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A previously synthesised derivative of BODIPY aimed for sulfhydryl specific labelling of cysteine
residues in proteins was studied. The spectral and photophysical properties of this derVative,
(4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diazadacene-2-yl) iodoacetamide (NBDY) were
characterised, and found to be considerably different from those of commonly used derivatives
of BODIPY, e.g. N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaga@dacene-3-yl)methyl iodoac-
etamide. The absorption and fluorescence spectra, as well as fluorescence lifetimes and quantum
yields of NBDY are quite sensitive to solvent properties. The fluorescence is effectively quenched
by I~ when NBDY is free in water or attached to Cys in different mutants of plasminogen activator
inhibitor type 2 (PAI-2). A ground-state dimer forms when two NBDY groups are closely spaced in
plasminogen activator inhibitor type 1 (PAI-1).
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INTRODUCTION of SBDY make it suitable for distance measurements
based on donor-donor energy migration (DDEM) [4-7].
Spectral and photophysical properties of frequently In applications of the DDEM method [8], chemically
used derivatives of BODIPY like N-(4,4-difluoro- and photophysically identical fluorescent groups are
1,3,5,7-tetramethyl-4-bora-3a,4a-diszadacene-2-yl) incorporated at well-defined positions in a biomacro-
iodoacetamide and N-(4,4-difluoro-5,7-dimethyl-4- molecule,e.g. a protein. For such a system the rate of
bora-3a,4a-diaza-indacene-3-yl) methyl iodoacetamide energy migration can be obtained only from analyses of
(SBDY, see Fig. 1) exhibit extraordinary stability to fluorescence depolarisation measurements, since the rate
various physico-chemical environments [1]. The ex- of fluorescence relaxation remains invariant to energy
planation is ascribed to the small change in permanent migration. However, this statement is not true for pairs
dipole moment upon excitation, as well as the fact the of chemically identical but photophysically non-identical
permanent dipole and electronicy(8 S;) transition fluorescent groups. The photophysics’ decay of such pairs
dipoles are perpendicular [2]. SBDY is a sulfhydryl contains information about the energy migration/transfer
specific reagent [3], which for several years has been rates, and thus about the distance between interacting
used for labelling cysteine residues in proteins. As was molecules within the pair. To distinguish from DDEM,
previously demonstrated the photophysical properties we hereafter refer to the latter case as partial donor-donor
- energy migration (PDDEM). In a recent paper [9] the
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Fig. 1. Chemical structures oN-(4,4-difluoro-1,3,5,7-tetramethyl-
4-bora-3a,4a-diazs-indacene-2-yl)iodoacetamide (NBDY) anbl-
(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diazéndacene-3-yl)methyl)
iodoacetamide (SBDY).

which is here supported by studies of NBDY dissolved
in solvents of different polarity, as well as specifically
attached to different positions in a protein. The proteins
used in most experiments were different mutants of plas-
minogen activator inhibitor type 2 (PAI-2) [11]. Mutants
of plasminogen activator inhibitor type 1 (PAI-1) were
used to study ground state dimerisation of NBDY. PAI-
1 and PAI-2 belong to the large and diverse family of
seline proteinase ihibitors (serpins) that encompasses a
wide range of proteins, mostly proteinase inhibitors [12],
which are widely distributed in eukaryotes and control all
the major proteolytic cascades in humans.

MATERIALS AND METHODS

N-(4, 4-difluoro-1, 3, 5, 7-tetramethyl-4-bora-3a, 4a-
diazas-indacene-2-yl) iodoacetamid (BODIPY507/
545 IA; NBDY) was purchased from Molecular Probes,
Inc. (USA), glass distilled glycerol was from OmniSolv
(USA). All chemicals used were of analytical grade.

NBDY derivative of 2-mercaptoethanol was prepared
as follows. NBDY iodoacetamide dissolved in DMSO
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Table I. Notation Used for Referring to Different Substitution Mutants
of Plasminogen Activator Inhibitor Type 2 (PAI-2)

Shorthand notation Substitutions

79cysPAI-2 C5S/C145S/C161S/C405S

161cysPAlI-2 C5S/C79S/C145S/C405S

171cysPAl-2 C5S/C79S/C145S/C161S/S171C/C405S
347cysPAl-2 C5S/C79S/C145S/C161S/N347C/C405S

were labelled and purified further as described in Lobov
et al. [14].

The construction of PAI-1 Cys-double mutant
S344C-M347C was described previously [15]. The in-
hibitor activity was determined by a chromogenic assay
and by complex formation with urokinase type plasmino-
gen activator (UPA) [16]. Labelling of the double mutant
S344C-M347C was performed as described elsewhere [6],
with the exception that the probe was NBDY and Tween
was omitted from the chromatography buffer. Samples
were studied in both the absence and presence of glyc-
erol (50% w/w).

Absorption spectravere measured on a GBC 920
spectrophotometer (GBC, Australia). Steady-state fluo-
rescence spectra were recorded on a SPEX Fluorolog 112
(SPEX, USA) and a SPEX Fluorolog-3 (SPEX, USA)
instrument both equipped with Glan-Thompson polaris-
ers. The spectral bandwidths were typically setto 5.5 and
3.6 nmand 2.0 and 2.0 nm for the excitation and emission
monochromators, respectively. All spectrawere corrected.

Time-correlated single-photon-counting measure-
mentswere performed using a PRA 3000 (PRA, Canada)
system. The excitation source was a NanoLED-01 (IBH,
Scotland) pulsed diode, operated at 800 kHz. The excita-
tion and emission wavelengths were selected using inter-
ference filters (Melles Griot, the Netherlands) centred at
500 and 550 nm. The fluorescence decays were collected
over 1024 channels with the resolution of 50 ps/ch, with
at least 10 000 photons in the peak-maximum.

All measurements were performed at room tempera-
ture except for the steady-state anisotropy measurements
that were performed at 277 K. The maximum absorbance

was treated with the excess of 2-mercaptoethanol (5% in of all samples was kept below 0.08.

20mM Tris-HCl aqueous buffer, pH 7.4). The product was
purified by TLC (Silica gel 60 plates, Merck, Germany) by
using the solvent mixture of chloroform-methanol-water
(by volume 90: 10: 0.1R¢ ~ 0.4).

Preparation and Labelling of PAI-1
and PAI-2 Mutants

PAI-2 mutagenesis, expression and purification were
done as described previously [13]. PAI-2 mutants (Table I)

Fluorescence quantum yieldgere measured when
using a perylene dye dissolved in chloroform [17] and
tetramethyl-BODIPY in methanol as quantum yield stan-
dards. The quantum yields of these compounds are 1.0
[17] and 0.93 [1], respectively.

The Forster radiusRy) of donor-donor energy trans-
fer [17] was calculated according to

)1/6

Ro = 90001n 10(23)dJ
- 12875n*Nx

@)
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where Na, n and ® denote the Avogadro constant, the For probes attached to proteins a modified Stern-
refractive index of the medium and the quantum yield of Volmer plot was used [19].
the donor, respectively. The overlap integddk given by o 1 1 1

AF T TK QT ©)
Here it is assumed that a fractiotiy] of the probes is
accessible to quencheks, is the Stern-Volmer quenching
constant for the accessible part.

J= /E(U)F(v)v_4dv (2)

In eq. 2,v ande(v) denote the wavenumber and the molar
absorbtivity, respectively. The corrected emission spec-
trum F(v) is normalised so thafF (v) dv = 1.

The radiative lifetimest) were calculated according RESULTS AND DISCUSSION

to the Strickler-Berg equation [18]
Spectral and photophysical properties of
oo JF(v)dv

2 _288x10°n - ety (3) N. (4,4-difluoro 1',3,5,7 tetramethyl 4-bora 3&}, da-diaza
70 J F(v)v—3dv s-indacene-2-yl) iodoacetamid (NBDY, see Fig. 1) were
i ) i determined for the probe dissolved in water, organic
In the fluorescence quenching experiments small aliquots solvents, and covalently attached to Cys residues in plas-
of Klwere added to the sample,thereafterthefluorescencemmoglen activator inhibitor type 2 (PAI-2). Throughout
intensity was integrated over the emission pealgSjas this paper NBDY is compared t9-(4,4-difluoro-5,7-dim-
was added to avoid formation of IT_he data was a_nalysed ethyl-4-bora-3a,4a-diazsindacene-3-yl) methyl iodoa-
by standard Stern-Volmer analysis [19] according to the cetamid (SBDY, see Fig. 1), which exhibit properties

equation commonly found for numerous derivatives of BODIPY.
Fo
F 14 kgrol QF = 1+ Kol Q] “) Absorption and Fluorescence Spectra

Eg. 4 accounts for dynamic quenching wheg flenotes Absorption spectra of NBDY in chloroform,

the concentration of quenchéty; andF are the fluores-  methanol and acetonitril are very similar, while spectral
cence intensities in the absence and presence of quencheshifts and broadening are observed in DMSO and water
The lifetimetg is here defined as the lifetime in absence (Table Il, Fig. (2A)). Moreover the spectra recorded for
of quencher an# is the bimolecular quenching constant. NBDY dissolved in water are very similar to those ob-
For diffusion controlled quenchinky, is typically about tained for NBDY attached to different Cys residues of
10'° M~ s, Slower rates can be expected when the PAI-2. This finding is compatible with a probe location in
probe is partly shielded from the quencher. the water-protein interface.

Table Il. Absorption and Steady-State Fluorescence Properties of NBDY in Different Solvents, as well as Covalently
Linked to Different Mutant Forms of PAI-2

NBDY Amax (M) emaxM~2em™)  Aem(nm)  Stokes’ shift (nm) @ Ro (A)
Chloroform 513 82800 549 36 0.430.04 42.5+0.8
MeOH 508 84200 549 41 0.3 0.02 36.6£0.7
EtOH 509 84100 552 43 0.380.02 36.5+0.7
Acetonitrile 507 77400 554 47 0.390.02 34.1£0.7
DMSO 512 69000 563 51 0.260.02 30.3+:0.8
Water 504 74400 533 29 0.380.02 37.4+:0.7
347cys PAI-2 508 69000 537 29 0.620.05 449+1
79cys PAI-2 509 69000 537 28 0.620.05 453t1
171cys PAI-2 509 69000 538 29 0.4% 0.05 39.7+1
161cys PAI-2 509 69000 538 29 0.360.05 422+1
79cys PAI-2 510 69000 537 27 0.3 0.05 41.9+1
347cys PAI-2 508 69000 529 21 0.380.05 424t1

Note The fluorescence quantum yield and ttoedtér radius are denot@land Ry, respectively.
2Dissolved in a glycerol:Tris-aqueous buffer (50% w/w).
bDissolved in Tris-aqueous buffer.
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Fig. 2. A: Normalised absorption and emission spectra of NBDY (re-
acted with 2-mercaptoetanol, See Materials and Methods) in pure water
(solid lines) and in chloroform (dashed line®. Excitation (dashed
line) and emission (solid line) anisotropy spectra of NBDY in glycerol
at 277 K. The excitation and emission spectra are also shown. The NBDY
concentrations were 0.5-0.6V.

Fluorescence spectra of NBDY exhibit maximum
and minimum Stokes’ shift of 51 and 29 nm for DMSO and
water, respectively. The corresponding shifts for SBDY
are typically about 5 nm. Unlike SBDY the fluorescence
and absorption spectra of NBDY deviate much from mir-
ror images. The reason is likely due to orbital contact be-
tween theN-atom of the amide group and C2-atom of the
BODIPY core. Hereby the electronic distribution of the
BODIPY core becomes more sensitived@. hydrogen
bonding to the amide group. Moreover the permanent elec-
tric dipole and th&g, <+ S; transition dipole moments are
likely no longer perpendicular. Recent studies of BODIPY
derivatives in which a phenyl or an etynylphenyl group is
bound to C2 reveal similar spectral changes [20].

Fluorescence Anisotropy

To characterise the electronic transitions, the fluores-
cence excitation and emission anisotropies of NBDY in
glycerol were determined. By cooling, the rotational mo-
tions of NBDY were immobilised on the timescale of fluo-
rescence. Hence, the anisotropy data displayed in Fig 2(B).
represent limiting anisotropies. The excitation anisotropy
shows that the main absorption barg (~ S transi-
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tion) is a pure electronic transition, while the second weak
transition located at about 360 nm is mixed. Because the
360 nm band is weak, it might contain intensity-borrowing
from higher electronic states. Such transitions typically
show a wavelength dependent excitation anisotropy. The
limiting anisotropy value of th& — S, transitionis 0.37,
which is similar to that found for SBDY and related deriva-
tives of BODIPY [1].

Fluorescence Quantum Yields and Lifetimes

Fluorescence quantum yields and lifetimes obtained
for NBDY in different solvents and in different positions
of PAI-2 are summarised in Tables Il and Ill. The fluo-
rescence relaxation is a single exponential decay in all
solvents studied, while bi-exponential fits are needed for
the mutant forms of PAI-2. Lifetimes and quantum yield
are strongly dependent on the solvent properties, as is ex-
pected since spectra of NBDY also exhibit solvent de-
pendence (See above). The quantum yields and average
lifetimes of NBDY in PAI-2 dissolved in water are simi-
lar to those of free NBDY in water, which is compatible
with their location in the protein structure. From the ratio
between measured lifetimes and quantum yields the ra-
diative lifetimes were calculated. The values obtained are
displayed in Table Ill together with the values calculated
by using the Strickler-Berg equation [18]. Throughout we
find that the calculated radiative lifetimes are shorter than
those obtained from lifetime and quantum yield measure-
ments. This can be expected because of lacking mirror

Table Ill. The Radiative fp) and Experimental) Fluorescence
Lifetimes of NBDY in Different Solvents, as well as Covalently
Linked to Different Mutant Forms of PAI-2

Solvent 7 (ns) 70 (nsy 7/® (ns)
Chloroform 4.6+ 0.1 4.7+0.3 6.3+ 0.7
MeOH 2.8+0.1 5.7+ 0.3 8.2+ 0.9

3.0+ 0.1 5.4+ 0.3 7.9+ 0.8
Acetonitrile 2.7+0.1 5.7+ 0.4 9.2+ 0.8
DMSO 2.1+ 0.1 4.5+ 0.6 8.1+1.1
Water 2.6+ 0.1 5.2+ 0.4 7.8+40.9
347cys PAI-2 40+£0.1° 53+ 05 6.3+ 1.0
79cys PAI-2 4.14+0.1° 5.3+05 6.6+ 1.0
171cys PAI-2 3.54+0.1° 54+ 05 8.2+ 1.0
161cys PAI-2 3.54+0.1° 5.3+0.5 9.6+ 1.0
79cys PAI-® 40+£0.1° 54+ 0.3 10.5+ 1.0
347cys PAI-2 3.94+0.1° 59+0.5 10.2+1.0

aDissolved in a glycerol: Tris-aqueous buffer (50% w/w).

bDissolved in Tris-aqueous buffer.

CAverage lifetime, calculated from a bi-exponential fi(t) =
as exp(—t/t1) + ax exp(-t/z2), from which the average lifetime is
given by(t) = {ai(t1)? + a(w2)?}/{aats + @t}

dCalculated using the Strickler—Berg equation [18].
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image symmetry between absorption and corrected fluo- Table IV. Quenching Properties of NBDY Attached to
rescence spectra. Different Cys Residues of PAI-2 Mutants Dissolved in
Water Buffer. For a Comparison, Free NBDY Dissolved in
Water Buffer was Also Studied

Fluorescence Quenching NBDY kgM~tnst)  fa Kp(M™Y
For PDDEM experiments with proteins it is of in- 79cys PAI-2 3.6 0.63 14.5
terest to achieve different fluorescence lifetimes of fluo- 347cys PAI-2 24 0.96 9.4
t groups located in different positions of the struc- 17lcys PAI-2 6.7 0.83 23.6
rescentg P P Water buffer 11.0 1.0 28.6

ture. In the experiments of NBDY in various mutants of
PAI-2 the quenching by acrylamide and Wwas exam-
ined. The quenching by Iwas much more efficient than
that of acrylamide for all PAI-2 mutants studied. The sur- different fractions of available probes to quenchers pro-
face charge, as well as spatial accessibility of the protein vides opportunity to control the fluorescence quenching
may significantly regulate the quenching efficiency by | in various parts of a protein. For this purposeid an effi-

In Fig. 3 a standard Stern-Volmer plot &b/F vs. I"- cient water-soluble quencher with typical quenching rates
concentration, is displayed for NBDY covalently attached k, ~ 10'° M~ s71, i.e. close to the diffusion-controlled

to the Cys171 residue of 171cys PAI-2. The plot reveals [imit.

a negative curvature with increasing quencher concentra- One should notice that the emission spectra of the
tion, indicating a sterical shielding of the NBDY-group. quenched systems are not shifted as compared to those of
However plottingFo/AF vs. 1/[I"] (see Material and  the unquenched systems. The absorption spectra exhibit-
Methods) gives a straight line with a coefficient of deter- only a minor red shift. The steady-state fluorescence
mination (or the square of the correlation coefficient) be- anisotropy was determined as the-doncentration was

ing 0.999. Although minor deviations from linearity might  increased up to 0.5 M. The anisotropy increased from 0.24
be seen at low concentrations these could be ascribed tao 0.33, as is expected because the average fluorescence
relative errors in the titration volumesd. larger errors lifetimes decrease with increasing concentration.

for smaller volumes). A lineaFy/AF vs. 1/[I"] graph

is compatible with “a two-state model” that assumes the .

existence of two types of probe populations inside the pro- Forster Radii

tein, one accessible to the quencher and the other shielded  As can be expected, thefter radii Ro) of NBDY

from it [19]. As can be seen from Table IV, the quenching gjffer between various systems. This is explained by the

rates by I' vary as much as a factor of two between differ-  change of spectral and photophysical properties with dif-

ent labelling positions. The fact that different sites expose ferent local environment. For different solvents the influ-
ence onRy is quite substantial with values ranging from
about 30 to 424, as is shown in Table Il. Thed&y-values

1 ym) are lower than the value & = 57+ 1A found for SBDY
0 20 40 60 30 and related compounds [1]. For NBDY attached to differ-
6 : : ‘ : 6 ent Cys mutants of PAI-2 dissolved in water, therster
radii are typically about 42.
5 5
4 -4 Dimerisation
FolF F, IAF , _
3 | 3 NBDY can form dimers as is here shown by la-
belling adjacent positions in PAI-1. We studied doubly
2] L 2 NBDY-labeled Cys mutants of active PAI-1 (S344C and
M347C, see Materials and Methods). Upon reaction with
1 : : : : : 1 the urokinase-type plasminogen activator (uPA), the re-
00 01 02 03 04 05 06 active centre loop is cleaved between residues 346 and
n1m) 347. This is followed by a major translocation of one end

Fig. 3. Standard Stern-Volmer ploA( and modified Stern—\Volmer plot of the 'OQP resultlng in aodlstance bgtween the two mu-
(®) of NBDY-labelled 171cys PAI-2 mutant in water buffer quenched tated residues of about 80[7]. In active PAI-1 the ab-

by K. sorption spectrum is a mixture of the monomer and the



384

Absorption
e o o e 9
(=3 (=3 o = (=
N w [y (] »
—
2

400 450 500 550 600
Wavelength, nm

Fig. 4. Absorption spectra of the double mutant S344C-M347C of PAI-1
labelled with NBDY before (solid line) and after (dashed line) cleavage
of the reactive centre loop. The spectra were measured in glycerol-
water buffer (50% w/w) at 277 K. The NBDY concentrations were
0.75uM.

dimer spectra, while the spectrum in the cleaved form
shows a pure monomer spectrum (Fig. 4). The dimers ex-
hibit a blue-shifted absorption spectrum relative to that
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means that it can be used to measure shorter distances
in proteins. It is also worth noticing that NBDY in
proteins can form a non-fluorescent ground state dimer.
Finally, particular care in light exposure of NBDY is
recommended.
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