic aconitase (cAcn) was utilized as its homology modeling template, noting their
53% sequence identity, and the crystal structure of AcnB was already known. Observing the
locations of the acetylation sites, it was evident that both K684-AcnA and K587-AcnB were
found near the active sites of their aconitases, allowing for an understanding of their impacts on
catalytic efficiency.

When analyzing their ability to enhance substrate-binding affinity, however, it was noted
that despite their proximity to the active sites, K684 of AcnA had a relatively external location
compared to K567 of AcnB’s presence further within the enzyme. This distance from the outside
of the active site then provided a reasonable understanding as to why acetylation of the latter
might not be as effective in modifying substrate affinity, for, as was noted when comparing
acetyllysine and glutamine (with a ~4A difference in length between them), even the most

minute distances can have substantial effects on affinity.
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Figure 5. A) The homology model of AcnA’s crystal structure based off of human cAcn with

K684 labeled. B) The crystal structure of AcnB with K567 labeled.

To dive deeper into this understanding, the structure-function relationships of human
acetylation sites proven to affect aconitase activity were then analyzed. Two papers had been
published on this topic in mAcn, finding that acetylation of K144 and K258 both alter enzyme
activities (Fernandes et al., 2015; Sawant et al., 2021). To map these for comparison, bovine
mAcn structure was used in place of human mAcn because there were no reported human mAcn
structures; it has 96% sequence identity. Emphasis on overall crystal structure alternative to
sequence was also supported by the low identity when human mitochondrial aconitase (mAcn)
was compared to both AcnA (28%) and AcnB (24%) (Williams et al., 2002). Analyzing the
location of K144, it was found that it was localized to the back of the active site. Interactions
between it and Q541 created a hinge affect, thus facilitating enzyme activity through the
enhancement of the substrate’s accessibility to the active site. K258’s placement, on the other
hand, was very similar to that of both K684 AcnA and K587 AcnB at the active-site entrance,
thus prompting further analysis. Similar to that of K587 AcnB, it was also found that acetylation

of K258 enhanced aconitase activities.
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Following this analysis, it was then speculated that the variance in acetylation on the
activities of AcnA and AcnB are simply mechanisms for cells to use in order to alter activity as
needed in different stages of growth. For example, the end of the growth phase of the cell’s life
cycle is associated with the pinnacle of ATP production by cellular metabolism (Mempin et al.,
2013). Coinciding with this increase in levels of metabolism, oxidative stress increases, building
up ROS levels within the cell (Davalli et al., 2016). Noting that it would not be in the cell’s best
interest evolutionarily to continue to facilitate this oxidative stress through metabolism, the
aconitase variant that acts as the main citric acid cycle enzyme, AcnB, would want to decrease
activity. This then acts essentially as a “circuit breaker,” to stop the production of ROS that could
damage the cell (Gruer and Guest, 1994). That is why, in adaptation to the phase of life that the
cell is currently in (later stage), AcnA will be more prominent than AcnB.

Alternatively, in the earlier, exponential growth stage of a cell’s lifespan, metabolism,
and therefore AcnB activity, would need to be higher, thus allowing for the energy production
necessary for the cells to be able to flourish and multiply. This can further be supported through
the comparison of AcnA and AcnB’s reaction to oxygenation. Noting the idea that AcnA’s
oxygen sensitivity is a component that supports the slowing of metabolism in later growth stages,
it is reasonable to wonder why this same effect does not occur to such an extent when AcnB is
prominent in the cell and metabolism is more active. It is actually not the sensitivity of aconitase
that changes, but rather, the capacity for it to recover. In AcnB, oxygen-mediated inactivation is
met with a rapid, iron-mediated repair, while on the other hand, AcnA has a much slower
recovery. This occurs to such an extent, that the iron-sulfur cluster is likely required to be
completely disassembled (Walden, 2002). Coincidentally, up-regulated acetylation at the

beginning of a cell’s growth would both decrease AcnA K684 activity and increase AcnB K567
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activity. This simultaneous, oppositional regulation would not be possible without variation

between acetylation’s impact on AcnA and AcnB.

Implications
The activity and regulation of aconitase enzymes can be important to note in a multitude
of situations. We can begin through the analysis of its biochemical impacts on the citric acid

cycle (Fig. 6).

acetyl CoA fatty
acids

Y.

CsS —,
NADH oxalacetate citrate
ACON
NAD* MD
malate isocitrate
f \ NAD*
FUM ICD (
‘ 1 NADH
fumarsle a-ketoglutarate
/ amino
NAD* acids
QH, D KGD
N 4
succinate succinyl CoA NADH
Q - -
SCs

Figure 6. Graphical representation of the Citric Acid Cycle (CAC), depicting the alternative
pathways upon the inactivation of aconitase: citrate accumulation can then drive the
production of fatty acids and lack of a-ketoglutarate can be remedied through the derivation of

more from amino acids (Yarian et al., 2006).

Any component of this cycle has two general fates: to continue through the cycle, or to
leave. Upon the decrease in the activity of any given enzyme, the levels of its substrate would
increase within the cell and the levels of the components following it would diminish. Applying

this to the inactivity of aconitase, a buildup of citrate would ensue, thus increasing the likelihood
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that citrate turns to its other fate within the cell, facilitating de novo lipogenesis (O’Neill, 2015)
(Fig. 6). Taking this analysis one step further, it is certain that the citric acid cycle would need to
keep running despite aconitase inactivity, leading to the utilization of amino acids within the cell
to be transformed into a-ketoglutarate.

This information can then be applied to aging and disease in the human body. Beginning
with the idea that cellular steady-state level of oxidatively damaged macro-molecules escalates
as an organism ages, in addition to the known fact that aconitase is extremely oxygen-sensitive,
it can be assumed that this increase in oxidative damage will target aconitase as the human body
ages. This has also been backed by the measured accumulation of citrate in the aging housefly,
thus indicating a lack of aconitase activity. This interaction between aconitase and oxygen then
can further compound upon itself, noting that aconitase inactivation can lead to the blocking of
normal electron flow to oxygen, leading to an accumulation of reductive species like NADH,
which then would increase the level of ROS in the cell, thus finally leading to more oxidative
damage (Yan et al., 1997). The houseflies observed in the study experienced a shorter lifespan
when aconitase activities were determined to be low. Could an understanding of how to increase
and decrease aconitase activities through lysine acetylation manipulate the effects of aging in
humans?

Following this, studies have found evidence that aconitase activity can be impacted by
nutritional regulation in addition to that of oxygen and iron levels. This was shown in conditions
in which mice were fed high-fat and low-fat diets; upon testing their acetylation levels those with
a high-fat diet were found to have significantly increased acetylation levels in their cells when
compared to those fed a low-fat diet (Yarian et al., 2006). This is intriguing, noting our findings

in which acetylation is more likely to be upregulated while cells are in the exponential growth
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stage. Could this mean that a higher-fat diet would directly correlate to a higher level of
acetylation and, therefore, fewer effects of aging? Could continuous or increased acetylation be
applied in the cell to see how that would impact the duration of its life?

Noting the importance of aconitase regulation and activity in both the human body and E.
coli, it is then important to address where we can go in the future to continue its study. Moving
forward, further insight could be obtained about the acetylation of AcnB 567 through its close
relation to the lysine acetylation site 258 in mAcn. It has been found that the mAcn site 258 can
be reversibly regulated by sirtuin-3 (SIRT3), an NAD-dependent deacetylase. If the mechanism
of SIRT3 could be studied and understood, this could lead to further insight into what aspects of
acetylation and deacetylation lead to the activity changes evident in AcnB 567 (Sawant et al.,
2021). Rather than simply knowing that activity changes occur, it could be determined why they

occur as well.
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