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ABSTRACT: A catalytically important arginine, called Arg
finger, is employed in many enzymes to regulate their
functions through enzymatic hydrolysis of nucleotide
triphosphates. F;-ATPase (F,), a rotary motor protein,
possesses Arg fingers which catalyze hydrolysis of adenosine
triphosphate (ATP) for efficient chemomechanical energy
conversion. In this study, we examined the Arg finger catalysis
by single-molecule measurements for a mutant of F, in which
the Arg finger is substituted with an unnatural amino acid of a
lysine analogue, 2,7-diaminoheptanoic acid (Lyk). The use of

Arg (Wild-type)  wu

1mutatsd

Lyk (Unnatural amino acid)

Lyk, of which the side chain is elongated by one CH, unit so that its chain length to the terminal nitrogen of amine is set to be
equal to that of arginine, allowed us to resolve key chemical factors in the Arg finger catalysis, i.e., chain length matching and
chemical properties of the terminal groups. Rate measurements by single-molecule observations showed that the chain length
matching of the side-chain length is not a sole requirement for the Arg finger to catalyze the ATP hydrolysis reaction step,
indicating the crucial importance of chemical properties of the terminal guanidinium group in the Arg finger catalysis. On the
other hand, the Lyk mutation prevented severe formation of an ADP inhibited state observed for a lysine mutant and even
improved the avoidance of inhibition compared with the wild-type F,. The present study demonstrated that incorporation of
unnatural amino acids can widely extend with its high “chemical” resolution biochemical approaches for elucidation of the
molecular mechanism of protein functions and furnishing novel characteristics.

Chemical reactions of hydrolysis and phosphate transfer of
nucleotide triphosphate (NTP) are utilized in diverse biological
processes such as metabolism, mechanical movement and
transport, and signaling. Enzymes that catalyze chemical
reactions of NTP control the catalytic activity, realizing
coupling of the reactions with their biological functions.
Many of such enzymes of NTP reactions employ a catalytic
arginine residue called the arginine (Arg) finger' > for control
of the catalytic activity.

Molecular mechanism of catalytic regulation by Arg finger is,
however, still unclear. Theoretical investigationsla'_18 have
revealed that electrostatic interaction given by coordination of a
positively charged guanidinium group of Arg finger to NTP
stabilizes its electronic structure in the reaction transition state.
The role of electrostatic interaction well explains that a lysine
residue, which also carries a positive charge at its terminal
amine group, has also been suggested to serve as a catalytic
residue for hydrolysis of adenosine triphosphate (ATP) in
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some ATPases such as RecA.'"'? However, simple replacement
of Arg finger with lysine in NTPs drastically retards its catalytic
activity,"" indicating that control of catalysis by Arg finger
requires fine-tuning of its coordination to N'TP.

Chemical features of arginine and lysine that differentiate the
catalytic activity remain elusive since many chemical differences
between those residues still exist despite that both of the
terminal groups carry a positive charge. One difference is their
side-chain length. The number of carbon atoms up to the
terminal nitrogen in the side chain of lysine is fewer by one
than that of carbon and nitrogen atoms of arginine so that the
length of the side chain of lysine to the nitrogen of the terminal
amine group is about 1 A shorter than that of arginine to one of
the terminal nitrogens. As positional rearrangement of the Arg
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Figure 1. Position of the arginine finger and chemical structures of the amino acid residues. A, crystal structure of mitochondrial F; (MF,) viewed
from the side, fpp/app catalytic interface (PDB code 1BMF). The @, f3, and y subunits are shown in pearl pink, pearl blue, and pearl yellow,
respectively. The “arginine finger” in the a subunit (¢R373 in MF,) is shown by pink space-filling model. AMP-PNP bound to the catalytic site are
shown by blue space-filling model. B, chemical structures and side-chain length of arginine (Arg, top), lysine (Lys, middle), and 2,7-
diaminoheptanoic acid (Lyk, bottom). The arginine finger of TF;, aR364, was mutated into Lyk (aR364Lyk) in this study.

finger is expected to be involved for control of catalytic activity
in functional processes,””® the difference in length to the
nitrogens which coordinate to the substrate is possibly a key
factor.

Furthermore, obviously, chemical structures of their terminal
groups are different. The guanidinium group of arginine
possesses a planarly extended structure, giving rise to strongly
anisotropic electrostatic interaction with its surrounding
environment. The planarity and heterogeneous charge
distributions originating from conjugated electronic structure
lead to weak out-of-plane and strong in-plane electrostatic
interactions. The amphiphilic character is suggested to
contribute to formation of like-charge Arg-Arg stacking pairs
i 1726 and at interfaces of oligomeric proteins.”’ In
contrast, the amine group of lysine exhibits localized
distribution of a positive charge and thus results in stronger
and more isotropic interaction with the surroundings. It is,
however, rather difficult to resolve the chemical details that
determine the catalytic activity through a conventional
biochemical approach.

In the present study, we focus on Arg finger catalysis in F),
which is the water-soluble portion of the F F-ATP synthase
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and acts as an ATP-driven rotary molecular motor.”*™>

Bacterial F, is composed of a;f;y0¢ subunits and the minimum
complex as a motor is the a;3;y subcomplex.>" The a3, forms
the stator ring, and the 7 subunit is the rotary shaft.**>*> Three
catalytic sites reside at the three a—f interfaces, mainly on the f
subunits;**>*3 i.e,, F, possesses three catalytic sites.***7¢ The
rotary mechanism of F, has been well studied in the single-
molecule rotation assays. Upon ATP hydrolysis, F; rotates in
the anticlockwise direction, hydrolyzing three molecules of
ATP during one y rotation.”” Due to the tight chemo-
mechanical coupling, the rotational rate of F, is one-third of the
ATP hydrolysis rate, which can be described as a simple
Michaelis—Menten kinetics.>” F, generates a rotary torque of
40 pN-nm-rad™' upon rotation.’®* The work per one y
rotation is thus estimated as 240 pN-nm, which is balanced by
the hydrolysis of three ATP molecules. Therefore, F, is
extremely efficient in converting chemical energy to mechanical
work, which is the prominent feature of F; among ATP-driven
motor proteins. An elementary step size of the rotation is 120°,
each of which is coupled with a single turnover of ATP
hydrolysis.*® The 120° step can be further resolved into 80°
and 40° substeps, each triggered by ATP binding/ADP release
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and ATP cleavage/P; release.**>” The pauses before the 80°
and 40° substeps are referred to as the binding dwell and the
catalytic dwell, respectively.

To clarify how Arg fingers of F, contribute to the catalysis in
detail, various studies have been done as follows; Several
biochemical and X-ray crystallographic studies® " revealed
that Arg fingers located in the a subunits (Figure 1A), @R373 in
mitochondrial F; (MF,) and aR364 in the thermophilic F;, as
well as residues forming the catalytic site in the # subunits play
a crucial role in the catalysis. A single-molecule experiment
found that substitution of the Arg finger with lysine largely
reduces the catalytic activity by 280." A recent work showed
that even when F, loses the positive charge, F, still retains
catalytic power.*® However, the catalytic activity was decreased
by the factor of 2,400 suggesting the critical role of Arg finger in
rate enhancement of catalysis.

In order to identify chemical determinants of the Arg finger
catalysis, we introduced an unnatural amino acid, 2,7-
diaminoheptanoic acid (hereafter referred to as Lyk),
substituting the Arg finger. Lyk is a lysine analogue with an
alkyl chain elongated by one CH, unit (Figure 1B). The
elongation sets the length of the side chain of Lyk to be equal
to that of arginine, eliminating the difference in chain length
between arginine and lysine, while their chemical groups
remained different. Thus, kinetics measurement of a Lyk
mutant enables one to identify the chemical determinants that
create a difference between arginine and lysine, i.e., the chain
length or the terminal chemical group, in the catalysis. We
successfully reconstituted the mutant of a;f;y complex with
subunits including the unnatural amino acids using an
Escherichia coli (E. coli) cellfree protein expression system.
Through measurement with a single-molecule rotational assay,
which allows one to resolve elementary steps of ligand binding/
release and catalytic reaction involved in the complex motor
process, key factors of the Arg finger for the rotary catalysis of
F, were identified in detail; i.e., we discovered that chemical
properties of the terminal groups are crucial for efficient
catalysis of ATP and side-chain length matching contributes to
the avoidance of inhibition-states formation.

B EXPERIMENTAL PROCEDURES

Preparation of F,(@aR364Lyk). A mutant a(Hiss at N-
terminus/FLAG-tag at C-terminus/ C193S/R364Lyk) subunit
(referred to as aR364Lyk in this study for simplicity) of F,
from thermophilic Bacillus PS3 was synthesized and purified
using an E. coli cellfree protein expression system (Protein
Express Corp., Miyoshi, Japan) (Figure S1). The amber
suppressor tRNAs was used for substitution of the Arg finger
at the 364th position of the a subunit with Lyk."' The mutant
B(Hisg at N-terminus) and y(S108C/I211C) subunits of F,
from thermophilic Bacillus PS3, which were designed for
rotation assay and are referred to as f and y hereafter, were
expressed together in E. coli JM103Aunc. Cells were cultured in
Terrific Broth medium at 37 °C for at least 8 h and then
harvested. Then, 40 ug of purified aR364Lyk dissolved in 40
uL of 100 mM KP; (pH 7.0) and 2 mM ethylenediaminetetra-
acetic acid (EDTA) and crude extract of §§ and y from 0.6 g of
cells in S00 uL of S0 mM imidazole (pH 7.0) and 100 mM
NaCl were mixed and incubated for 2 h in order to reconstitute
the F; complex. Next, the mixture containing F,(aR364Lyk)
complex was mixed with Ni**-NTA agarose (Qiagen, Venlo,
The Netherlands), which was equilibrated with S0 mM
imidazole (pH 7.0) and 100 mM NaCl. After incubating for
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1 h, the solution was centrifuged at 15000 rpm for 2 min; the
supernatant was exchanged with 100 mM imidazole (pH 7.0)
and 100 mM NaCl. This procedure was repeated several times,
and finally the enzyme was eluted with 500 mM imidazole (pH
7.0) and 100 mM NaCl. The imidazole was removed by a
NAP10 column (GE Healthcare, Pittsburgh, PA, USA). And,
then, the purified F,(aR364Lyk) was biotinylated as described
previously.”®*' During the entire purification process, the
samples were treated at room temperature.

Rotation Assay of F,(@R364Lyk). Rotation assay of
F,(aR364Lyk) was conducted by attaching a magnetic bead
(0.2—0.4 um; Seradyn, Indianapolis, IN, USA) to the ¥ subunit
as the probe of rotation and immobilizing the a;f; ring on a
Ni**-NTA coated coverglass with His-tags incorporated into
the amino terminus of the a and f subunits. A flow chamber for
the rotation assay was prepared as reported previously.* We
used a phase-contrast microscope (IX-70; Olympus) with a
100X objective and recorded images at 30 or 1000 frames/s. All
experiments were conducted at pH 7.

B RESULTS

Rotation Assay of F,(@R364Lyk). We observed rotation of
F,(aR364Lyk) by using magnetic beads as a rotation probe.
F,(aR364Lyk) showed successive and unidirectional rotations
as the wild-type and F,(aR364K) mutant (Figure 2A) 9 so that
the mutant retained the catalytic activity. Next, we determined
rotation rates of F;(aR364Lyk) mutant at various ATP
concentrations ranging from 10 nM to 50 mM. These values
obeyed a simple Michaelis—Menten kinetics (Figure 2B, pink)
as previously reported;'”** a maximum rotation rate (V,,,,) and
a Michaelis constant (K,) were 020 s™' and 90 nM,
respectively. Because V. is apparently smaller than that of
wild-type, some elementary reaction steps except for ATP
binding, e.g, ATP cleavage or product release, limit the
rotational rate of mutant F|. Therefore, the catalytic rate
constant for ATP hydrolysis (k.,,), which was determined from
3V, assuming a coupling ratio of three ATPs per turn,”® was
0.60 s}, and thus was found to be 5.1 X 10? times lower than
that of the wild-type (303 s"). These values are almost equal to
those derived from the dwell time analysis of the pauses at 1
mM ATP as shown below (see Figure 4B). In addition, the
binding rate constant (k,,) for ATP determined from 3V,,./
K,,,”® was 6.5 x 10° M~! s, which is only 3.4 times lower than
that of the wild-type (22 X 10" M™' s7!). Two kinetic
parameters, k., and k., of the wild-type, F,(aR364Lyk)
mutant, and F;(a@R364K) mutant are summarized in Table 1.
These results indicate that the Lyk mutation significantly
retards catalysis, while the effect of the mutation on ATP
binding is minor.

Analyses of Stepping Rotation. F,(aR364Lyk) mutant
showed the discrete pauses even at saturating ATP concen-
trations (Figure 24, inset), so that identification of the pausing
angles allowed us to determine which pauses were derived from
the binding dwell or the catalytic dwell. For this analysis, we
conducted a buffer exchange experiment, in which the ATP
concentration was reduced from 100 pM (saturating ATP
concentration) to 100 nM (~K,) during observation of
rotating molecules (Figure 3A). At 100 nM ATP, three major
peaks of the ATP binding dwell appeared at about +40° from
the original pausing angles (Figure 3B). For statistical analysis,
we compared the relative angular position of the original pauses
(A,) and that of the additional peaks which appeared at 100
nM ATP (A6,) before and after buffer exchange, whose
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Figure 2. Time courses of rotation and kinetic analysis of wild-type,
F,(aR364K), and F,(aR364Lyk). A, examples of the time courses of
rotation at 1 mM ATP of the wild-type (blue) probed by colloidal gold
(60 nm) and the wild-type (orange), F,(aR364K) (green), and
F,(aR364Lyk) (pink) probed by magnetic beads (0.2—0.4-um). B,
rotation rate at various ATP concentrations of the wild-type (blue)
probed by colloidal gold (60 nm) and the wild-type (orange),
F,(aR364K) (green), and F,(aR364Lyk) (pink) probed by magnetic
beads (0.2—0.4-um). Error bars were determined from at least five
different molecules. The data were fitted with the Michaelis—Menten
equation, v = V. [ATP]/(K,, + [ATP]). The values of V,,,, K, and
the calculated k,, (3V,,,,/K,,) are summarized in Table 1.

average values were —0.5 + 8.5° and —39.2 + 11.1° (N = 24
and 4 molecules), respectively (Figure 3C). Thus, we
confirmed that F,(aR364Lyk) pauses at the catalytic angle at
saturated ATP concentrations. Furthermore, F,(aR364Lyk)
mutant sometimes lapsed into a long inactive state, ie., the
ADP inhibited state,** and resumed rotation again (Figure 3D).
Then, the angular position during the ADP inhibited state was
compared with that during the short pause (Figure 3E), and
these two positions coincided with each other (Af = 0.0 +

7.6% N =20 and 13 molecules; Figure 3F). Given that the wild-
type F, lapses into the inhibited state at the catalytic angle,*
this result also indicates that the angular position of the pause
at saturating ATP concentration is the catalytic angle.

Identification of the Elementary Reaction Step That
Causes Pauses at Saturating ATP Concentrations. The
recently established reaction scheme of catalysis and rotation
indicates that F, undergoes two reactions at the catalytic
angle:*> ATP cleavage step at the 200° state and inorganic
phosphate (P;) release step at the 320° state. Therefore, there
are at least two possibilities for the reduction of the maximum
rotation rate of F (aR364Lyk) mutant: slow ATP cleavage
and/or slow P; release. To clarify which elementary reaction
step decelerates the rotation rate, we used an ATP analogue
(adenosine 5-[y-thio]-triphosphate, ATPyS), which retards the
ATP cleavage step specifically by about 30-fold** In the
presence of ATPyS, F,(aR364Lyk) mutant rotated much
slower than that in the presence of ATP (Figure 4A). The
distribution of dwell time at 1 mM ATPyS exponentially
decayed with a time constant of 42 s (Figure 4B, bottom),
which was 30 times longer than that at 1 mM ATP (14 s,
Figure 4B, top). The proportion of the elongation of time
constant by ATPyS was consistent with that observed for the
wild-type F, between ATP and ATPyS.** This finding supports
that the Lyk mutation retards the ATP cleavage step. In
addition, we measured a rotation rate in the presence of P; in
solution and examined how P; suppresses the rotation rate of
F,(aR364Lyk) (Figure 4C). Fitting with a curve according to a
conventional competitive inhibition scheme yielded the
inhibitory constant of 0.25 mM; the value was 4.9 times
smaller than that of the wild-type (1.2 mM, Figure 4D).
Considering that Lyk mutation suppressed V,,,, by a factor of
5.1 X 107 this effect on the rotation rate is minor. Thus, it is
confirmed that the Lyk mutation mainly retards the ATP
cleavage step.

Stiffness and Torque Measurement. In order to
investigate effects of the Lyk mutation on the stability and
robustness of the complex, we determined the stiffness of the
F,(aR364Lyk) using the equipartition theorem of energy, (1/
2)kT = (1/2)kc?, where kg is the Boltzmann constant, T is
absolute temperature, k is the stiffness, and o is the standard
deviation of the angular position of the bead during the pause,
respectively. The value of k for F;(aR364Lyk) was 54 pN-nm/
rad and was 1.5 times smaller than that of the wild-type (79
pN-nm/rad, Figure SA). Next, in order to investigate effects of
the mutation on efficiency of the torque transmission, the
torque of the F,(aR364Lyk) mutant was measured with the
method based on the fluctuation theorem, which estimates
the generated torque only from the rotation trajectory without
assuming a frictional drag coeflicient of a rotary probe. The
torque of 29 pN-nm generated by F,(aR364Lyk) mutant was
1.2 times smaller than that of the wild-type (37 pN-nm, Figure

Table 1. Kinetic Parameters of Wild-Type, F;(aR364Lyk), and F,(aR364K)

sample Vinae (571 K, M™) oy (M1 571 koo (57 ref
wild-type (colloidal gold) 101 + 50° (5.8 £4.5) x 107° (22 +£2.0) x 107 7.7 X 10* 53
wild-type (magnetic beads) 5.6 + 3.6 (12 £ 1.1) x 107 (14 + 1.6) x 107 ND“ this work
F,(aR364Lyk) (magnetic beads) 0.20 + 0.087 (0.90 + 1.5) x 1077 (6.5 + 11) x 10° 0.73 + 0.033 this work
F,(aR364K) (magnetic beads) 0.36 + 0.14 (077 £ 12) x 107° (1.5 + 2.4) x 10° 1.3 + 0.049 19

“Determined from 3V, /K. YDetermined from the distribution of dwell time of the catalytic pause. “The values are mean + SD (standard

deviation) of fitting. “Not determined.
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Figure 3. Identification of the pause angle of F;(aR364Lyk) at high ATP concentrations. A—C, rotation of F,(aR364Lyk) at different ATP
concentrations. A, examples of time course of rotation. During observation, ATP concentration was changed from 100 uM ATP to 100 nM ATP. B,
distributions of angle in the rotation. C, distributions of angular difference (A6, or A9, defined in B) between the pausing angles before and after
buffer exchange. The averaged values of Af, and A6, are —0.5 + 8.5° and —39.2 + 11.1° (N = 24 and 4 molecules), respectively. D—F, inhibited
states (long pauses) in the rotation of F,(aR364Lyk). D, example of time course of rotation containing a long pause. E, distributions of angle during
long pause (top) and active rotation (bottom). F, distribution of angular difference (A8, defined in E) between the angle of the short pause in active
rotation and that of the long pause. The averaged value A#), is 0.0 + 7.6° (N = 20 and 13 molecules). All measurements of D—F were carried out at

100 M ATP.

SB). Thus, the stiffness and the torque showed a good
correlation with each other.

Formation of Inhibited State. Unlike F,(aR364K) which
tends to lapse into the severe ADP inhibited states,
F,(aR364Lyk) mutant sustained successive rotation without
frequently falling into the inhibited state (Figure 6A,B). Table 2
compares average durations of the rotating and inhibited states,
7ORIE and P8 respectively, of the wild-type and the
mutants. In the case of the wild-type, those states stay for
similar durations of ~30 s, indicating that they have almost
similar stability. The aR364K mutation shortens the duration of
the rotating state by half and elongates that of the inhibited one
by more than five times, giving rise to a decrease of 78/
"¢ by 1 order of magnitude which represents large
reduction of activity due to enhanced formation of the
inhibited state. The aR364A mutant also exhibits severe
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formation of the inhibited state, i.e., a decrease of ™8 /gPausing
by more than 2 orders of magnitude. On the other hand, the
replacement of the Arg finger with Lyk increases and decreases
TR and P™M8 respectively, resulting in an increase of
77ONHNg /7PSIN by 3 factor of 6.0 in comparison to that of the
wild-type. The ratio 7°%"8/7P*"8 of 6.0 indicates that the
mutation stabilizes the rotating state by ~2 kpT relative to the
inhibited one and leads to significant improvement of
avoidance of the inhibited-state formation even compared

with the wild-type.

B DISCUSSION

The measurements identified that the replacement of the Arg
finger with Lyk makes an impact on the catalytic reaction step
of ATP hydrolysis, whereas its effect on other steps, ie., ATP
binding and Pi release, remained minor. The stiffness and
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Figure 4. Identification of the elementary reaction step retarded in F;(aR364Lyk) at high ATP concentrations. A and B, rotation of F,(aR364Lyk)
by ATPyS. A, examples of time course of rotation driven by 1 mM ATP (pearl pink) and 1 mM ATPyS (pearl blue). B, distributions of duration
times of the pauses at 1 mM ATP (pearl purple, top) and 1 mM ATPyS (pearl blue, bottom). Solid lines show fit with the single-exponential decays
with time constants of 1.4 s (ATP) and 42 s (ATPyS,) respectively. C and D, rotation of F;(aR364Lyk) in the presence of excess P; in solution. C,
examples of time course of rotation at 1 mM ATP without P, in solution (pearl blue) and with 200 mM P, in solution (pearl purple). D, rotation rate
at 1 mM ATP in the presence of various concentrations P; in solution; the wild-type (blue) and F,(aR364Lyk) (pink). The data were fitted with a
curve according to a conventional competitive inhibition scheme: v = (V,,, [ATP])/([ATP] + K,(1 + [P;]/K;)), where K is the inhibitory constant.
The determined values of the K; for wild-type and F;(aR364Lyk) were 1.2 and 0.25 mM, respectively.

torque measurements showed that the mutation affected the
torque generation to some extent. The properties of
F;(aR364Lyk) mutant appear to be similar to those of
F,(aR364K) previously examined.'"” One exception, on the
other hand, is the formation of the ADP inhibited state;
F,(aR364Lyk) mutant suppressed the formation of the
inhibited state compared with F,(aR364K) and even with the
wild-type.

The Lyk mutation elongates the side-chain length of lysine
and thus removes geometric mismatch between arginine and
lysine residues at the Arg finger position in the wild-type F; and
F,(aR364K) mutant. The terminal amine group of Lyk is
therefore geometrically accessible to the triphosphate moiety as
in the wild-type F,. Nevertheless, the catalytic activity of ATP
hydrolysis of the Lyk mutant remained significantly lower than
that of the wild-type and was not largely affected by the
replacement of lysine with Lyk. The observation indicates that
the geometric matching of the side-chain length is not a sole
requirement for the Arg finger to catalyze the ATP hydrolysis
reaction step, and detailed chemical properties of the terminal
group that alter electrostatic interaction for the catalysis, in
addition to simply carrying a positive charge, determine the Arg
finger catalysis.

A clue to understand possible molecular properties that
influence the catalytic reactivity is seen in an X-ray crystallo-
graphic structure® where the Arg finger undergoes large
conformational changes and consequently is exposed into bulk
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water, instead of coordination to the substrate, in a
prehydrolysis state. Because the Arg finger is located at the
interface of the o and S subunits and the alkyl side chain of
arginine is long and flexible, the terminal group is geometrically
accessible to bulk water. The inhomogeneous conformations of
the Arg finger observed in X-ray crystallographic structures®*
imply that stabilization of the coordination of the Arg finger to
the substrate from the conformation in which the Arg finger is
exposed into bulk water is moderate, and thus the proper
catalytic coordination can be inhibited by perturbation due to
changes in chemical properties of the terminal groups.

As described previously, the guanidinium ion of arginine
possesses characteristic anisotropic properties of electrostatic
interaction with its surroundings compared with the amine
group of lysine and Lyk. The differences in electrostatic
interaction are therefore expected to alter the stability of the
catalytic coordination to the substrate. First, the extended
distribution of the positive charge in the guanidinium group
weakens solvation in bulk water, whereas the amine group with
a localized positive charge exhibits a stronger solvation in bulk
water. In addition, the guanidinium group of the Arg finger with
the anisotropy of interaction due to the planarly extended
conjugated structure, which gives rise to formation of a stable
stacking pair of two guanidinium ions in water,”7>® possibly
favors the coordination to the substrate in the catalytic site
more than the isotropic amine group since a guanidinium group
of another arginine, fArgl91 (fArgl89 in MF)), is situated
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F,(aR364Lyk). A, rotary potential in the catalytic pause of wild-type
and F (aR364Lyk). The probability densities of angular position
during the pause from the five molecules were transformed into rotary
potential according to Bolzman’s law: the wild-type (blue) and
F,(aR364Lyk) (pink). The determined potentials were well fitted with
the harmonic functions; AG = 1/2x#? where k is the stiffness. The
determined values of x were 79 and 54 pN-nm/rad for wild-type and
F,(aR364Lyk), respectively. B, torque determination of wild-type and
F,(aR364Lyk) using the fluctuation theorem. The In[P(AH)/
P(—AQ)] is plotted against AO/kyT. The slope of this plot
corresponds to the rotary torque generated by the wild-type (blue)
and F(aR364Lyk) (pink). The average values of torque were
determined from a linear fit of all data points (solid line). The values
were 37 and 29 pN-nm for wild-type and F,(aR364Lyk), respectively.
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Figure 6. Analysis of inhibited states (long pauses) in the rotation of
F,(aR364Lyk). A, distribution of rotating times before lapsing into the
long pause. B, distribution of pausing times before resuming the
rotations. Each solid line shows the fit of the single-exponential decay
function with a time constant of 132 + 10 and 22 + 2.0 s (mean +
SD), respectively.

next to that of the Arg finger in an approximate face-to-face
alignment in the catalytic site as seen in X-ray crystallographic
structures.” Finally, as also seen in X-ray crystallographic
structures,* the branching two NH, moieties of the
guanidinium group simultaneously recognize the f- and y-
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Table 2. Average Duration of the Rotating State (7"°*""¢) and
the Inhibited One (7°°%"8) of Wild-Type, F,(aR364K),
F,(aR364Lyk), and F,(aR364A)

s ampl e 7’_rotaling ( S) Tpausing ( S) fo&ating / Tpausing ref
wild-type 34 32.3 1.1 43
F,(aR364Lyk) 132 22 6.0 this work
F,(aR364K) 13 >180 <0.07 19
F,(aR364A) 2.3 >1000 <0.0023 40

phosphates of ATP, which should be absent in the case of the
amine group. All of those factors of the Arg finger contribute to
stabilization of its coordination to the substrate in the catalytic
site relative to the conformation in which the side chain is
exposed into bulk water, and lack of them in the Lyk mutant
may hinder proper catalytic coordination of the amine group to
the substrate. A possibility of such large conformational changes
upon mutation of arginine to lysine due to the difference in
solvation effect in cytochrome ¢ has previously been
proposed.*® Although the electrostatic effect on catalysis in
the preorganized binding site of protein has been well
understood through theoretical analysis,*” precise modeling of
the preorganized binding structure upon the mutation that
undergoes large conformational changes would be necessary for
the prediction of the mutation effect.

There is also a possibility that the terminal amino group of
Lyk is deprotonated since the protonation state of an amino
group is not as stable as that of a terminal guanidinium group of
arginine which possesses an extended 7-conjugation. However,
pK, of a terminal amino group (pK, = 11 in water solvent) is
still generally much more stable than those of carboxyl groups,
and only a few examples of pK, modulation of a terminal amino
group of lysine by four units have been found. As shown in an
example of deprotonation of a lysine side chain found in a
mutant of staphylococcal nuclease*® where the deprotonated
lysine is embedded in a hydrophobic core, the deprotonation
would require a very hydrophobic environment. In the case of
F|-ATPase, on the other hand, the ATP binding site is very
polar since the site accommodates triphosphate carrying
charges of —4e. In fact, pK, of Lyk in the bindinég pocket was
empirically estimated to be 8.9 by PROPKA® (Yuko Ito,
private communication). Considering the present experimental
condition (pH 7) and the minor difference of pK, between a
guanidinium moiety (pK, = 12) and a primary amine one, it is
therefore unlikely that the terminal amine group of Lyk is
deprotonated when it is coordinated to ATP.

The elongation of the side chain by the replacement of lysine
with Lyk, on the other hand, diminished the severe inhibition
even if the terminal group remained as amine. The observation
is a clear indicative of importance of the geometric chain length
matching, rather than chemical properties of the terminal
groups, in the case of the inhibited-state formation. This
phenomenon is consistent with the previous biochemical assay
using the mutation of p-loop threonine to serine, where the
chemical properties of the terminal groups were the same while
the geometric chain length matching was modulated appropri-
ately.>® Substrate releases, which are presumably related to the
inhibition process,”"** are thought to accompany rearrange-
ment of the a—p interface that mediates the cooperative
rotational catalysis among three catalytic sites. The fine-tuning
of the chain length of the Arg finger may therefore be critical to
controlling the inter-subunit conformational changes through
interaction of the Arg finger. Moreover, the replacement of the
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guanidinium group of the Arg finger with an amine in addition
to the fine-tuning of the chain length in the mutation of
F,(aR364Lyk) stabilizes the rotating state relative to the
inhibited state in comparison with the wild-type, indicating that
strong interaction of the terminal group at the position of the
Arg finger with the substrate plays an essential role in the
functional cooperativity.

The present study demonstrated that the use of an unnatural
amino acid, Lyk, allows one to finely resolve chemical factors of
the Arg finger that determine the ATPase activity of F|-ATPase.
We elucidated that the geometric chain length matching is not a
sole determinant for the catalytic reaction and characteristic
chemical properties of the terminal guanidinium group of
arginine are crucial for the Arg finger catalysis through
electrostatic interaction. The planar anisotropic chemical
structure of the guanidinium group is suggested to facilitate
proper catalytic coordination of the Arg finger to the substrate.
The geometric chain length matching restored by the Lyk
mutation was, on the other hand, found to prevent frequent
formation of the inhibited state, which is presumably related to
ligand release processes, observed in the lysine mutant.
Moreover, stronger interaction of the terminal group fulfilled
by the Lyk mutation was shown to stabilize the rotating state
and thus improve avoidance of the inhibited-state formation
even compared with the wild-type. Those chemical insights into
the role of the functionally important amino acid residue were
successfully obtained by the chemical modification of structure
precisely designed beyond mutation with natural amino acids in
a conventional biochemical approach. In addition, the func-
tional improvement over the wild-type was attained with the
small but finely determined chemical modification. Incorpo-
ration of unnatural amino acids will be a new research strategy
widely extending with its high “chemical” resolution bio-
chemical approaches for elucidation of the molecular
mechanism of protein functions as well as engineering for
gain-of-function.
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