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Abstract

F,F, ATP synthase is a biological motor that couples ion translocation across a membrane to synthesis of ATP,
the universal biological energy carrier. Proton movement through the F motor induces conformational changes in
the F, motor, catalyzing ATP production. While analyzing structures of E. coli ATP synthase, we identified a hydro-
gen-bonding network within the a-b interface formed by aAsp124, aTyr11, aHis15, and bGIn10. To understand the
functional importance of aAsp124, we constructed three substitution mutations and studied their impact on in vivo
oxidative phosphorylation and in vitro ATP synthesis and hydrolysis activities. The substitutions with non-polar
and polar residues showed moderate to no loss of activities; however, introducing a longer side chain caused a

significant defect, suggesting that the charge of aAsp124 may be unimportant for the ATP synthase functions.
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Introduction

Adenosine triphosphate (ATP) is the energy currency of all
forms of life, produced by an enzyme called F F  ATP synthase by
using a metabolically-driven electrochemical (H" or Na*) gradient
in the final step of oxidative phosphorylation.' It is found in the
bacterial plasma membrane, mitochondrial inner membrane, and
chloroplast thylakoid membrane. ATP synthase is central to energy
production and pH regulation in the cell, making it an attractive
drug target, particularly against multidrug-resistant bacteria.”? It is
a multi-subunit protein complex comprised of two rotary motors: a
membrane-extrinsic F, motor, and a membrane-embedded F, mo-
tor. Escherichia coli F F, ATP synthase has the simplest subunit
composition, consisting of eight protein subunits, and is used as
a model system.** The F domain consists of the ye central stalk
surrounded by the a.f, hexamer with three active sites for ATP
synthesis or hydrolysis, and cap & positioned on top of the hexam-
er. The F| domain contains the rotor ring of 10 ¢ subunits, asym-
metrically wrapped by subunit @ and the peripheral stalk formed
by a homodimer of subunits . Ion translocation through the a-c
interface drives c-ring rotation that is coupled to the rotation of the
v stalk, which in turn induces conformational changes in the a,p,
hexamer, triggering ATP synthesis by the binding change mecha-
nism.*’ Conversely, depending on the physiological demand of the
living cell, ATP synthase can hydrolyze ATP to pump protons in
the reverse direction.’

The b, dimer in E. coli is crucial for binding F, to F and link-
ing ion translocation through F with catalytic activity in F ."* It
forms an elongated coiled-coil structure, in which the N-terminal
region resides within the cell membrane (F) and the C-terminal
region interacts with the 8 subunit of the F, domain. Just above the
membrane, the dimer splits into two helices that straddle subunit a,
which is composed of five transmembrane (TM) helices. This ar-
rangement enables b, to bind to two regions of subunit a.* Howev-
er, the key interaction sites between a and b subunits are not clear.
The functional impact of deletion of the N-terminal region of TM
helix 1 of subunit a suggested its interaction with b subunits.’ Ad-

ditionally, recent cryo-electron microscopy structures of E. coli
ATP synthase show that the TM 2-3 periplasmic loop of subunit a
forms an interface with one of the b subunits, here referred as b,. +
1011 A similar periplasmic loop is also present next to the » subunit
of Bacillus PS3 ATP synthase, and it was proposed that the loop
may interact with the N-terminus of » on the periplasmic side."
Densities of lipid-chains have also been identified as a part of the
a-b,interface in E. coli."' Moreover, analyses of the cryo-electron
microscopy models of E.coli ATP synthase in different rotational
states showed a hydrogen-bonding network formed at the a-b, in-
terface as presented in Figure 1, comprised of Tyrosine 11 (aTyr11,
a residue from N-terminus of subunit a), Aspartate 124 (aAsp124,
a residue located in the TM 2-3 periplasmic loop), Histidine 15
(aHis15, a residue considered important for the assembly of F
domain)®, and Glutamine 10 of subunit b, (bGIn10). Out of the
seventeen structures analyzed, fifteen showed that the side chain of
aAspl24, formed a hydrogen bond with the side chain of 5GIn10.
Additionally, all structures showed that aAsp124 hydrogen bond-
ed with aTyr11 and fourteen of them showed hydrogen bonding
with aHis15. A hydrogen-bonding network is also present at one

Figure 1. E. coli ATP synthase (PDB 60QW)". A) Ribbon representation of F,F,
ATP synthase indicating the a-b,interface in the F; domain. B) Expanded view of
the hydrogen-bonding network formed by Tyr11, His15 and Asp124 of subunit a
with GIn10 of subunit b, Subunit a is shown in green and subunit b, in yellow. Hy-
drogen bonds are shown in blue dashes. This figure is generated using Mol* 22



of the af interfaces in the F, domain, and its elimination resulted
in the severe dysfunction." Since aAsp124 is involved in forming
multiple hydrogen bonds with its neighboring residues, we stud-
ied the functional importance of the chemical properties of this
residue. We performed three substitution mutations at aAsp124 to
examine the impacts of polarity, charge, and size changes on ATP
synthase function.

Experimental Methods

Reagents and strains

De novo synthesized gene fragments of all mutants were pur-
chased from Twist Bioscience (South San Francisco, CA) and the
primers for polymerase chain reaction were obtained from Inte-
grated DNA technologies (Coralville, IA). The restriction enzymes
BsrGI and PfIMI were obtained from New England Biolabs (Ips-
wich, MA). The plasmid construct pRFV2 and unc (atp) operon
deleted E. coli strain DK8 were kindly provided by Prof. Ryan
Steed, University of North Carolina at Asheville. The plasmid
pRFV2 consists of genes encoding all eight subunits of E. coli
F F,ATP synthase with cysteines in F, substituted with alanine and
the single cysteine in subunit b of F substituted with serine. The
source of wildtype (WT) ATP synthase is plasmid pRFV2.

Construction of Mutations

Commercially bought mutant gene fragments were ampli-
fied by polymerase chain reaction using the forward primer (5’
CATAGGACACCACCTGAATAACCTTCAG 3’) and the reverse
primer (5° CCGATCGCAGCACCGATTGCCGCCAGACCC 3°).
The amplified mutant fragments were then digested using the re-
striction enzymes and ligated into the cut plasmid pRFV2 at the
BsrGI and PfIMI restriction sites. The presence of mutations was
confirmed by Sanger sequencing using the primer 5> CACACG-
CAGTGCAGGCAGACCCAGTACATG 3’. Then the plasmids
with the desired mutations were transformed into DK8 (dunc)
strain.'s

Growth Assay in minimal media

Growth of WT and mutant DK8 transformant strains in lim-
iting glucose and succinate M63-TIV minimal medium (61.8 mM
KH,PO,, 38.2 mM K,HPO,, 15 mM (NH,),SO,, 1 mM MgSO04, 1
pg/mL thiamine, 0.2 mM isoleucine, 0.2 mM valine) were mea-
sured following the modified assay.'® Each strain was streaked on
an Luria Broth (LB) agar plate with 100 ug/mL ampicillin and a
single colony was inoculated using 3 ml M63-TIV minimal me-
dium with 0.1% (w/v) glucose and 5% (v/v) LB, which was then
grown at 37°C overnight. The cell density of the overnight cul-
ture was measured by obtaining the absorbance at 550 nm, which
was then used to inoculate 1 mL M63-TIV minimal medium with
0.04% (w/v) glucose or 0.6% (w/v) succinate such that the cell
density was about 0.08. The growth media contained 100 pg/mL
ampicillin except when culturing the negative control, the untrans-
formed DKS8 (dunc). 300 uL of the culture was loaded in a clear
96-well microplate and placed in BioTek Synergy HTX multimode
reader. Growth was monitored over 12 hours at 37 °C with shak-
ing by measuring the cell density at 550 nm every 30 minutes.
Maximum cell density during the growth period of 12 hours was
determined, subtracted by the blank and normalized to wildtype.
The experiment was replicated three-six times.
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Inverted membrane vesicle preparation

Both WT and mutant DK8 transformants were grown in 1 L
LB media at 37°C overnight, shaking at 170 rpm. When the cell
density of the culture reached 0.8, cells were harvested by centrifu-
gation at 4500 rpm for 20 minutes at 4°C. The pellets were then re-
suspended in TMG buffer (50 mM Tris-acetate, 5 mM MgCl,, 10%
v/v glycerol, pH 7.5) supplemented with 1 mM dithiothreitol and
1 mM phenylmethanesulfonyl fluoride and passed through an Av-
estin Emulsiflex B15 homogenizer operating at > 15000 psi three
times. The lysate was collected and centrifuged at 9,000 x g for
10 minutes at 4°C to remove cellular debris and intact cells. The
cleared fraction was then further centrifuged at 209,438 x g at 4°C
for 30 minutes. Membrane pellets were washed once and resus-
pended in TMG buffer using a Dounce homogenizer. The vesicles
were stored at -80°C and later were analyzed using the modified
Lowry method with bovine serum albumin as a standard."’

ATP synthesis assay

A modified luciferin/luciferase assay was used to measure
ATP synthesis.*® A reaction mixture (5 mM Tricine, pH 8.0, 50
mM KCI, 2.5 mM MgCl,, 3.75 mM potassium phosphate, 0.1 mM
adenosine diphosphate, 2.5 mM reduced B-nicotinamide adenine
dinucleotide (NADH), 125 uM luciferin, and 100 ng luciferase)
of 280 uL was added in a 96-well white microplate. Then 20 uL
of 0.5 mg/mL inverted membrane vessels were added to start the
reaction. Using a BioTek Synergy HTX microplate reader, lumi-
nescence was measured every 3s for 5 min at 30°C. The relative
luminescence was calculated using the slope of 10 initial consecu-
tive points during the assay. Each assay was performed four times.

ATP hydrolysis assay

ATP hydrolysis was determined using a calorimetric method
in which the inorganic phosphate released during the reaction was
measured as described previously.'” In a 3 mL test-tube containing
1.8 mL ATPase cocktail (10 mM NaATP, 4 mM MgCl,, and 50
mM Tris-SO, pH 8.5), 60 pg of inverted membrane vesicle was
added and incubated at 37°C to allow hydrolysis reaction to oc-
cur. At each interval (5, 10, 15, 20, and 25 min) 300 uL aliquots
from the reaction mixture were removed, which was then added
to 300 pL of 10% SDS to stop the reaction and placed on ice. For
a zero-time point, 300 uL of 10% SDS was added to the 300 uL
ATPase cocktail and 10 g of the vesicle was added to prevent the
reaction process. After that, 300 pL of Taussky and Shorr reagent®
was added to each mixture, which reacts with the inorganic phos-
phate produced from the reaction, giving a blue coloration. The
absorbance was then measured at 700 nm using a BioTek Synergy
HTX microplate reader. The relative absorbance was calculated
using the slope of six consecutive points. The experiment was per-
formed in triplicates.

All data, including statistical analysis using t-test, were per-
formed in Microsoft Excel.

Results

Mutations of Asp124

Three substitution mutants of aAsp124 were created to test
our hypothesis that hydrogen bonds formed by aAsp124 with its
neighboring residues including 5GIn10 at the a-b, interface have
functional importance. We constructed non-polar residue Alanine



Journal of Undergraduate Chemistry Research, 2025, 24 (3), 80

(Ala) and polar residue Cysteine (Cys) mutations to assess wheth-
er altering the polarity and neutralizing the charge would affect
hydrogen bonding. Mutation to Glutamate (Glu) evaluated if the
other negative charge could maintain the hydrogen bonding or the
size would impact the role of Asp.

Growth on limited glucose and succinate medium

To determine whether these mutations affected oxidative
phosphorylation in vivo, all mutants were grown on M63-TIV
minimal medium supplemented with limited glucose or succinate,
as the only carbon source. Oxidative phosphorylation is import-
ant for the growth of E. coli. The results are shown in Figure 2.
All mutants grew well on 0.04% (w/v) glucose minimal medium
except Asp124Glu (p < 1.0 X 10), whose growth was lower than
the negative control, Aunc. Similarly, on the succinate minimal
medium, both Asp124Cys and Aspl124Ala showed no significant
growth defect, but Asp124Glu had the most growth defect (p <
1.0 X 107) compared to the WT. We expected no growth for Aunc
strain in succinate minimal media. However, the 20% growth seen
in Aunc may have to do with the residual LB and glucose of the
overnight culture used to inoculate the media.

NADH-driven ATP synthesis activity
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The efficiency of the inverted membrane vesicles of mutant
strains was investigated by NADH-driven ATP synthesis activity.
The results are shown in Figure 3. The introduction of a polar neu-
tral residue Cys and a non-polar neutral residue Ala showed no sig-
nificant effect on synthesis activity. Surprisingly, Asp124Glu with
similar charge but an extra methylene group caused a significant
activity defect (p < 0.003).

ATP hydrolysis activity

The effect of mutations on ATP hydrolysis was examined by
the production of inorganic phosphate as described above. The
results are shown in Figure 4. Both Asp124Cys and Asp124Ala
had similar hydrolysis activity like WT while Asp124Glu had the
lowest activity overall. However, the effect of Asp124Glu on the
hydrolysis activity was statistically insignificant.

Discussions

In this study, we demonstrated that the charge of aAsp124 res-
idue is not the critical attribute for the function of ATP synthase.
The side chain carboxylate group of aAsp124 can form a hydrogen
bond with the hydroxyl group of aTyr11, the imidazole of aHis15
and side chain amide of AGIn10. Neutralizing the charge via the
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Figure 2. Growth of mutants on minimal medium. The growth of WT, negative control (Aunc) and Asp124 mutants on M63-TIV minimal medium containing (A) 0.04%
glucose or (B) 0.6% succinate was monitored by measuring cell density at 550 nm. The maximum cell density during the 12 hours growth period was normalized to
WT. Results presented are averages of n=3 + standard error with p-values relative to WT.
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Figure 3. ATP synthesis by Asp124 mutants: (A) A real-time measurement of ATP synthesis driven by NADH and proton gradient. The inverted membrane vesicles were
energized by NADH at t=0 and luminescence was monitored for 5 mins (300 secs) at 37°C. Only the luminescence of the first 100 secs is shown here. (B) Activities of
mutants are plotted relative to WT. Bar represents the maximum slope defined by the first 10 consecutive points. Activities are plotted as mean + standard error with
p-values. Results are the averages of n=3 experiments.



aAsp124Cys mutant did not affect the synthesis or hydrolysis ac-
tivities of ATP synthase. On the other hand, eliminating all poten-
tial hydrogen bonds formed by the side chain of aAsp124 in the
aAspl24Ala mutant did not significantly affect the enzyme activ-
ities, suggesting that the hydrogen bonds formed by the aAsp124
may be unimportant for the functionality of the enzyme. Howev-
er, maintaining the negative charge but adding an extra methylene
group in the aAsp124Glu mutant was detrimental to all activities
compared to other mutants, suggesting a potential steric clash with
the neighboring residues due to the longer side chain. Overall, the
results show that it is not polarity but sterics in the a-b, interface
that has the most significant effect on ATP synthase activities.

This effect of the aAsp124Glu mutation could arise due to the
disruption between lipid and peripheral stalk interactions. Lipid
densities are observed in multiple locations of the F, motor, mainly
within the a-c interface, which are suggested to strengthen the con-
nections between the interacting surfaces.!' Additionally, a weaker
density of lipid-chains near the periplasmic loop of subunit ¢ and
b, interface was also identified." The longer chain of Glu could
clash with the non-polar chains of the lipids affecting lipid-b, in-
teractions and the stability of the b, peripheral stalk. This unstable
subunit b can interrupt the coupling between F F, resulting in the
loss of function.

The other possibility is that the aAsp124Glu mutation affects
the assembly of the F, domain, as seen in aHis15Asp mutation.
aHis15Ala showed little to no effect in the function of the ATP
synthase; however, aHis15Asp mutation caused loss of assembly
as detected by the low level of subunit a, subsequently uncoupling
F F,."” The F  domain is formed when subunits a, b and ¢ are in-
serted into the membrane. In E. coli, the insertion of subunit @ in
the membrane requires the presence of both subunit » and ¢.?! In
the aHis15Asp mutant, the presence of two like charges including
aAspl24 may cause electrostatic repulsion affecting the structural
integrity of subunit a, hence preventing the insertion of subunit a
and assembly of the F domain. Likewise, the aAsp124Glu muta-
tion may also affect the structural integrity of subunit a by clash-
ing with the neighboring residues, further affecting F assembly.
Furthermore, the isolated F, domain can catalyze the hydrolysis
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of ATP, but not its synthesis. Compared to synthesis, the higher
activity of ATP hydrolysis shown by aAsp124Glu suggests the
possibility of uncoupled F F . Further experiments such as immu-
noblotting of subunit ¢ and ATP hydrolysis activity in presence of
F inhibitor are required to confirm the adverse effect caused by the
longer side chain at position 124.

Conclusion

We have shown that hydrogen bonds formed by aAsp124 are
not absolutely essential for the functions of ATP synthase. How-
ever, the introduction of longer side chain amino acid at position
124 reduces synthesis and hydrolysis activities. In the future, we
will confirm the uncoupling of F F and explore if the defects are
due to weakened lipids and subunit 4 interaction or assembly of F.
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