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ABSTRACT: Adenylate kinase shows a conformational
transition (OPEN and CLOSED forms) during substrate
binding and product release to mediate the phosphoryl transfer
between ADP and ATP/AMP. The protein motional character-
istics will be useful to construct switching systems of
fluorophore properties caused by the catalytic cycle of the
enzyme. This paper demonstrates in situ reversible switching of
a fluorophore property driven by the conformational transition
of the enzyme. The pyrene-conjugated mutant adenylate kinase
is able to switch the monomer/excimer emission property of
pyrene on addition of ADP or P'P-di(adenosine-S’)-
pentaphosphate (ApsA, a transition state analog). The
observation under the dilute condition (~0.1 uM) indicates

Excimer emission
I Closed
]

Open

2ADP

—
47—

ATP, AMP

V169C

Open Closed

Hexokinase

that the emission spectral change was caused by the motion of a protein molecule and not led by protein—protein interactions
through 7—7 stacking of pyrene rings. The switching can be reversibly conducted by using hexokinase-coupling reaction. The
fashion of the changes in emission intensities at various ligand concentrations is different between ADP, Mg**-bound ADP, and
Mg*"-bound ApsA. The emission property switching is repeatable by a sequential addition of a substrate in a one-pot process. It
is proposed that the property of a synthetic molecule on the enzyme surface is switchable in response to the catalytic cycle of

adenylate kinase.

B INTRODUCTION

Naturally occurring proteins/enzymes show efficient catalytic
activity and precise molecular recognition toward substrates or
ligands because they have preorganized and highly ordered
structures featured by a-helix, f-sheet, and their combination.
Since these preset structures provide us with unique reaction
environments, modification of proteins is attractive in the
development of artificial proteins and biocatalysts.'

In contrast, some proteins exhibit their intrinsic functions by
rearrangement of the structures resulting from external stimuli
(e.g, binding of a specific ligand to a protein matrix). For
example, proteins responsible for signal transducing in vivo
undergo domain-based structural changes,‘*’5 during which the
distance between the two amino acids belonging to different
domains is likely to change remarkably (>10 A). When
synthetic compounds with distance-dependent properties are,
consequently, conjugated to these amino acid residues, the
chemically modified proteins should be able to switch the
property of the conjugated compounds by the structural
change. In this work, we demonstrate a reversible and
repeatable switching system of the property of fluorophores
conjugated on the enzyme surface in response to the catalytic
reaction of the enzyme with a large conformational transition.
The strategy will be complementaréy to that using photochromic
compounds such as azobenzene," ® because the equilibrium
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between the two states can be controlled by the amounts of
ligand molecules. Furthermore, protein-based systems may be
extended to methods for monoring enzymatic reactions in
biological systems.

Expected functions switched by the structural dynamics of a
protein include: size alteration of the protein, change in the
spectrophotometric property of molecules attached on the
surface of the proteins, and so on. As an example of size
alteration, some size-changeable protein hydrogels have been
reported.””"" In the switching of the spectrophotometric
properties, possible methods for detection of spectral changes
are fluorescence quenchin%/enhancement of one fluorophore
moiety by the another,'>'> energy transfer between the two
fluorophores (e.g., FRET mechanism),"*™*¢ and aggregation of
introduced fluorophores.'”*® These phenomena originate from
proximity or separation of the two fluorophore molecules and
have been often used for investigation of bimolecular processes
(i.e., protein—protein or protein—small molecule interactions).
Investigations of protein motion and protein—small molecule
interactions by using fluorophores and spin-labeled compounds
have also been reported."
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When switching of the spectrophotometric properties is
targeted using a single protein molecule, the problem to be
considered is the competition with interprotein processes in
several protein molecules.”® To avoid this problem, one of the
methods is to examine the property switching under dilute
conditions, although the strategy causes the decrease in
sensitivity. Furthermore, reversible switching, not one-way
switching, provided by the protein motions is a more
challenging subject. In this context, we paid attention to the
conformational transition of adenylate kinase (Adk) from E. coli
(denoted as “Adk,.”) and examined in situ reversible switching of
the emission properties of pyrene through the catalytic cycle of
Adk, (Figure 1).
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Figure 1. Protein-based switching system for pyrene emission
property. (a) Conformational transition of adenylate kinase from E.
coli (Adk,) (PDB code: 4AKE for the OPEN form and 1AKE for the

CLOSED form). (b) Mutation of Adk, and conjugation of pyrene 1.
(c) Switching of emission property by Adk,(1).

Adk (EC 2.7.4.3) is an enzyme related to cellular energy
homeostasis, which is conserved in many kinds of organisms.
The enzyme catalyzes the reversible phosphoryl transfer
between adenine nucleotides (2ADP 2 ATP + AMP) in the
presence of Mg*,"”*'** and undergoes the domain-based
structural interconversion between the two structural states
(OPEN and CLOSED forms, see Figure la) according to
substrate-binding/product release.”>*® In the case of Adk,, the
distance between AlaS5 and Vall69 dramatically changes
during the processes (ca. 30 A in the OPEN form and ca. 12
A in the CLOSED form)."°
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Pyrene has been known to show an emission band around
400 nm under dilute conditions (so-called “monomer
emission”), whereas the emission band intensity decreases
with the apperance of a new emission band in the longer
wavelength region under concentrated conditions.”” The new
emission band is caused by excimer formation or 7—n
interactions between pyrene rings at the ground state. The
change in the emission spectrum is possible under dilute
conditions when two pyrene rings are set at the conformation-
fused situations (e.g, a face-to-face covalent linkage28 or
inclusion in a narrow hydrophobic cavity’*~>'). The character
has often been used for sensing metal ions and biomolecule
association.>*>* Evaluation of the distance between two amino
acid residues in a helical moiety in a protein is also attempted
by using the emission property of pyrene.** Consequently,
pyrene is a good tool for investigating whether the fluoresence
property can be exactly swtiched by the structural transition
during the catalytic cycle of enzyme. In this context, we
examined the conjugation of pyrene 1 to the position of AlaS5
and Vall69 in Adk, to prepare a pyrene-conjugated Adk,,
Adk,,, (1), and attempted to observe the switching of the pyrene
emission property by the Adk, catalytic cycle.

B EXPERIMENTAL SECTION

Materials. All commercially available materials were from
conventional commercial sources and used as received unless
otherwise noted. The pEAK91 plasmid coding the double
mutant of Adke (ASSC/C77S) was a gift from Prof. Elisha
Haas (Bar-Ilan University, Israel). Designed primers were
purchased from Invitrogen. A kit for plasmid extraction
(QIAprep Spin Miniprep kit) was purchased from QIAGEN.
KOD-plus-Mutagenesis Kit for inverse PCR was purchased
from TOYOBO. Pyrene 1 was synthesized by the method
described below. Hexokinase and gluclose-6-phosphate dehy-
drogenase from baker’s yeast were purchased from Sigma as a
mixed material (catalog code: H8629—S00UN).

Instruments. 'H NMR spectra were collected on a JEOL
JNM-ECP400 spectrometer. MALDI-TOF-MS spectra were
measured using a Bruker AutoFlex II mass spectrophotometer.
ESI-MS analysis was carried out using a JEOL JMS-700 mass
spectrometer. UV—vis spectra were recorded on a Shimadzu
UV-2550 double beam spectrophotometer with a thermo-
statted cell holder. Protein purification was carried out using a
BioRad Biologic Duoflow liquid chromatography system in a
chromatochamber (4 °C). Emission spectra were recorded on a
HITACHI F4500 fluorescence spectrophotometer. CD spectra
were measured using a JEOL J-725 circular dichroism
spectropolarimeter.

Synthesis of Pyrene 1. 1-Aminomethylpyrene hydro-
chloride (30 mg, 0.12 mmol) was suspended in 30 mL of 3 M
NaOHagq and exctracted with CH,Cl,. The organic phase was
dried over Na,SO, and the solvent was evaporated to yield 1-
aminomethylpyrene as white solids (24 mg, yield 93%). In a 50-
mL round-bottom flask, 1-aminomethylpyrene (17 mg, 0.074
mmol) and N, N-diisopropylethylamine (6.6 mg, 0.052 mmol)
were dissolved in dry CH,Cl, under a N, atmosphere. After the
addition of N-iodoacetic succinimide (25 mg, 0.088 mmol) to
the solution, the reaction mixture was stirred at room
temperature for 2 h in the dark. The solvent was evaporated
and the residue was subjected to silica gel column
chromatography (eluent: CH,CL,) to collect the first eluted
fraction. Evaporation of solvent yielded pyrene 1 as white solids
(23 mg, yield 78%). 'H NMR (400 MHz, CDCl,, TMS) & =
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8.25—8.16 (m, SH, pyrene), 8.11—7.98 (m, 4H, pyrene), 6.31
(s, 1H, NH), 5.19 (d, 2H, CH,NH), 3.76 (s, 2H, CH,I). ESL-
HR-MS (direct, positive mode) calcd. for C,;,H;,INO*
399.0120; found 399.0121.

Expression of Adky,. The plasmid pEAK91 coding Adk,
was derived from the plasmid coding the double mutant of
Adke (ASSC/C77S) by site-directed mutagenesis using inverse
PCR method (Forward primer: ACGTTTACG-
TACCGTCTCTTCCTGATC, Reverse primer:
CTGTGTGAATACCATCAGATGACAGCA). HB101 E. coli
(Novagen) transformed by the pEAk91 plamid was cultivated
in LB media (S mL) in the presence of ampicillin at 37 °C for 9
h. The culture was added to 2 L of LB medium and further
cultivated at 37 °C for 16 h. After centrifugation, the resulting
pellets were suspended in SO mM Tris buffer (pH = 7.5),
containing 0.1 M NaClag. The expressed protein was extracted
by freeze-and-thaw procedure, followed by sonication. The
supernatant obtained by centrifugation was dialyzed against 50
mM Tris buffer (pH = 7.5) containing 1 mM TCEP (tris(2-
carboxyethyl)phosphine) and concentrated by ultrafiltration.
The resulting protein solution was passed through a DEAE
sepharose column (GE healthcare) with elution of S0 mM Tris
buffer (pH = 7.5) containing 1 mM TCEP. Next, the protein
solution was absorbed in a BLUE sepharose column (GE
healthcare) and washed with S0 mM Tris buffer (pH = 7.5)
containing 1 mM TCEP. The protein was eluted by linear
gradient of KCI (0—500 mM) in 50 mM Tris buffer (pH = 7.5)
containing 1 mM TCEP. The second fraction containing Adk,,,
(checked by SDS-PAGE) was collected and concentrated
before being applied to a Sephadex G-75 gel column
chromatography with elution of 50 mM Tris buffer (pH =
7.5) containing 1 mM TCEP. The protein solution was
desalted by dialysis against water and lyophilized.

Conjugation of Pyrene 1 to Adk,, (Preparation of
Adk;,,(1)). Conjugation of 1 to Adk,, was carried out in 50
mM HEPES (pH = 8.0) at 25 °C. After the addition of 1 (50
equiv) dissolved in DMSO to a buffer solution of the protein
(DMSO 5% (v/v) in final), the mixture was gently stirred for
16 h in the dark. After centrifugation, the supernatant was
dialyzed against 20 mM Tris buffer (pH = 8.0) and applied to a
MonoQ_ column (GE healthcare) to separate from the
unmodified and singly modified proteins. The second fraction
containing Adk,,(1) was collected and kept at —80 °C. Adk
activity for Adk,,(1) was confirmed by a hexokinase/glucose-6-
phosphate dehydrogenase coupled reaction, where the
absorbance at 340 nm derived from NADPH was monitored.>”

UV—vis and Fluorescence Measurements. All UV—vis
and emission spectra were collected in a 1-cm quartz cell under
the aerobic conditions. For measuring the emission spectra for
ADP binding to Adk,,(1) in the presence of Mg*', the samples
containing different ADP concentrations were independently
prepared and spectra of each sample were rapidly collected
immediately after addition of Mg*" to avoid the conversion of
ADP into ATP/AMP.

B RESULTS AND DISCUSSION

Preparation and Characterization of Adk; Conjugated
with Pyrene 1 (AdK,(1)). Pyrene 1 was introduced into the
Cys residues of the triple mutant of Adk, (ASSC/C77S/
V169C, Adk,,)'**® through thiolate nuclophilic attack to the
iodoaceamide moiety (Figure 1b). The mutation at Cys77 is
essential in avoiding the conjugation of 1 to this position. The
X-ray crystallograhic data of Adk, indicate that AlaSS and
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Vall69 belong to different domains and are located on
structurally rigid a-helices. Furthermore, a previous inves-
tigation using a series of Adk, variants obtained by conversion
of several amino acid residues into Cys suggested that these two
amino acid residues are accessible for chemical modification,
since their side chains are solvent-exposed.*® Although the side
chains of Ala55 and Vall69 oppositely take orientations in the
OPEN form, these are forced to take a face-to-face orientation
in the CLOSED form. Consequently, the positions of AlaSS
and Val169 will be suitable places for introduction of synthetic
molecules to construct a function-switching system based on
the protein structural change as depicted in Figure 1.

The pyrene-modified enzyme, Adk,(1), was successfully
purified by anionic exchange column chromatography to
remove the unmodified and the single-modified enzymes
(Figure S1 of Supporting Information). The MALDI-TOF-
MS measurement (Figure 2) detected a peak at m/z = 24,149,
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Figure 2. MALD-MS spectra of Adk,,(1) (Spectrum (a)) and the
unmodified Adk,, (Spectrum b). The peaks with asterisk (*) are
assigned as matrix (sinapinic acid) adducts.

corresponding to the molecular weight of [Adk,,(1) + H]*
(M,, =272 for 1 — I"). The conjugation of two molecules of 1
to Adk,, was confirmed. The CD spectra (Figure S2) indicate
that the secondary structure of the enzyme is not significantly
affected by the chemical modification. Judging from similar CD
spectra for the unmodified and modified Adk,, we can consider
that the pyrene rings do not go into the inside of the protein,
because the side chains of Cys55 and Cys169 will be solvent
exposed (vide supra). If the pyrene rings are buried in the
protein matrix, the a-helices including these amino acid
residues would be significantly affected, resulting in the
decrease of CD signal intensity. The phosphoryl transfer
activity was retained for Adk,, (1) (Figure S3), although a slight
decrease in the activity was observed. This may be mainly
caused by the increase in K, value, and similar results have
been reported for some mutant Adk,s.'>

UV-vis and CD Spectral Changes on Binding of
Substrate/Transition State Analogue. At first, we attemp-
ted to observe the spectral changes on the binding of ADP or
P'P°-di(adenosine-5’)pentaphosphate (ApsA), a transition state
analogue for Adk (see the structure in Figure 3),'° to Adk,,,(1).
Adk, has two substrate-binding sites, which are located in the
different domains: LID domain (the ATP-producing domain)
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Figure 3. Structures of adenosine nucleotides and Ap;A.

and AMP-bd domain (the AMP-producing domain), respec-
tively.">'%** When ADP is substrate, two molecules of ADP
bind to both sites (2:1 binding). In contrast, ApsA occupies the
two sites with the 1:1 binding mode, because the compound
possesses the two adenosine rings in its structure.

UV—vis and emission spectra of Adky,(1) are shown in
Figure 4. The chemically modified enzyme has the distinct
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Figure 4. UV—vis (black line, left axis) and emission (red line, right
axis) spectra of Adk,(1) in S0 mM Tris buffer (pH = 7.5). The
emission spectrum was measured with excitation at 346 nm. The peak
at 346 nm in the emission spectrum (with asterisk) originated from
the scattering of excitation light.

absorption bands at 330—350 nm (black line), caused by the
IL, transition along the long axis in the pyrene ring.*' The spike
peaks appearing at 377 and 396 nm in the emission spectrum
(red line) are typical in the monomer emission of pyrene.'*
These spectroscopic characteristics indicate no significant
aggregation of the pyrene moieties in aqueous media. The
consideration is based on the previously reported fact that the
shape of the absorption spectrum at 330—350 nm becomes
broad with low peak resolution in the presence of ground state
interactions between pyrene rings.31

Figure S5 demonstrates the UV—vis and CD spectral changes
on the addition of ADP or ApsA as a ligand. When the ligand
was added to a protein solution, the absorbance of the 'L,
absorption band decreased (Figure Sa). A similar finding has
been reported for the pyrene dimer formation in a cyclodextrin
cavity.3 The CD spectra (Figure Sb) of Adk,,(1) in the
presence of ADP or ApsA exhibited a dispersion-type signal
around the maximum wavelength in the UV—vis spectra,
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Figure S. UV—vis and CD spectra of Adk,,(1) (28 uM) in the
absence and presence of ligand at 25 °C. (a) UV—vis spectra in SO
mM Tris buffer (pH = 7.5); (b) CD spectra in 10 mM potassium
phosphate buffer (pH = 7.5).

whereas no distinct signal was observed in the protein-free
system (the mixtures of the protein-free pyrene with ADP or
Ap;A (Figure S4). Consequently, the appearance of the CD
signals on the addition of ADP or ApsA is attributed to the
encounter of the two pyrene moieties driven by the structural
transition from the OPEN form to the CLOSED form. The CD
signal sign is positive in the high-energy region and negative in
the low-energy region. This is indicative of the left-handed
chirality (S-helicity) in the complex.>" ApsA affects the UV—vis
and CD spectra more strongly than ADP, suggesting that the
conformational change becomes more significant in the
transition state of the phosphoryl transfer process (vide infra).

Switching of Pyrene Emission Property on Binding of
Substrate/Transition State Analogue. Next, we examined
the switching of the emission property by ligand binding. On
the addition of ADP to Adk,,(1), the emission band around
400 nm distinctly decreased with generation of a new broad
band around 485 nm (Figure 6). Similar spectral changes were
also observed on the addition of Ap;A (see Figure $5).* Since
the excitation spectrum obtained with detection of the emission
at 485 nm (Figure S6) is very similar to the absorption
spectrum of Adk,,(1), the new emission band is assignable as
excimer emission, not the emission originating from the
association at the ground state (so-called “ground state
dimer”). Furthermore, the observed emission is not derived
from the 7—7 interaction between pyrene—adenine rings, since
no emission band around 485 nm was observed in the protein-
free system (Figure S7).

The noticeable fact is that the pyrene excimer emission
shown in Figure 6 was produced in a dilute solution of
Adk,, (1) (0.18 uM), whereas the excimer emission is only
observable under highly concentrated conditions (>4 mM)
without the protein (Figure S8). This indicates that the
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Figure 6. Emission spectral changes in titration by ADP for Adk,,(1)
(0.18 uM) in SO mM Tris-HCI, pH 7.5 at 25 °C. The purple and light
blue spectra were taken at [ADP] = 0 mM and 7 mM, respectively.
The pictures shown in inset were taken by irradiating the sample
solution with a black-light lamp (365 nm). 4., = 346 nm.

appearance of the excimer emission band shown in Figures 6
and SS is not derived from the interprotein dimerization but
from the conformational change of a single molecule of the
protein. In other words, switching of the pyrene emission
property was successfully attained based on the conformational
transition of Adk during substrate binding.

Figures 7 and 8 demonstrate the dependency of emission
intensity on concentrations of ApsA and ADP, respectively. On

400

200

Alntensity at 485 nm

-1000

3

N

[=3

o

o
N

-3000 |

-4000

Alntensity at 377 nm

-5000

T T T T T 1

4 6
[ADSA) (uM)

Figure 7. Dependency of emission intensities at 377 nm (monomer
emission) and 485 nm (excimer emission) on concentrations of ApsA.
[Adk,,(1)] = 0.18 uM; [MgCL] = S mM; S0 mM Tris-HCl, pH 7.5 at
25 °C. The solid lines are drawn based on the 1:1 binding model (K =
(3.6 £ 0.1) x 10° M71).

the addition of ApsA in the presence of Mg>" (existed as Mg**-
bound form, denoted as Mg*"®ApA), the emission intensities
can be analyzed by the 1:1 binding model (Figure 7). This fact
agrees with the binding fashion of Ap;A to Adk (vide supra).
The binding constant is evaluated to be (3.6 + 0.1) X 10° M,
which is similar to the previously reported value for the native
Adk,,"® This finding also supports our idea that the observed
increase in the excimer emission stems from the conformational
change caused by the Ap;A binding.
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Figure 8. Dependency of emission intensities at 377 nm (monomer
emission) and 485 nm (excimer emission) on concentrations of ADP
in the absence of Mg (red circles) and presence of Mg** (blue
triangles). [Adk,,(1)] = 0.18 uM; [MgCL] = 0 or 10 mM; SO mM
Tris-HCI, pH 7.5 at 25 °C. The dotted lines on the data taken in the
presence of Mg are drawn by the 1:1 binding model (K = (4.2 + 0.5)
X 10° M™') for the low concentration region (<2.5 mM). The
emission intensities in the presence of Mg** were measured
independently for each sample immediately after addition of the
defined concentration of ADP to an enzyme solution.

In the case of ADP binding (Figure 8), larger concentrations
of the ligand were required to clearly observe the spectral
change, compared with ApsA binding. One of the possible
reasons is that enzymes undergoing significant conformational
change generally favor binding of a transition state analogue
rather than a substrate, as proposed in “induced-fit” theory.*'

Furthermore, the fashion of emission intensity changes are
also different between the absence and presence of Mg** (the
fluorescence spectra in the presence of Mg** were collected by
rapid scanning immediately after addition of a defined
concentration of ADP to the enzyme solution, which is
essential for avoiding the conversion of ADP into ATP/AMP).
This may be related to the substrate-binding mechanism of
Adk. It has been known that the catalytic mechanism of Adk is
explained by “a random Bi—Bi mechanism”,** where two
substrate molecules bind to the corresponding binding sites at
random. During the binding processes, each subdomain
undergoes conformational change. A previous NMR study
proposed that the conformational change occurring in one
domain induced a concerted structural response to another
domain to affect the second substrate-binding.*> In other
words, the two binding domains have cooperativity with respect
to the substrate binding. Furthermore, Mg** directly interacts
with the enzyme to affect the enzyme conformation, resulting
in enhancement of the ligand binding and the overall catalytic
activity, as well as the complex formation of Mg>* with ADP.
Because of these complicated factors, precise numerical analysis
over the whole of ADP concentration region is impossible,
although qualitative interpretation would be allowed.

In the absence of Mg2+, ADP has an occasion to be
accommodated into both binding sites. The emission intensity
profile (marked in red circles of Figure 8) shows a positive
allosteric behavior, although the fitting by a typical allosteric
binding model for the changes of monomer emission or
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excimer emission was not successful because of the rather small
cooperativity in the low ADP concentration region. A plausible
reason is that the affinities of ADP toward the two binding sites
are different and that the binding mode yielding larger
association constants is not significantly associated with
allosteric behavior.

In the presence of Mg?* (10 mM), a two-phase profile
became more distinct (marked in blue triangles of Figure 8). In
the low ADP concentrations (<ca. 2.5 mM), the emission
profile is similar to a simple Langmuir-type binding fashion.
Calculated from the stability constant of Mg>*eADP = 2500
M~4* more than 90% of ADP molecules exist as ADP-Mg**
complex (denoted as Mg**eADP) under the ADP concen-
tration region measured. The presence of Mg** facilitates the
binding of ADP to the binding site in LID domain (the ATP-
producing domain) in the same manner as the binding of a
ATP-Mg™* complex in the reversed reaction, whereas the
association of Mg’*@ADP to the binding site in AMP-bd
domain (the AMP-producing domain) is very weak. This is
suggested by the fact that the existence of excess Mg inhibits
the conversion of ADP into ATP/AMP because of a deficiency
in the amount of Mg**-free ADP.** Consequently, the simple
1:1 binding of Mg**®ADP becomes relatively dominant at the
low ADP concentration region. In contrast, the amount of
Mg**-free ADP molecules increases in the high ADP
concentration region. In this case, the occupancy of the
AMP-binding site by Mg**-free ADP gradually occurs. The full
occupancy in the two binding sites increases the efficiency of
conformational transition.

As described above, the observed emission spectral changes
on the addition of ADP can be explained by the characteristics
of the binding and conformational changes of the enzyme.

On addition of Mg®* to the ADP-Adk,,(1) complex, the
increase in excimer emission intensity was observed (Figure
S9). Since the excimer emission intensity is related with the
extent of proximity of the two pyrene moieties, the effect of
Mg** on the excimer emission intensity may suggest that the
conformation becomes tighter during the phosphoryl transfer
process.*®

Reversible and Repeatable Switching of Pyrene
Emission Property Using Hexokinase-Coupled Reaction.
On the basis of the facts demonstrated above, switching of
monomer/excimer emission of pyrene in the opposite
direction, ie., recovery of the OPEN form starting from the
CLOSED form, was attempted by using a hexokinase-coupled
reaction.”” The whole reaction system is shown in Scheme 1.

Scheme 1. Whole Reaction Scheme for Recovery of OPEN
Form of Adk,,,(1)

Adkyn(1

Mg2*. ADP + ADP Mg2*. ATP + AMP

Hexokinase
Mg2*. ATP + Glucose . Glucose-6-phosphate , Mg?*. ADP

overall:
ADP . Glucose . Glucose-6-phosphate + AMP

Since the conversion between ADP and ATP/AMP mediated
by Adk,,(1) is reversible (AG® ~ 0), the consumption of ATP
by hexokinase is essential to shift the Adk,(1)-mediated
reaction to the forward direction. On the addition of Mg*" and
hexokinase to an enzyme solution showing the excimer
emission by ADP binding, the intensity of emission band
decreased with the recovery of the monomer emission over 100
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min (Figure 9a). The spectral change is indicative of the
conversion of ADP into ATP/AMP and the following
hexokinase reaction.
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Figure 9. Recovery of monomer emission (OPEN form) and
repeating experiment in 50 mM Tris-HCl, pH 7.5 at 25 °C,
[Adk,,(1)] = 0.18 uM, [Glucose] = 10 mM, [hexokinase] = 25
unit, [MgCl,] = S mM. (a) Observed emission spectral changes after
addition of ADP (1 mM). (b) Emission intensity at 377 and 485 nm in
a sequential addition of ADP (1 mM addition for each run).

Since excimer emission caused by ATP- or AMP-binding is
very weak (see Figure S10), it can be concluded that the
spectral change demonstrated in Figure 9a is mainly caused by
the decrease in ADP. In other words, this spectral change
indicates that Adk,,(1) released the reaction products (ATP
and AMP) to reproduce the OPEN form and that the product
release is surely associated with the conformational change to
recover the OPEN form. Figure 9b demonstrates that a
sequential addition of ADP affords the CLOSED form again.
After the consumption of ADP, the second and third recoveries
of the OPEN form were observed. The observed change in the
emission intensity indicates the availability of the one-pot
repeating emission switching.

B CONCLUSION

The pyrene-conjugated Adk can function as a scaffold for the
monomer/excimer emission switching system driven by the
catalytic cycle of Adk (binding of a substrate, chemical process
and release of a product). The appearance of the excimer
emission under dilute conditions in aqueous media is
remarkable because aggregation under highly concentrated
conditions is, generally, the dominant factor to produce excimer
emission in aqueous media. The spectral change is not a simple

host—guest binding model but described by several kinds of
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allosteric behaviors. This fact confirms that the observed
spectral change is associated with the conformational transition
of Adk. The switching of monomer/excimer emission is
repeatable by a sequential addition of substrates in a one-pot,
without any removal procedure for the substances in the
solution. In this context, this can be regarded as an “in-situ
chromic system”. The findings emerging in this work will
contribute to the development of protein-based intelligent
materials.

B ASSOCIATED CONTENT
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Column chromatogram in the purification of Adk,,(1),
additional UV—vis and CD spectra, Adk activity assay. This
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