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ABSTRACT: The excimer emission of pyrene is popularly
employed for investigating the association between pyrene-labeled
biomolecules or between pyrene-labeled places in a biomolecule.
The property of pyrene excimer emission is affected by the
fluctuation in ring stacking modes, which originates from the
structural flexibilities of pyrene probes and/or of labeled places.
Investigations of the excimer emission in terms of dynamics of
pyrene stacking modes provide the detailed spatial information
between pyrene-labeled places. In order to evaluate the effects of
probe structures and fluctuation in pyrene—pyrene association
modes on their emission properties on protein surface, three types
of pyrene probe with different linker lengths were synthesized and
conjugated to two cysteine residues in the ASSC/C77S/V169C
mutant of adenylate kinase (Adk), an enzyme that shows a
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structural transition between OPEN and CLOSED forms. In the CLOSED form of Adk labeled by a pyrene probe with a short
linker, excimer emission was found to be predominated by the ground-state association of pyrenes. The pyrene stacking structure
on the protein surface was successfully determined by an X-ray crystallographic analysis. However, the emission decay in the
protein suggested the existence of several stacking orientations in solution. With the increase in the linker length, the effect of
fluctuation in pyrene association modes on the spectral properties distinctly emerged at both ground and excited states. The
combination of steady-state and time-resolved spectroscopic analyses is useful for differentiation in the origin of the excimer
emission, which is essential for precisely understanding the interaction fashions between pyrene-labeled biomolecules.

B INTRODUCTION

Pyrene is a typical bioprobe for evaluating the interactions
between various biomolecules, because its emission property
distinctly depends on the distance between two pyrene rings.
Since the change in the emission spectrum is readily detectable
by conventional fluorescence measurements under dilute
conditions, various pyrene-labeled biomolecules (e.g, pro-
teins/peptides,"”> DNA/RNA,>™> fatty acids,”” phospholi-
pids,®” etc.) have been developed. An isolated pyrene has an
emission band in the range of 380—400 nm on excitation
around 340 nm (“monomer emission”), whereas the proximity
of two pyrenes produces a new emission band in a longer
wavelength range (“excimer emission”).'*™"* The spectral
change in the fluorescence of pyrene is also useful for obtaining
the spatial information between two places in a single protein
molecule without considering protein—protein interactions.'>'*
Furthermore, substituted pyrene derivatives with high quantum
yields in water' and a variety of pyrene-based metal ion
sensors'®"” have been reported.
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In most of biochemical works using pyrene probes, the
intensity of excimer emission obtained by steady-state
fluorescence measurements is mainly used for evaluating the
proximity of pyrene-labeled biomolecules. However, the
excimer emission of pyrene is, in fact, classified into two
types based on the association mode of two pyrene rings."® One
is the emission derived from a dimer formed in the excited state
but rather dissociative in the ground state (“dynamic
excimer”).'” The other is the emission of a preassociated
pyrene complex in the ground state (“static excimer”). Because
both the types of emission appear as a broad spectral band at a
very similar wavelength region, their differentiation between the
two mechanisms of excimer emission is difficult in conventional
steady-state fluorescence measurements. However, the effect of
pyrene association modes on the excimer emission property
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becomes critical, when the flexibility of a probe molecule and/
or probe-labeled places in a biomolecule increase. Nevertheless,
the excimer emission mechanism from the viewpoint of
structural dynamics in a pyrene dimer is rarely discussed in
biochemical analyses using pyrene probes, although the effect of
the fluctuation in pyrene—pyrene stacking on the emission
properties has often been discussed in pyrene-pendant
synthetic polymers.”°~>° The quantitative analysis of this
subject is essential for optimizing the structure of pyrene
probes to correctly detect the association mode between
pyrene-labeled biomolecules or between pyrene-labeled places
in a biomolecule.

Previously, we demonstrated a switching in the fluorescence
property of pyrene using the protein motion of adenylate kinase
(Adk),*® a Mg**-dependent enzyme catalyzing the phosphoryl
transfer between ATP, ADP, and AMP.>"*® The enzyme has
two subdomains, NMP and LID domains (see the structure in
Figure 1, left), and binds ADP to each domain, producing AMP
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Figure 1. Reversible switching system for pyrene emission property
driven by motion of Adk,,. The OPEN and CLOSED forms of Adk
are based on the structures of PDB ID 1AKE and 4AKE, respectively.
“NMP” and “LID” stand for the domains producing AMP and Mg**
ATP from two molecules of ADP. In reverse reaction, these
nucleotides bind to the corresponding domains.

and Mg*"-ATP at the former and latter domains, respectively.
In the reversed reaction, AMP and Mg*"-ATP selectively bind
to their respective domains.”® The substrate-binding/product
release is accompanied by a reversible domain-based structural
transition (“OPEN form” and “CLOSED form” in Figure
1).2930 During the conformational change, the distance
between AlaS5 and Vall69 changes by ca. 20 A>*°
Considering these structural features, we have mutated these
amino acid residues into cysteine to prepare a triple mutant of
Adk (namely, Adk,, ; where “tm” means triple mutant:
AlaSSCys, Vall69Cys, and Cys77Ser). By conjugating pyrene
to the thiol groups at CysSS and Cysl169, we aimed at a
reversible change in the distance between the pyrenes. Upon
the addition of ADP or ApsA (P',P°-diadenosine §5'-
pentaphosphate, a transition state analog for Adk) to the
pyrene-labeled Adk,,, the protein showed characteristic excimer
emission around 485 nm with the decrease in its monomer
emission. The spectral change is observable under dilute
conditions (less than 107 M), indicative of a phenomenon
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caused by the motion of a single protein molecule (without
interprotein process).

In the CLOSED Adk,,, cysteine-mutated positions are on
rigid a-helix backbones. Hence, the pyrene-labeled Adk, is a
suitable scaffold for straightforward study of the correlation
between the origin of excimer emission and the flexibility of a
pyrene probe. Accordingly, we prepared Cl-, C2-, and C3-
Adk,,s, where the two cysteine residues of Adk,s were
modified by three kinds of alkyl pyrene with varying lengths of
methylene linkers (C1, C2, and C3, respectively; see the
structures in Figure 2). Subsequently, the emission properties
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Figure 2. Structures of pyrenyl iodoacetamides C1, C2, and C3.

of these modified proteins were investigated using steady-state
and time-resolved fluorescence spectroscopies. C1-Adk,,, is the
same modified enzyme as reported previously.”® In these
proteins, a common scaffold biomolecule (Adk,,) with fixed
sites for conjugation (CysSS and Cys169) allows us to
selectively extract the effect of structural flexibility of the linker
moiety on the ring stacking modes of pyrenes at the protein
surface. As a result, it was found that the excimer emission
intensity in the CLOSED forms of Adk,s is highly dependent
on the linker length in spite of similar distance between the two
pyrene-labeled cysteine residues. Time-resolved fluorescence
analysis on the decay of the excimer emission for the protein
indicated that several stacking modes exist in solutions. The
spectroscopic results highlight the utility of the combination of
steady-state and time-resolved spectroscopic measurements for
the quantitative analysis of interactions between labeled acid
residues in a protein considering the structural flexibilities of
probe molecules.

B RESULTS

Syntheses of Pyrenyl lodoacetamide Compounds.
Pyrenyl iodoacetamides C2 and C3 were synthesized from
readily available pyrene derivatives (Scheme 1). 1-Pyrenecar-
baldehyde (1) was converted into ethyl pyrenyl acrylate 2 by a
Horner-Wadsworth-Emmons-type reaction in the presence of
LiCL>' The olefin moiety in 2 was reduced by NaBH, in the
presence of CoCl,, followed by saponification to yield
pyreneylpropionic acid 4. The carboxylic acid moiety in 4
was then converted into a benzyloxycarbonyl-protected amino
group via Curtius rearrangement using diphenylphosphoryl
azide (DPPA). After the deprotection of the benzyloxycarbonyl
group by HBr, the resultant free amine was reacted with the
hydroxysuccinimide ester of iodoacetic acid (HSIA) to yield
C2. Compound C3 was derived from (1-pyrenyl)butyric acid
(7), a commercially available pyrene, by the same synthetic
route as that starting from 4.

Secondary Structures and Enzymatic Activities of
Pyrene-Labeled Adk;;s. The CD spectra in UV region for
Adk,,s (Supporting Information Figure S1) showed no
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Scheme 1. Syntheses of Pyrenyl Iodoacetamides C2 and C3
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significant denaturation after the chemical modification of
Adk,,,. The phosphoryl transfer activities of the pyrene-labeled
Adky,s were confirmed by colorimetric measurements using a
coupled reaction with the hexokinase/glucose-6-phosphate
dehydrogenase tandem catalysis system (see Scheme S1 and
Figure S2 in Supporting Information).** All the pyrene-labeled
Adk,,s showed the production of NADPH (a product resulted
from the final step of the tandem reaction; the increase in
absorbance at 340 nm). These findings indicate that the
chemical modification of the protein surface exerted no
significant influence on the active site structure. The catalytic
activities of the pyrene-labeled Adk,,s were, however, smaller
than that of the unmodified Adk,, by 20—35% (based on the
amount of produced NADPH at 40 s). The reduction in the
overall catalytic activity may be attributed to the partial
inhibition of product release from the Adk,, matrix by the
pyrene rings on the protein surface.

Steady-State Fluorescence Spectra of Pyrene-Labeled
Adk,,s with Nucleotide Ligands. The phosphoryl transfer
activities observed in the pyrene-labeled Adk,,s indicate that all
the proteins adopt a corresponding CLOSED form on the
substrate binding. Thus, we can expect that the two pyrene
rings are in proximity with the protein surface on the nucleotide
substrate binding. At first, we measured fluorescence spectral
changes on the addition of ApsA (P',P>-diadenosine S'-
pentaphosphate), a transition state analog for Adk, to a protein
solution. We also investigated the effect of Mg®* on the spectral
changes, since Mg** is a cofactor for the phosphoryl transfer
activity of Adk. The observed fluorescence spectral changes are
presented in Figure 3. The ratios of emission intensities
between the monomer and excimer emissions (I = Ip/Iy,
where I is the emission intensity at 485 nm and Iy is the
emission intensity at 376 nm (for C1-Adk,,) or 377 nm (for
C2- and C3-Adk,s)) are listed in Table 1. The overall
fluorescence quantum yields (®ys, expressed as a value for two
pyrene moieties) are also included in Table 1.
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As previously reported, data for C1-Adk,,”® C2- and C3-
Adk, s also displayed a decrease in the emission intensity
around 380 nm (monomer emission) upon the addition of
ApsA, whereas a new broad emission band (excimer emission)
appeared around 485 nm (Figure 3b,c).>® This result allows us
to discuss the effect of the methylene linker on the pyrene
emission properties present on the protein surface. In the
presence of ApcA, the emission intensity of these Adk,s
around 485 nm is ranked as C1-Adk,, > C2-Adk,, > C3-Adk,,
(Figure 3d). The value of Iy (I/Iy ratio) also showed a similar
trend. C1-Adk,, showed a further increase in the emission
intensity at 485 nm in the presence of Mg®* (the blue line in
Figure 3a). This is associated with the change in the pyrene—
pyrene interaction mode caused by the formation of an ApsA-
Mg?*-enzyme ternary complex (vide infra).>* In contrast, little
effect of Mg** was observed in the emission intensities at 485
nm and I values of C2- and C3-Adk,,s.

The fluorescence spectral changes were also observed after
the addition of ADP, ATP, or AMP (Figure S3 in Supporting
Information). In the spectral changes of C2- and C3-Adk,s,
the intensity of the excimer emission at 485 nm is ranked
+ADP > +ATP > +AMP. This trend is also the same as that
previously observed in C1-Adk,,.*®

The fluorescence quantum yields of the pyrene-labeled
Adk,, s determined under N, atmosphere or air were similar,
indicating that the emissions were all from the singlet excited
states. C3-Adk,,, was found to have the smallest @ among the
three modified Adk,s regardless of the presence or the absence
of ApsA. The @y values of the Adk,, in the presence of Ap;A
(ie.,, in CLOSED forms) decreased from those in the absence
of it (i.e, in OPEN forms); especially, C2-Adk,,, showed the
highest decrease in @ value.

UV-vis and Excitation Spectra of Pyrene-Labeled
Adki,s. All the pyrene-labeled Adk,,s showed absorption
bands in the range from 300 to 370 nm. The CLOSED Cl1-
Adk,,, showed a broadened spectrum, compared to that of the
corresponding OPEN-form protein (Figure 4a). The spectral
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Figure 3. Steady-state fluorescence spectral change (4, = 345 nm) for pyrene-labeled Adk,,,s on the addition of ApsA and MgCl, to Adk,, in SO mM
Tris buffer (pH = 7.5) at 25 °C under a N, atmosphere: (a) C1-Adk,,; (b) C2-Adk,,; (c) C3-Adk,,. (d) Collected spectra taken in the presence of
Ap;sA and MgCl,. Final concentrations: [protein] = 0.18 uM, [ApsA] = 10 M, and [MgCl,] = S mM. The black, red, and blue spectra were obtained
in the absence of Ap;A and MgCl,, in the presence of only ApsA, and in the presence of both ApsA and MgCl,, respectively. In (d), the solid black,
dotted green, and dotted black lines indicate the spectra in the presence of ApsA for C1-Adk,,, C2-Adk,,, and C3-Adk,,, respectively.

Table 1. Ratio of Intensities between Excimer and Monomer Emissions (Iz) and Fluorescence Quantum Yield (®g)”

Protein C1-Adk,, C2-Adk,, C3-Adk,,

[ApsA] no 10 uM 10 uM no 10 uM 10 uM no 10 uM 10 uM
[MgClL,] no 0 mM S mM no 0 mM S mM no 0 mM S mM
IRb 0.006 0.50 0.95 0.010 0.41 0.41 0.030 0.18 0.19
(DF(NZ)C 0.37 0.25 0.24 0.37 0.21 0.21 0.31 0.23 0.22
D 035 024 022 0.32 0.18 0.18 028 0.19 0.19

250 mM Tris buffer (pH = 7.5) at 25 °C, 4., = 345 nm. bIx = I/Iyy, where I is emission intensity at 485 nm and I; is emission intensity at 376 nm
(for C1-Adk,,) or 377 nm (for C2- and C3-Adk,,s). “Fluorescence quantum yield (relative to 9,10-diphenylanthracene) under N,. “Fluorescence

quantum yield (relative to 9,10-diphenylanthracene) under air.

broadening in the CLOSED C2- and C3-Adk,,s was smaller
than that in C1-Adk,, (Figure 4b,c). The spectral broadening
in the CLOSED proteins is related to a pyrene—pyrene
association in the ground state (vide infra).'®

The excitation spectra of the CLOSED-form proteins with
the emissions at 375 or 485 nm are shown in Figure S4 in
Supporting Information. The spectroscopic data are also useful
for elucidating the mechanism of excimer emission.'® As with
the UV—vis spectra, the excitation spectra of the CLOSED C1-
Adky, showed a distinct spectral broadening when the emission
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wavelength was set at 485 nm. Here, the values of Pa(opgn),
Py(cLosep) Pm and Py were calculated in order to correlate the
spectral broadening with the pyrene—pyrene association mode
quantitatively (Table 2). The values of Pyopgn) and Pacrosen)
are the peak-to-valley ratios in the UV—vis spectra for the
OPEN-form and CLOSED-form proteins, respectively. The
values of Py; and Py stand for the peak-to-valley ratios in the
excitation spectra of CLOSED proteins at monomer emission
and excimer emission, respectively. The values of AP, (=
Paoren) — PA(CLOSED)) and AP, (= Py — Pg) are the

DOI: 10.1021/acs.bioconjchem.5b00026
Bioconjugate Chem. 2015, 26, 537—548



Bioconjugate Chemistry

=g

)

a OPEN
e > 2

‘@ ‘®

c c

8 o

c £

e O

[e}] L]

B B e R SRR
© [1']

£ 1S

o [=]

= =

0 T 0 T

0

—_—

OPEN

CLOSED CLOSED

Normalized intensity

300 320 340 360

Wavelength (nm)

300 320

Wavelength (nm)

I T I 1 T 'I T r L l 1
340 360 320 340 360
Wavelength (nm)

Figure 4. UV—vis spectra for OPEN/CLOSED pyrene-labeled Adk,,s in S0 mM Tris buffer (pH = 7.5) at 25 °C: (a) C1-Adk,,; (b) C2-Adk,,; (c)
C3-Adk,. All spectra are represented by a normalized absorbance based on the value at the spectral valley (336 nm). Black dotted lines and red solid
lines indicate the spectra in the absence and presence of Ap;A, respectively (i.e., OPEN and CLOSED forms), where [protein] = 0.18 uM, [Ap;A] =

0 or 10 uM.

Table 2. Peak-to-Valley Ratios in UV—vis and Excitation
Spectra of Pyrene-Labeled Adk,,s”

C1-Adk,, C2-Adk,, C3-Adk,,
Pacoren)® 2.22 2.46 2.04
Pacrosep)” 1.61 232 1.88
N 0.61 0.14 0.16
Pye 246 274 2.36
S 1.64 2.26 1.78
AP, 0.82 0.48 0.58

excit
“50 mM Tris buffer, pH 7.5 at 25 °C, [protein] = 0.18 uM and [Ap;A]
= 0 uM (for proteins with OPEN form) or 10 uM (for proteins with
CLOSED form). bPA(OPEN) = Abs;s/Absyys in UV—vis spectra in
OPEN-form proteins, where Abs;,s and Abs;;4 are absorbances at 346
and 336 nm, respectively. “Pycrosgp) = Abssse/Absyzs in UV—vis
spectra in CLOSED-form proteins. “AP,, = Pyopen) — PaccLosep)-
Py = Iyu¢/ L6 in excitation spectra at monomer emission (375 nm),
where I, and Iy are relative intensity at 346 and 336 nm,
respectively. IPy = I/l in the excitation spectra at excimer
emission (485 nm). $AP, . = Py — P

broadening factors for UV—vis and excitation spectra,
respectively. In both the broadening factors, C1-Adk,, had
larger values than those of the C2- and C3-Adkg, This
indicates that the preassociation of pyrenes in the CLOSED
C1-Adk,, in the ground state is most significant among Adkis.

CD Spectra of Pyrene-Labeled Adk,s in CLOSED
Form. The CD spectra of pyrene-labeled Adk,,s in the 'L,
absorption band region were collected for the characterization
of pyrene—pyrene association in terms of its exciton coupling
(Figure SS in Supporting Information). According to our
previous report,”® the CLOSED Cl-Adk,, shows a negative
Cotton effect at the 'L, absorption band, whereas the OPEN
C1-Adk,, shows no typical exciton coupling-type signal
(Supporting Information Figure SSb). In contrast, the
CLOSED C2-Adk,, showed no distinct CD signal in the 'L,
absorption band region (Supporting Information Figure S5c).
Interestingly, C2-Adk,, displayed CD signals with small
intensities and positive sign in the OPEN form. Although the
CD signals also appeared in C3-Adk,, on the addition of ApsA
(Supporting Information Figure SSd), the signal sign was also
always positive over this region. The signals observed in C2-
and C3-Adk,s are attributed to the “induced CD signals”
caused by interactions between the pyrene rings and peptide
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backbones/side chains in the vicinity of pyrene rings,*> ™’ and

not by pyrene—pyrene interactions.

X-ray Crystal Structure of the CLOSED Form of C1-
Adk,,. The spectral characteristics for the CLOSED C1-Adk,,
shown above prompted us to conduct an X-ray crystallographic
analysis of the CLOSED C1-Adk,, in order to acquire detailed
structural information on the pyrene—pyrene interactions
present on the protein surface. Figure S displays the 2.8 A
resolution structure of the CLOSED C1-Adk,, in the presence
of ApsA and a magnesium ion. Data collection statistics and

Figure 5. X-ray crystal structure of the CLOSED Cl1-Adk,, (2.8 A
resolution, PDB ID: 3X2S): (a) whole structure of CLOSED Cl-
Adk,, (yellow) superimposed with CLOSED wild-type Adk (PDB:
1AKE, green); (b) magnified figure in the vicinity of pyrene rings.
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refinement statistics for both coordinate sets are summarized in
Table S1 (Supporting Information). Superimposition of the
structures for the CLOSED C1-Adk,, and the CLOSED wild-
type Adk (PDB ID: 1AKE) (Figure Sa) indicated that the two
structures are very similar; the root-mean-square (r.m.s.)
deviation is 0.61 A for 214 Ca pairs. In the CLOSED Cl-
Adk,,, it was found that (i) the pyrene-labeled amino acid
residues (CysSS and Cys169) are located on a-helices; (i) two
pyrene ring moieties are protruding from the Adk,,, matrix; (iii)
they stack with a face-to-face orientation at a distance of 3.7 A.
The face-to-face orientation of two pyrene rings on the protein
surface was assisted by several noncovalent interactions (Figure
Sb): (i) the hydrogen bonding between GIn173 and the amide
C=O0 group connecting a pyrene with Cys169 (N(—H)--O=
C, 3.3 A); (ii) the hydrogen bonding network composed of the
backbone amide C=0 group in CysSS, the side-chain amino
group in Lys166, and the amide C=O group connecting a
pyrene with CysSS (C=O0 (backbone)—(H;")N-Lys166 = 3.5
A; Lys166 N(H;")--*O=C (amide connecting the pyrene) =
2.9 A); (iii) C—H:-7 interaction between the pyrene ring and
Lys166 side chain. In the crystal lattice, each paired pyrene ring
is located more than 47 A apart from the neighboring pyrene
ring.

Fluorescence Lifetimes. In order to consider the pyrene
emission properties from the viewpoint of the probe structures
and the fluctuation in pyrene stacking modes, we conducted
time-resolved fluorescence measurements using the time-
correlated single photon counting (TCSPC) method. Figure
6 shows the decay curves of monomer emission for the OPEN

count (log scale)

200
Time (ns)

300

400

Figure 6. Fluorescence decay (396 nm) for the OPEN-form pyrene-
labeled Adk,,s (1 #uM) in SO mM Tris buffer (pH = 7.5) at 25 °C. A
protein sample was irradiated at 4., = 375 nm with a pulse of fwhm =
64 ps.

proteins (396 nm). The fluorescence decay for the CLOSED
proteins was investigated at two wavelengths in the excimer
emission region (450 and 485 nm), because the excimer
emission caused by partially overlapping pyrene complexes
appears at shorter wavelength regions with a smaller lifetime
than that produced by a sandwich-type pyrene complex with
sufficient ring overlap.'"® The investigation of fluorescence
decay at the two wavelengths is essential to the assignment of
multiphase fluorescence decay curves. The fluorescence decay
curves at 450 and 485 nm for the CLOSED proteins are shown
in Figure 7. Tables 3 and 4 list the monomer emission lifetimes

Table 3. Lifetimes of Monomer Emission (396 nm) for the
OPEN-Form Pyrene-Labeled Adk,,,s, Normalized Pre-
Exponential Factors and * Values in the Curve-Fitting
Analysis®

protein 7y(openy) (D) Ty(open) (D) Ve b
C1-Adk,, 9.93 (0.67) 163 (0.33) 1.04
C2-Adk,, 10.0 (0.67) 159 (0.33) 1.02
C3-Adk,, 9.83 (0.55) 140 (0.45) 1.10

“50 mM Tris buffer, pH 7.5, at 25 °C under a N, atmosphere,
[protein] = 1 uM, A, = 375 nm. The fluorescence lifetimes indicated
in the table were based on the averages of three-run measurements.
The values in parentheses indicate the normalized pre-exponential
factors of each kinetic term. The uncertainties of fluorescence lifetimes
are within 10%. Zy* value.

for OPEN-form proteins and the excimer emission lifetimes for
CLOSED-form proteins, respectively (the detailed kinetic
analysis is shown in Figures S6, Supporting Information).
The kinetic data for the CLOSED-form proteins in the
presence of Mg*" are also shown in Table S2 and Figure S7
(Supporting Information).

The monomer emission decay curves at 396 nm for the
OPEN-form proteins were successfully analyzed using the
double-exponential kinetic law. The lifetime of the fast phase,
T)(open) is almost identical among the three Adk,,s (~10 ns).
The lifetime 7,opgyy) is on the order of 10? ns. The double-
exponential kinetic behavior and the order of lifetimes are
similar to those previously reg)orted for pyrene-labeled
proteins®® and molecular beacons.

The fluorescence decay at 485 nm in the CLOSED C1-Adk,,
required a curve-fitting analysis by the triple-exponential kinetic
law, since a double-exponential kinetic analysis showed a
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Figure 7. Fluorescence decay for CLOSED-form pyrene-labeled Adk,,s (1 #M) at 450 nm (blue lines) and at 485 nm (red lines) in SO mM Tris
buffer (pH = 7.5) at 25 °C: (a) C1-Adk,,; (b) C2-Adk,,; (c) C3-Adk,, A protein sample was irradiated at A, = 375 nm with a pulse of fwhm = 64

ps.
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Table 4. Lifetimes of Excimer Emission (450 and 485 nm) for the CLOSED-Form Pyrene-Labeled Adk,,s, Normalized Pre-
Exponential Factors, and x* Values in the Curve-Fitting Analysis®

protein wavelength (nm) Ty(crosep) (ns)
C1-Adk,, 485 341 (0.27)
450 3.60 (0.62)
C2-Adk,,,® 485 2.69 (0.50)
450 4.36" (0.80)
C3-Adk,,* 485 2.35 (0.60)
450 3.85 (0.79)

T2(CLOSED) (ns) T5/(CLOSED) (ns) )(2 b
4047 (0.53) 81.3% (0.19) 092
36.57 (0.26) 92.0% (0.12) 0.88
69.0 (0.50) e 092
664 (020) e 0.80
582 (040) e 1.01
59.5 (021) e 1.02

“50 mM Tris buffer, pH 7.5 at 25 °C under a N, atmosphere, [protein] = 1 yM and [ApsA] = 50 uM, A, = 375 nm. The fluorescence lifetimes
indicated in the table were based on the averages of three-run measurements. The values in parentheses indicate the fractions of each kinetic term.
The uncertalntles of fluorescence lifetimes are within 10% unless other noted. )(2 value. “Triple-exponential kinetic analysis was required to obtain a
good y* value. Although the values of 7,(c1osep) and 7,(crosgp) are similar, the separation into two kinetic terms for the later phase was required in
curve-fitting analysis; otherwise, y* value becomes more deviated from unity. Experimental scatters in lifetime values among three-run measurements
are within 10%. These values are indicated as apparent lifetimes: The ratio of pre-exponential factors for these lifetimes does not reflect the real
population ratio of each stacking mode, because the equlhbrlum constant between these stacking modes is not determined. “Double-exponential
kinetic analysis was required to obtain a good y value. FThe uncertainty may be larger than 10% because of > value significantly deviated from unity.

significant deviation at the initial stage of the fluorescence decay
with a y* value of >1.2. (see Figures S6—1 and S6—10,
Supporting Information). The emission lifetime at the early
stage (TI(CLOSED)) was ~3 ns, and the later phase in the
fluorescence decay was featured by two lifetime parameters,
Ty(cLosep) ~ 40 ns and 7,(cposep) ~ 80 ns. The fluorescence at
450 nm also decayed with similar lifetime values to those at 485
nm, although the pre-exponential factor of 7(cosep) at 450 nm
was larger than that at 485 nm. Consequently, the initial decay
of the excimer emission band (7)(cLosep) ~ 3 ns) is mainly
caused by a component with fluorescence in the shorter
wavelength region. In other words, the initial and later phases
are assigned as the emissions from partially overlapping pyrene
dimers and sandwich-like dimers, respectively (see the details in
Discussion)."®** In contrast to the fluorescence decay in C1-
Adk,,, the fluorescence decay curves in the CLOSED C2- and
C3-Adk,,s were successfully analyzed using the double-
exponential kinetic law. The lifetimes in the initial and later
phases were similar to those of the CLOSED C1-Adk,,
(Tl(CLOSED) ~ 3 ns and Tycrosep) = SS—70 ns). The pre-
exponential factors of 7;(c; ospp) in these proteins were found to
be larger than that observed in the CLSOED Cl1-Adk,,
indicating that partially overlapping pyrene dimers are
predominant in the excited state for the CLOSED C2- and
C3-Adk,,s.

Although the steady-state fluorescence spectrum of the
CLOSED C1-Adk,, showed a higher intensity of excimer
emission in the presence of Mg®* than that in the absence of
Mg** (Figure 3A), no significant differences in the kinetic
profile of fluorescence decay curves (lifetime and pre-
exponential factors of each phase) were observed (Figure S7,
Supporting Information). A similar trend was also seen in the
CLOSED C2- and C3-Adk,,s.

B DISCUSSION

Effect of Nucleotide Structures on Steady-State
Fluorescence Spectra. All pyrene-labeled Adk,,s prepared
in this work show the excimer emission around 485 nm upon
the addition of ApsA in steady-state fluorescence spectra
(Figure 3). The fluorescence spectral changes on the addition
of nucleotide substrate molecules (ADP, ATP, or AMP) are
similar among these proteins (Figure S3, Supporting
Information). ADP produces the strongest excimer emission
among nucleotide substrates. This fact indicates that the
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spectral changes caused by the nucleotide substrates surely
reflect the substrate-binding fashion of Adk and the intrinsic
characters of the structural transition of Adk: ADP occupies
both ligand-binding sites (LID and NMP) to induce a full
conformational change in Adk,,, whereas ATP and AMP bring
about a partial conformational change 1n the protein as they
occupy only one of the binding sites.”® This mechanism is
schematically depicted in Figure S8 (Supporting Information).

Effect of Magnesium lon on Steady-State Fluores-
cence Spectra. In C1-Adk,,, the presence of Mg** brought
out the further increase in the excimer emission intensity (and
the concurrent decrease in the monomer emission), indicating
that the binding of a magnesium ion to Adk causes the further
conformational change in the CLOSED protein to affect the
pyrene—pyrene stacking behavior. A magnesium ion is believed
to interact with Asp84 and two oxygen atoms of the phosphate
groups in ADP or ATP. It is supposed that the interaction
contributes to the activation of the terminal phosphoryl %rou
of a phosphate-donating substrate at the transition state
(see a schematic binding structure in Figure S9, Supporting
Information). Thus, the protein-Ap;A-Mg’* ternary complex is
a more analogous structure to the transition state in the
phosphoryl transfer between two nucleotide substrates. In
contrast to the CLOSED Cl-Adk,,, little effect of Mg>" was
observed on the emission spectra in the CLOSED C2- or C3-
Adk,,s (and I values). This is due to the increase in the
degrees of freedom in the long linker moieties of probes C2
and C3. On the basis of these findings, we can conclude that
C1 is the best probe for the sensitive detection of the
microscopic structural change in Adk during the phosphoryl
transfer between two substrate molecules.

Fluorescence Decay of Monomer Emission in the
OPEN Adk,,,s. All the OPEN-form Adk,,,s showed the double-
exponential fluorescence decay. The existence of a long lifetime
fluorescence component (7y(opgy) > 100 ns) popularly
observed for pyrene in solutions® indicates that each pyrene
is sufficiently isolated without protein—protein interactions.
The origin of a short phase in the fluorescence decay is
attributed to some weak interactions between a pyrene ring and
peptlde backbones (C—H-x interactions etc.) on the protein
surface.**** Another possible origin of the short phase is the
light scattering effect in buffer solutions. This factor was
proposed in research using a molecular beacon with pyrene
moieties at the terminals of long alkyl chains, where few
functional groups interacted with a 7-conjugated ring existing

DOI: 10.1021/acs.bioconjchem.5b00026
Bioconjugate Chem. 2015, 26, 537—548



Bioconjugate Chemistry

near the pyrene moieties.> Consequently, the observed short
phase of the monomer emission decay in the OPEN-form
Adk,,s mainly originates from the interactions with peptide
backbones and pyrene ring on the surface of Adky,.

Pyrene—pyrene Stacking Mode on the Surface of the
CLOSED C1-Adk,,,. Among the pyrene-labeled Adk,s, C1-
Adky, produces the strongest excimer emission, indicating that
two pyrene rings of Cl-Adk,, are effectively arranged in
proximity at the protein surface upon the binding of nucleotide
ligands. According to the following spectroscopic characteristics
in the CLOSED Cl1-Adk,, ((i) broadened UV—vis and
excitation spectra and (ii) the appearance of distinct exciton
coupling-type signal in the CD spectrum), the excimer emission
of the CLOSED C1-Adk,, is denoted as “static excimer”, where
the two pyrene rings almost associate in the ground state.'® The
formation of a sandwich-like pyrene—pyrene stacking in the
ground state is successfully shown in the X-ray single crystal
structure of the CLOSED C1-Adk,,.

However, the decay of excimer emission with multi-
exponential kinetic behavior suggests the existence of several
stacking modes between the two pyrenes at the excited state in
solution. The appearance of a fast phase (lifetime 7,(c;osep)) is
ascribed to the existence of partially overlapping pyrene dimers.
The assiginment is based on the large pre-exponential factor of
the initial emission decay (~3 ns) at 450 nm (in the shorter-
wavelength skirt of the excimer emission band). However,
sandwich-like pyrene stacking is predominant in the CLOSED
C1-Adk,, although partially overlapping pyrene complexes also
exist to a certain extent in solution. Interactions between the
pyrene ring and peptide backbones may contribute to the initial
emission decay, as considered for the fluorescence decay traces
of OPEN-form proteins. However, the factor derived from the
7—7 stacking of pyrenes is more significant. This is supported
by the experimental finding that the pre-exponential factor of
lifetime 7;(cposep) is dependent on measurement wavelength.
Furthermore, the observation of two lifetime parameters for the
slower phase on the emission decay of the CLOSED C1-Adk,,
suggests that at least two different orientations of pyrene dimers
exist among the sandwich-like dimers at the excited state. A
similar kinetic behavior was also reported in a pyrene-
conjugated dendrimer,”® pyrenes at the interface of polymer
Langmuir—Blodgett films,>® and pyrene-end-capped poly-
mers.”® In these reports, several pyrene orientations and the
equilibrium between twisted stacking and parallel stacking of
pyrenes were proposed to exist.

Although the steady-state fluorescence and CD spectra for
the CLOSED Cl1-Adk,, are influenced by the presence of
Mg**, the kinetic profiles of the fluorescence decay are largely
unaffected by the presence of Mg®* (Figure S7, Supporting
Information). A possible reason for the discrepancy between
the profiles in the steady-state and time-resolved measurements
is attributed to a rapid equilibrium between pyrene stacking
modes (on the nanosecond scale) during the transition from
the excited state to the ground state, regardless of the presence
or absence of Mg>*.*!

Pyrene—pyrene Stacking Mode on the Surface of the
CLOSED C2- and C3-Adk;,s. The pre-exponential factor of
Ti(cLosep) at 485 nm is ranked as C1-Adk,,, <« C2-Adk,, < C3-
Adk,,,. This is due to an increase in the contribution of the
emission caused by partially overlapping dimers in the C2- and
C3-Adk,, because of the increase in the linker length.
Consequently, the population of partially overlapping pyrene
dimer is predominant in the CLOSED C2- and C3-Adk,, in
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the excited state. The later phase of the emission decay
originates from sandwich-like pyrene dimers, although the
contribution of the stacking modes to excimer emission is small
in these proteins. A remarkable fact is that no separation into
two phases occurs at the later emission decay phase in these
proteins. This is because pyrene dimers with sufficient ring
overlap but several orientations (e.g., twisted association) in the
excited states are in rapid equilibrium, resulting in the
exhibition of apparently averaged fluorescence decay.

In the CLOSED C2- and C3-Adks, the broadening in the
UV-—vis and excitation spectra in the excimer is smaller than
those of the CLOSED C1-Adk,,. This spectral characteristic
implies that the association of pyrene rings in the ground state
is weak. When pyrene rings are within a distance that is
sufficient to form a stacked conformation, the occurrence of
“dynamic excimer” is expected. Dynamic excimer of pyrene is,
normally, characterized by an initial growth followed by a decay
in fluorescence around 485 nm after excitation.'® However, the
rise in fluorescence during the initial phase was not
experimentally observed in this work. A possible reason for
the fluorescence change is the very fast formation of a dynamic
excimer within the pulse irradiation time (64 ps),** because of
the preset proximity of two cysteine residues anchoring the
pyrene moieties (ca. 12 A).

Although no direct experimental evidence indicating the
formation of a dynamic excimer is available at present, the
following spectroscopic characteristics suggest that the
conformational fluctuation in pyrene—pyrene stacking at the
excited state significantly contributes to the excimer emission
properties of the CLOSED C2-Adk,,: (i) The smallest AP,
and AP, values among the Adk,,s imply weak association in
the ground state. (ii) The largest decrease in the value of @
upon the addition of ApsA (—0.12 in C1-Adk,,, —0.16 in C2-
Adk,,, and —0.08 in C3-Adk,,) suggests enhancement of
nonradiative processes because of the increased flexibility in the
linker moiety. (iii) In spite of the aforementioned spectroscopic
characteristics, as shown in Supporting Information Figure S10,
the ratio of fluorescence intensities at 450 nm (in the short-
wavelength skirt of the excimer emission band; dominated by
partial stacking) and 520 nm (in the long-wavelength skirt of
the excimer emission band; dominated by sandwich-like
stacking) in the CLOSED C2-Adk,, is almost the same as
that in the CLOSED C1-Adk, and is larger than that in the
CLOSED C3-Adk,,, (Is;0/Iss0 = 1.49, 1.50, and 1.26 for Cl-,
C2-, and C3-Adk,,, respectively). The finding described in the
section (iii) indicates that the excimer emission for the
CLOSED C2-Adk, observed by steady-state fluorescence
spectroscopy is predominated by a similar population of
sandwich-type dimers to that in the CLOSED Cl1-Adk,,
although the fluorescence decay profiles in the time-resolved
fluorescence measurements are quite different between the two
proteins. These spectroscopic features shown in the steady-
state and time-resolved measurements highlight the utility of
the combination of these spectroscopic techniques for precise
understanding of the interaction modes between two
chromophore probes with flexible linkers that are attached to
a biomolecule.

Significance of the Probe Structure Optimization.
Among the three pyrene-labeled Adk,s, the fluorescence
changes in Cl-Adk,, most faithfully reflect the intrinsic
structural change in Adk (ie, OPEN/CLOSED transition
and the conformational effect at the transition state by a
magnesium ion). Probe C1 thus can be considered as the best
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candidate for evaluating the conformational fluctuation of a
protein.

We can expect that the interactions between two pyrene
rings are inhibited with the increase in the linker flexibility of
pyrene probes. However, in reality, the relationship between
the spectral characteristics and the length of a linker is not
straightforward. The values of AP, and AP, of C3-Adk,, are
slightly higher than those of C2-Adk,, (see Table 2), indicating
that the association of pyrene in the CLOSED C3-Adk,,, at the
ground state occurs more easily than the CLOSED C2-Adk,, in
spite of the more flexible and longer linker in C3. Nevertheless,
the ratio of fluorescence intensities at 520 nm and 450 nm
(Is30/Lugo) indicates that the excimer emission of the CLOSED
C3-Adk,, is more predominantly caused by the partially
overlapping pyrenes, compared to the CLOSED C2-Adk,,. In
other words, the pyrene—pyrene interaction in the CLOSED
C3-Adk,,, weakens at the excited state. A probe molecule with
an excessively long linker moiety sometimes presents challenges
in the interpretation of spectroscopic characteristics. Thus, the
optimization of a chromophore probe structure is critical when
the probe is introduced into a flexible part of the target
biomolecule for evaluating the conformational effect around the
part.

Bl CONCLUSION

Fluorescence properties of the ASSC/C77S/V169C adenylate
kinase mutants modified by three kinds of pyrenyl
iodoacetamide were investigated in terms of pyrene stacking
modes on the protein surface. Regardless of the lengths in the
linker moiety, all the proteins are able to form the CLOSED
form with a similar distance between CysSS and Cys169.
However, the mechanism of excimer emission in the CLOSED
Adk,,s is strongly dependent on the linker length of the pyrene
probes. The excimer emission of the CLOSED pyrene-labeled
Adk,, with a short methylene linker is almost predominated by
“static excimer” of pyrene dimers with sufficient ring overlap.
The stacking mode is clearly shown in the X-ray crystallo-
graphic analysis for the CLOSED Cl1-Adk,,. In contrast, the
stacking fluctuation at ground and/or excited states becomes
significant with the increase in the linker length, which is shown
in less broadening in the UV—vis/excitation spectra and
fluorescence decay profiles of C2- and C3-Adkg,s. The
difference in only one carbon unit of methylene linkage is
able to produce a dramatic difference in the fluorescence decay
profiles. These fluorescence properties indicate the need for
optimization of the structure of a pyrene probe for correctly
evaluating spatial information between pyrene-labeled places in
a biomolecule or between pyrene-labeled biomolecules. This
matter will be more critical when the flexibilities of synthetic
probes and/or conjugation sites in targeted biomolecules
increase. In this context, a series of spectroscopic data
presented in this work demonstrate (i) the significance of
probe structure design and (ii) the utility of the combination of
steady-state and time-resolved spectroscopic measurements for
the precise evaluation of the association modes between
fluorescent probe-labeled biomolecules (distance, orientation,
fluctuation of interaction modes in the ground and excited
states).

B EXPERIMENTAL SECTION

Materials and Instruments. All chemicals were obtained
from conventional commercial sources and used as received
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unless otherwise noted. The synthesis of pyrenyl iodoacetamide
C1 was described in a previous report.”® The syntheses of
pyrenyl iodoacetamides C2 and C3 are described above (see
the detailed synthetic procedures in Supporting Information).
The plasmid pEAK91 harboring Adk,, (ASSC/C77S/V169C)
was prepared from the plasmid coding the double mutant of E.
coli. Adk (ASSC/C77S) (gifted by Prof. E. Haas, Bar-Ilan Univ.,
Israel) according to our previous report.”® Hexokinase and
gluclose-6-phosphate dehydrogenase from baker’s yeast were
purchased from Sigma as a mixed material (catalog code:
H8629—S00UN).

NMR spectra were collected on a JEOL JNM-ECP400
spectrometer. The '"H NMR and "*C NMR chemical shifts are
reported in ppm relative to tetramethylsilane (TMS) or the
residual solvent protons. Protein purification was conducted
using a AKTA FPLC chromatography system in a chroma-
tochamber (4 °C). ESI-MS analyses were carried out using a
JEOL JMS-T100LC mass spectrometer. MALDI-TOF-MS
analyses were conducted using a Bruker Autoflex II mass
spectrometer. UV—vis spectra were measured using a Shimadzu
UV-2550 double beam spectrophotometer. CD (circular
dichroism) spectra were collected using a JASCO J-725 circular
dichroism spectrophotopolarimeter. Steady-state fluorescence
spectra were measured using a JASCO FP-8300 fluorescence
spectrophotometer equipped a with thermostated cell holder.
Fluorescence lifetimes were measured by the time-correlated
single photon counting (TCSPC) method using a FluoTime
200 (PicoQuant) TCSPC spectrophotometer with a pico-
second laser system (LDH-P-C-375 and PDL-200B, Pico-
Quant).

Expression and Purification of Adk,. The Adk,,,
expression system was constructed by the transformation of
E. coli HB101 using the pEAK91 plasmid harboring Adk,.
Protein expression and purification were carried out in the same
manner as the method described in a previous report.”® Protein
samples were stored in 40 mM sodium phosphate buffer (pH =
6.5) containing 50%(v/v) glycerol, 100 mM NaCl, 2 mM
ethylenediamine-N,N,N’,N’-tetraacetic acid disodium salt
(EDTA), and 2 mM dithiothreitol (DTT) at —20 °C.

Conjugation of Pyrenyl lodoacetamides (C1, C2, or
C3) to Adky,. A protein solution was passed through a PD-10
column (GE healthcare) with elution of SO mM HEPES (pH =
8.0) to remove glycerol and DTT, immediately before use. A
pyrenyl iodoacetamide (SO equiv) dissolved in DMSO was
added to the buffer solution of protein (2 M) with adjustment
of the concentration of DMSO to 5% (v/v) in final solution.
The mixed solution was gently stirred at 25 °C for 24 h in the
dark. After the solution was centrifuged, the supernatant was
dialyzed against 20 mM Tris buffer (pH = 8.0). The protein
solution was subjected to a MonoQ_anionic exchange column
(5 mL, GE healthcare) to separate from the unmodified and
partially modified proteins (flow rate: 0.5 mL/min, eluent: 20
mM Tris buffer (pH = 8.0) with linear gradient of NaCl from 0
to 300 mM). The pyrene-labeled protein was eluted at the
elution volume of 26—30 mL (for C1-Adk,,), 31—34 mL (for
C2-Adk,,), and 32—35 mL for (C3-Adk,,). The chromato-
grams in the protein purification are shown in Figure S11
(Supporting Information). The collected protein solution was
desalted using a HiTrap desalting column (S mL, GE
healthcare), lyophilized, and kept at —80 °C. The introduction
of two pyrene moieties into Adk,, was confirmed by MALDI-
TOF-MS analyses (Figure S12 in Supporting Information).
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Confirmation of Adk Activities of Adk,s. The
phosphoryl transfer activities of Adk,,s were measured by
monitoring the formation of NADPH (the increase in
absorbance at 340 nm) produced by the Adk,,-hexokinase-
glucose-6-phosphate dehydrogenase tandem reaction®” in 50
mM Tris buffer (pH = 7.5) at 25 °C. The measurement
conditions were as follows: [Adk,,] = 44 nM, [ADP] = 2 mM,
[glucose] = 10 mM, [NADP*] = 2.3 mM, and hexokinase/
glucose-6-phosphate dehydrogenase = 25 unit.

Measurements of UV—vis, Steady-State Fluorescence,
and CD Spectra. All UV—vis, steady-state fluorescence, and
CD spectra were collected in a 1 cm quartz cell at 25 °C. The
wavelength resolution in UV—vis spectra was 0.5 nm. CD
spectra were obtained by accumulation of five scans with 1 nm-
resolution. Steady-state fluorescence spectra were collected at
the excitation wavelength of 345 nm and recorded at 1 nm
resolution.

Measurements of Fluorescence Quantum Yields. The
relative fluorescence quantum yields of a pyrene-labeled Adk,,,
(®ps) were determined using the quantum yield of 9,10-
diphenylanthtracene (®,, = 0.95) in ethanol as a reference.*
The @ was calculated with the following equation (eq 1):?

fIP Ast RlW2
ra .2
J1 A Rig (1)

where /Iy is the integrated fluorescence intensity of a pyrene-
labeled Adk, f I, is the integrated fluorescence intensity of the
standard sample, and A, and Ajp is the absorbance of the
standard sample and the protein samples at the excitation
wavelength (340 nm), respectively. Riy, and Rig are refractive
indexes of water and ethanol, respectively (Riy, = 1.333 and Rig
= 1.362).

Measurements of Fluorescence Lifetimes. Samples for
TCSPC fluorescence lifetime measurements were anaerobically
prepared and sealed with a septum to avoid air contact. After
the sample solution was excited at 375 nm by a laser pulse with
full width at a half-maximum (fwhm) of 64 ps, the fluorescence
decays at 396 nm (for OPEN-form proteins) and 450 and 485
nm (for CLOSED-form proteins) were monitored at 25 °C
with a time resolution of 64 ps. The excitation wavelength was
selected in order to avoid the complexity caused by the
excitation of pyrene to higher energy levels than S;-state. The
fluorescence decay obtained was analyzed by (eq 2):

I(t) = t r(t nAie - dt’
(t) [mﬁ(t)g} xp( ]t o

where I(t) is the observed fluorescence decay, Fiz(t') is the
instrument response function of excitation pulse, 4; is a fraction
of decay component i, and 7; is a fluorescence relaxation time
(lifetime) of decay component i.

Crystallization and X-ray Diffraction Collection of the
CLOSED C1-Adk;y,. To a concentrated solution of purified
C1-Adk,, sample in 50 mM Tris buffer (pH = 7.5, 8.5 mg/mL)
was added MgCl, and Ap;A in water (2 mM in final). The C1-
Adk,,, crystals used for X-ray diffraction were prepared by
hanging-drop vapor-diffusion method at 20 °C. The crystals
were grown in 0.2 yuL solutions that contained 0.1 yL of Cl1-
Adk,, solution and 0.1 uL of reservoir solution (0.1 M HEPES
sodium pH = 7.5, and 0.8 M potassium sodium tartrate
tetrahydrate), equilibrated against SO uL of the reservoir
solution. Crystals were each mounted into a loop and then

b = &,

t—t

%
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flash-frozen in a stream of N, at 100 K. Diffraction data were
collected at 100 K synchrotron radiation at the SPring-8
BL32XU (Japan). The diffraction data sets were processed
using HKL.2000.**

Structure Determination and Refinement of CLOSE
C1-Adk,,, Crystal. The crystal structure of the CLOSED C1-
Adk,,, was solved by molecular replacement with the program
Molrep, using the wild-type Adk in complex with Ap;A (PDB
ID: 1AKE) as a search model. Model refinement was using
CNS,* with manual inspection and modification in con-
junction with the CCP4 program COOT.* NCS averaging
between two monomers within the dimer was attempted but
did not improve the calculated electron density maps; thus, no
NCS restraints were applied. The ¢—¢ angles of >90% of the
residues in the CI1-Adk, structure are in the most favored
regions of the Ramachandran plot as assessed by Molprobity.*”
Phasing and refinement statistics are given in Supporting
Information Table S1. Figures were prepared using Pymol
(www.pymol.org). The final atomic coordinates and structure-
factor amplitudes of C1-Adk,,, (PDB ID: 3X2S) were deposited
in the Worldwide Protein Data Bank (wwPDB; http://www.
wwpdb.org) and the Protein Data Bank Japan at the Institute
for Protein Research, Osaka University, Suita, Osaka, Japan
(PDB;j; http://www.pdbj.org/).

B ASSOCIATED CONTENT
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Data from X-ray crystallographic analysis, lifetimes obtained in
the presence of Mg?*, CD spectra for Adk,,s, Adk activity
assays, fluorescence spectral changes on the addition of
substrate ligands, excitation spectra of Adky,s, kinetic analyses
of lifetime measurements, schematically depicted relationship
between substrate-binding fashion and excimer emission,
overlaid excimer emission spectra (normalized) of Adk,s,
chromatograms in protein purification and MALDI-TOS-MS
spectra of Adk,,s. This material is available free of charge via
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