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Abstract

Tacrolimus (FK506) is a hydrophobic immunosuppressive agent used in kidney, liver, and lung transplantation. The objective of
this study was to characterize the binding of FK506 to surfactant protein A (SP-A), an abundant lipoprotein found in the alveolar
fluid that functions as part of the innate immune system in the lung. We have synthesized a novel derivative of FK506 in which a
dansyl moiety was covalently bound via cadaverine to the C22 position of the FK506 molecule (DNS-FK). Using the fluorescence
and anisotropy properties of DNS-FK, we demonstrated that tacrolimus avidly binds to SP-A with an apparent equilibrium asso-
ciation constant (K,,,) of 10’ M~" and a Gibbs binding free energy of —40 kJ mol ' K. Derivatization of FK506 at the C22 posi-
tion did not block FK506 binding to the cytosolic immunophilin FK506-binding protein (FK-BP) or human serum albumin (HSA),
both used as controls of tacrolimus-binding proteins. K,,, for FK-BP/DNS-FK and HSA/DNS-FK complexes were 1.5 X 107 and
10" M, respectively. The high sensitivity of this analytical technique makes it suitable for binding analysis of FK3506 to proteins.
© 2005 Elsevier Inc. All rights reserved.
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Tacrolimus, also known as FK506 (Fig. 1), is a
hydrophobic macrolide lactone produced by Streptomy-
ces tsukubaensis [1] that acts as a powerful and clinically
useful immunosuppressant through disruption of signal-
ing events mediated by calcineurin in T lymphocytes [2].
Clinical trials have shown tacrolimus to be an effective
alternative to cyclosporin for both primary immunosup-
pression after solid-organ transplantation and rescue
therapy for acute rejection recipients [3].

Local immunosuppression is a potential approach to
reduce the adverse effects of systemic immunosuppres-
sion. Inhaled tacrolimus administration after lung trans-
plantation could be an alternative to its systemic or oral
administration. Using this route, tacrolimus would reach
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the alveolar fluid, where it would interact with alveolar
macrophages, lymphocytes, and epithelial cells in a fluid
environment characterized by the presence of pulmonary
surfactant. The latter is a macromolecular complex com-
posed of 90% lipids and 10% proteins that create a lipid-
rich phase separating alveolar gas and liquid at the
surfaces of alveolar epithelial cells [4,5]. Surfactant pro-
tein A (SP-A)' is the most abundant pulmonary surfac-
tant protein. SP-A is a large oligomeric protein of
approximately 650 kDa, composed of 18 nearly identical
subunits. Each SP-A subunit contains an amino-terminal
collagen-like domain and a carboxyl-terminal globular

Y Abbreviations used: DNS, dansylcadaverine; DNS-FK, dansylca-
daverine-FK506; FK506, tacrolimus; FK-BP, FK506-binding protein;
HSA, human serum albumin; SP-A, surfactant protein A; TLC, thin-
layer chromatography; DCC, dicyclohexylcarbodiimide; DMF,
dimethylformamide; FRET, fluorescence resonance energy transfer;
ESI, electrospray ionization.
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Fig. 1. Chemical structure of tacrolimus (FK506) and the novel
fluorescent derivative (DNS-FK).

domain (involved in phospholipid and carbohydrate
binding) that are linked by a more hydrophobic domain
(neck). Electron microscopy show that recombinant hu-
man SP-A and native SP-A assemble as six trimers ar-
rayed in parallel and in register, resembling a bouquet
of tulips [6,7].

SP-A is involved in innate immune host defense and
inflammatory immunomodulator processes of the lung
[8,9]. Experiments with mice deficient in SP-A demon-
strate that SP-A knockout mice exhibit increased suscep-
tibility to bacterial and viral infections and enhanced
inflammatory responses in the lung to a variety of stimuli
[10]. Nearly all alveolar SP-A is complexed with surfac-
tant phospholipids. Given the capability of SP-A to
interact with a broad range of lipids [11], it is conceivable
that SP-A binds to hydrophobic drugs such as FK506.
This hypothesis is supported by the finding that the lipid
aggregation activity of SP-A, which is of relevance in
pulmonary surfactant biology, is markedly increased in
the presence of FK506 [12]. The potential binding of
FK506 to SP-A might influence its bioavailability in
the alveolar fluid and affect drug absorption or FK506
immunosuppressive activity. At the same time, binding
of FK506 to SP-A might affect SP-A’s functions.

Most of the studies on drug—protein interaction are
performed using techniques that require nonphysiologi-

cal conditions such as high protein concentrations, deu-
terated solvents, or crystallized proteins. Our approach
to investigating tacrolimus binding to proteins is to pre-
pare a derivative or analogue in which a fluorescent
probe is chemically attached to the molecule by covalent
bonding as described for other molecules with possible
or recognized pharmacological activity [13-16].

The use of substituted aminonaphthalenesulfonates
as fluorescent probes in proteins and other macromole-
cules is well known [17-20]. These compounds show
characteristic changes in the location of their fluores-
cence maxima and emission intensities as a function of
solvent polarity. In addition, changes in the fluorescence
polarization of these moieties make it possible to study
the interaction of small molecules with proteins.

This work describes for the first time the synthesis of
a derivative of FK506, namely dansyl-FK506, bearing a
fluorescent tag in a position that does not block its inter-
action with proteins that are known to bind to FK506,
such as the cytosolic immunophilin FK506-binding pro-
tein (FK-BP) [21-23] and serum albumin [24]. The only
fluorescent tacrolimus reported so far has been its dan-
syl hydrazide generated in situ for HPLC detection of
the drug [25]. Using dansyl-FK506, we show here for
the first time that FK506 binds to SP-A with an appar-
ent equilibrium association constant of 10’ M~ consid-
ering a molecular mass of 36 kDa for the monomer of
human SP-A, and a Gibbs binding free energy of ca.
—40 kI mol ' K.

Materials and methods
Materials

FK506 was provided by Fujisawa GmbH (Munich,
Germany). A spectroscopic characterization of this
material has been published [26]. Dansylcadaverine
was purchased from Molecular Probes (Eugene, OR).
FK506-binding protein and fatty-acid-free human ser-
um albumin (HSA) were obtained from Sigma-Aldrich
(St. Louis, MO) and used without further purification.
Carboxymethoxylamine hemichlorhydrate and dic-
yclohexylcarbodiimide (DCC) were purchased from Al-
drich (Madrid, Spain). Chloroform and methanol were
of spectroscopy grade, purchased from Merck (Darms-
tadt, Germany). All other reagents were of analytical
grade and obtained also from Merck.

Synthesis of DNS-FK506

Synthesis of carboxymethoxyloxime of FK506 at C22

The FK506 derivatization procedure to obtain
FK506-carboxymethoxyloximes at C22 has been per-
formed as previously outlined by Kasper and co-work-
ers [27] with some modifications (Scheme 1).
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Briefly, to a solution of 0.061 mmol of FK506 in
10 mL of dry methanol, under argon, 0.34 mmol of
anhydrous sodium acetate and 0.31 mmol of carboxy-
methoxylamine hemichlorhydrate (98%) were added.
The mixture was stirred for 16 h while being monitored
by silica gel TLC (CH,Cl,-EtOAc-MeOH-HOAC,
30:70:11:0.6 per volume; iodine vapor as developer).
Then the solvent was rotavaporated and a small amount
of chloroform was added to partially dissolve the resi-
due. The insoluble solid was a mixture of the reagent
salts, while the organic phase contained exclusively the
Z/E oxime products [27] as demonstrated by TLC and
"H-NMR (200 MHz). The solid was then extracted sev-
eral times with chloroform to yield 55 mg (100%) of
FK506 oxime after rotavaporation of the combined
extracts.

Activation of the FK506 carboxymethoxyloxime

The FK506 oxime (Z/E isomer mixture, 0.061 mmol)
was dissolved in 5 mL of anhydrous dimethylformamide
(DMF) (99.5%), and 0.12 mmol of DCC was added un-
der argon. The mixture was stirred for 1.5 h. Complete
disappearance of the oxime isomers was checked by silica
gel TLC (CH,Cl,-EtOAc-MeOH-HOACc, 30:70:11:0.6
per volume; iodine vapor as developer). The DCC-acti-
vated isomeric oximes produced a single spot in the
TLC; their isolation was not attempted but they were
used immediately for the next step.

Synthesis of the dansyl-FK506 (DNS-FK) conjugate
The DMF solution of the activated FK506 oxime
from the previous step (0.061 mmol) was cannulated
dropwise under argon over a solution of 0.108 mmol
of dansylcadaverine in 2 mL of anhydrous dimethyl-
formamide with stirring. After 72 h stirring at room
temperature, the reaction mixture was heated at 90 °C
under argon for 18 h while being monitored by silica
gel TLC (n-PrOH-HOAc-water, 7:3:4 per volume).
The solvent was then evaporated under vacuum and
the resulting solid residue was dissolved in chloroform
(50 mL) and extracted with 10% HCI solution
(5% 20 mL). After washing with water (3 x 20 mL), the
organic extract was dried over anhydrous MgSO, and
the solvent was then rotavaporated to yield, after vac-
uum drying (0.1 Torr), 52mg of a yellow solid (1*>

max

333 nm in methanol). The solid was identified as the
dansyl-FK506 conjugate by electrospray mass spec-
trometry (Bruker—Esquire LC), TLC analysis, and '*C-
NMR (Bruker; 50 MHz, CDCls).

Isolation of SP-A

Human SP-A was purified from surfactant isolated
from alveolar proteinosis patients using sequential buta-
nol and n-octylglucoside extractions as described else-
where [7,28,29]. The purity of SP-A was checked by
one-dimensional SDS-PAGE in 12% polyacrylamide
gel under reducing conditions (50 mM dithiothreitol).
Quantification of SP-A was carried out by amino acid
analysis in a Beckman System 6300 High Performance
analyzer. The oligomerization state of SP-A was assessed
by electrophoresis under nondenaturing conditions and
electron microscopy as reported elsewhere [6,7,29]. SP-
A isolated from alveolar proteinosis patients consisted
of supratrimeric oligomers of at least 18 subunits.

Fluorescence measurements

Steady state fluorescence measurements were carried
out using an Aminco AB2 spectrofluorimeter equipped
with a thermostated cuvette holder (+ 0.1 °C), using
5 x 5-mm-pathlength quartz cuvettes. For DNS-FK
emission intensity measurements, excitation was at
340 nm. Moreover, the background intensity in DNS-
FK-free samples due to scattering by the proteins was sub-
tracted from each recording of the fluorescence intensity.

Emission anisotropy

DNS-FK fluorescence emission anisotropy measure-
ments were obtained with Glan prism polarizers. Excita-
tion and emission wavelengths were set at 340 and
505 nm, respectively. For each sample, prepared as de-
scribed above, fluorescence emission intensity data in
parallel and perpendicular orientations with respect to
the excitation beam were collected 10 times each and
then averaged. All measurements were performed at
25 °C. Anisotropy, r, was calculated as

Iy —Gl,

- 1
IH+GIL7 ()
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where I and I, are the parallel and perpendicular polar-
ized intensities measured with the vertically polarized
excitation light, and G is the monochromator grating
correction factor.

Binding studies

Fluorescence anisotropy titrations were performed in
5x 5-mm quartz cuvettes. Separate samples of 0.5 uM
DNS-FK for each concentration of protein were pre-
pared for each titration data point by diluting the stock
DNS-FK solution to the desired final concentration in a
total volume of 0.5 mL of 5 mM Tris—HCI, pH 7.4, buf-
fer, containing 150 mM NaCl and 0.1 mM EDTA. An
appropriate amount of SP-A, FK-BP, or HSA in the
same buffer was added to each aliquot of DNS-FK to
give the desired final concentration of protein, with less
than a 5% increase in volume for each aliquot.

Data analysis

The interaction of DNS-FK with either SP-A, HSA,
or FK-BP can be treated as a simple 1:1 association,
with an apparent equilibrium constant given by

[FP]

Ko = TP .
where [FP] is the equilibrium concentration of the DNS-
FK/protein complex, and [P] and [F] are the equilibrium
concentrations of free protein and free DNS-FK, respec-
tively. From the conservation of mass equations for pro-
tein and DNS-FK, [F] and [P] can be written as a
function of the total molar concentrations of DNS-FK
and protein, [F]r and [P]7, respectively:

[F] = [Fl; — [FP] and 3)

[P] = [P]; — [FP]. 4)

Substitution of Egs. (3) and (4) into Eq. (2) yields a
quadratic equation for [FP], whose relevant physical
solution is given by

[FP] = {(1 +Kap([Flr +[P]7))

S K (Fly + PL,)) — 4K, ], [P ]T} / 2Ky,
5)

The steady state fluorescence anisotropy, r, measured
at any point in an anisotropy titration, is represented as
a sum of contributions from free and bound DNS-FK,
each weighted according to their contribution to the to-
tal fluorescence intensity, as
r= fewre + (1 = frp)rr, (6)
where rrp and r are the measured characteristic aniso-
tropies of bound and free DNS-FK, respectively, and
frp 1s the fraction of fluorescence intensity due to the
bound form of DNS-FK,

I e ¢ pp[FP
L P T SRR 7

where ¢; and ¢; are the molar extinction coefficient and
the fluorescence quantum yield of the 7 species. Substitu-
tion of Egs. (3) and (4) into Eq. (7) yields
[FP]S
T =, RIS 1) ®
where S is a correction factor (equivalent to epp¢)pp/
er¢r) which accounts for experimental data being
weighted in favor of the more fluorescent species.
Substituting Egs. (8) and (5) into Eq. (6) yields an
expression that relates the anisotropy values measured
at any point of the titration to the apparent equilibrium
binding constant:

.o (2Kaper[F]T S — m{[l T Kapl(Fly + P1,)]
[+ Ka(F)y + [PL) — 452, ] })/
<2Ka,,p[ , (s—l){[HKapp [P;)]

AU+ Kl (Fly + P — 42, [F], [PJT}) )

Data from equilibrium binding titrations of DNS-FK
were analyzed by nonlinear least-squares fitting to Eq.
9).

The Gibbs binding free energy was calculated from
the K, values according to the standard equation

AG® = —RTInK,,, (10)

where R is the general gas constant (8.314 Jmol ' K1)
and T is the absolute temperature.

Fluorescence resonance energy transfer (FRET) assays

Fluorescence resonance energy transfer from SP-A
tryptophan residues to the dansyl probe bound to
FK506 was performed in 5 mM Tris—HCI, pH 7.4, buf-
fer, containing 150 mM NaCl and 0.1 mM EDTA at
25 °C. Separate samples of 0.1 pg/mL of SP-A were ti-
trated with appropriate amounts of DNS-FK to give
the desired final concentration of drug, with less than
a 5% increase in volume for each aliquot. Fluorescence
emission intensity was recoded from 300 to 550 nm after
excitation at 282 nm. The slit widths were 4 nm for the
excitation and emission beams.

Results
Synthesis of DNS-FK

Drugs labeled with fluorescent reporter groups are
used in studies on drug—protein interactions [13-16].
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Dansyl was selected as fluorescent tag of FK506 given
its low cost, its availability, the vast amount of data
on its use as a biomolecule marker, and the significant
sensitivity of its emission toward the microenvironment
around the probe. Once a labeling protocol has been
established for FKS506, other fluorescent molecular
probes with excitation in the visible spectrum may be
easily introduced instead of dansyl, e.g., conveniently
derivatized lucifer yellow or fluorescein. Although
FK506 bears many different chemical groups (Fig. 1),
its derivatization is neither a straightforward nor an easy
task. Some of its functional groups are scarcely reactive,
due to intrinsic factors (e.g., the carboxamide at C8) or
steric hindrance (e.g., the OH group at C10), yet others
would probably yield polyderivatization (such as OH at
C24 or at the cyclohexane moiety or the two alkene
groups). Still, chemical attachment of a “foreign” moi-
ety to particular sites of FK506 would probably lead
to significant or total loss of its activity. Kasper et al.
[27] have recently described a procedure to conjugate
FK506 to peptides via C22, a position that does not
interfere with production of antibodies to it.

The FK506 derivatization procedure essentially in-
volves its reaction with commercial carboxymethoxyl-
amine to yield a mixture of the isomeric Z/E
carboxymethoxyloximes at C22 [27]. In this way a car-
boxyl group is introduced in FK506 which eventually
may be activated to allow reaction with nucleophiles (typ-
ically an amine group of derivatized dye molecules). The
amide product is stable enough to let the conjugate sur-
vive under many experimental conditions and solvent
media. A cadaverine spacer (five methylene groups plus
the two amino end groups) should be long enough to al-
low a steric-hindrance-free binding of DNS-FK to pro-
teins or any other interaction involving the drug
molecule. The dansyl-FK506 conjugate was identified
by electrospray mass spectrometry (Bruker—Esquire LC;
methanol/acetonitrile/2% formic acid, positive ions
detection; nominal mass for DNS-FK (Cg3HgsNsO5S) =
1193; [M + HJ ., = 1194; [M-DNS]" = 959, base peak).
The presence of a base peak in the ESI-MS spectrum
was due to the loss of DNS via sulfonamide fragmentation
[30]. By TLC analysis, DNS-FK came into view as a
strong cyan fluorescent spot, Ry = 0.89, while the DNS
fluorescence spot was weakly green with Ry = 0.69. Dis-
appearance of the C22 carbonyl signal of FK506 at
212 ppm in "*C-NMR spectra of DNS-FK (Bruker,
50 MHz, CDCls) was indicative of FK506 derivatization
at C22.

Binding of DNS-FK to proteins

Fluorescence anisotropy is widely used for measuring
high-affinity protein—protein or protein—nucleic acid
interactions. The basis for the use of steady state anisot-
ropy to assay ligand binding is that molecular rotations

that occur during the lifetime of the excited state of a
fluorophore will depolarize the fluorescence, thereby
providing an observable that is sensitive to molecular
size. To assess the utility of DNS-FK as a fluorescent
probe to measure the drug—protein interaction, we have
determined the apparent equilibrium association con-
stants of DNS-FK binding to FK-BP and HSA, to
which FK506 binds [21-24]. In addition, we have used
DNS-FK to evaluate the binding affinity of FK506 to
SP-A.

Fluorescence intensity experiments were designed to
determine whether DNS-FK binds to such proteins.
The emission spectrum of 0.5 uM DNS-FK in 5 mM
Tris—-HCI, 150 mM NaCl, 0.1 mM EDTA buffer, pH
7.4, was recorded after excitation at 340 nm, in the ab-
sence and presence of SP-A, FK-BP, and HSA (Fig.
2). In the absence of proteins, the fluorescence emission
spectrum showed a maximum at 522 nm (Fig. 2A, con-
tinuous line). Addition of 0.5 uM either FK-BP or SP-A
resulted in a significant increase of fluorescence inten-
sity, accompanied by a blueshift of the emission maxi-
mum from 522 to 492nm for FK-BP (Fig. 2A,
dashed—dotted line) and to 473 nm for SP-A (Fig. 2A,
dashed line). This shift indicates a decrease of the polar-
ity of the microenvironment around the fluorescent
group upon binding to SP-A and FK-BP. Similar blue-
shifts have been reported for a variety of naphtalenesulf-
onate dyes in organic solvents or after being bound to
proteins [18,31,32]. It is interesting to note that when
0.5 uM HSA was added to DNS-FK, the fluorescence
spectrum of the labeled drug redshifted to 537 nm, indi-
cating a more polar environment of the drug with a
slight enhancement of fluorescence intensity (Fig. 2A,
dotted line).

To determine whether the changes observed in DNS-
FK emission properties in the presence of SP-A, FK-BP,
and HSA were due to the binding of these proteins to
FK506 or to the fluorescent moiety of the labeled drug,
we have studied the potential interaction between dan-

A 8 B

400 450 500 550 600 650
A (nm)

400 450 500 550 600 650
A (nm)

Fig. 2. Fluorescence emission spectra of (A) 0.5 puM DNS-FK and (B)
0.5 uM DNS in the absence (——) and the presence of 0.5 uM SP-A (-
————— ), 0.5 uM FK-BP (—-—), and 0.5 uM HSA (---------) in 5 mM
Tris—HCI, 150 mM NaCl, and 0.1 mM EDTA buffer, pH 7.4, at 25 °C.
Zex = 340 nm. One representative experiment of three experiments is
shown.
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Fig. 3. Fluorescence anisotropy changes observed during titration of 0.5 uM DNS-FK with various proteins: (A) SP-A, (B) FK-BP, and (C) HSA.
The data are means for three experiments. Solid lines are the results of nonlinear least-squares fitting using Eq. (9) as described under Materials and

methods. Jex = 340 nm; A, = 505 nm; 25 °C.

sylcadaverine and these proteins. Fig. 2B shows that
addition of 0.5 uM SP-A, FK-BP, or HSA to 0.5 uM
DNS did not affect, within experimental error, the fluo-
rescence spectrum of the dye, which exhibited an emis-
sion maximum at 550 nm. Comparison of these results
with those obtained with the labeled FK506 indicates
that changes observed in the DNS-FK emission spec-
trum in the presence of SP-A, FK-BP, and HSA are
actually due to the interaction of these proteins with
the FK506 moiety.

Figs. 3A—C show the anisotropy data from titration
of 0.5 uM DNS-FK with SP-A, FK-BP, and HSA. Be-
fore analyzing these data, it is important to recall that
the bound DNS-FK has a higher fluorescence quantum
yield than the free ligand, so that on a molar basis it
makes a different contribution to the measured anisot-
ropy. To correct for this bias, the characteristic anisot-
ropy of the bound DNS-FK, rpp, is weighted by the
correction factor S. However, due to the fluctuations
observed in the fluorescence intensity of DNS-FK in
the presence of protein concentrations at which a satura-
tion effect of the anisotropy values was observed, it was
not possible to accurately measure S. These fluctuations
might be due to the scatter contribution of the proteins,
which becomes higher as the protein concentration is
raised. This effect would be more important in the case
of DNS-FK bound to HSA as the fluorescence intensity
of the labeled drug bound to this protein is slightly high-
er than that of free DNS-FK. As the measured r-bound
values were not affected by the uncertainty in the fluo-
rescence intensity of bound DNS-FK, the r-bound value
was fixed in the nonlinear least-squares analyses, and
K,,, and the S factor were the fitting parameters (Eq.
9). The correlation between K,,, and S in all the fitting
procedures was less than 0.001. The continuous lines in
Fig. 3 represent the best nonlinear least-squares fit of the
data to Eq. (9). The K,,, and Gibbs free energy change
(AG®) values obtained for SP-A, FK-BP, and HSA from
these fitting procedures are listed in Table 1. The stan-
dard Gibbs free energy change obtained for the interac-
tion of DNS-FK with the three proteins indicates the
spontaneity of the binding of DNS-FK with these pro-

Table 1
Apparent equilibrium association constants, K,,,, and Gibbs free
energy for DNS-FK binding to FK-BP, SP-A, and HSA

Protein Koy MTh AG® (kI mol 'K
FK-BP 1.5% 107 £ 0.1 —41.0+£0.2
SP-A 1.0x 107 £0.1 —40.0 £0.2
HSA 1.0x107+0.2 —40.0+0.5

teins. The K, value for DNS-FK binding to SP-A, pre-
sented in Table 1, was calculated with regard to the
molecular mass of the monomer (36 kDa). If the molec-
ular mass of the octadecamer was considered (650 kDa),
a K,,, value of (1 £0.5) x 103 M~ ! was obtained.

We also evaluated the impact of dansylation of
FK506 at the C22 position on FK506 binding to FK-
BP by determining the apparent decrease in binding
resulting from addition of unmodified FK506. We
found that addition of the nonemitting FK506 to a sam-
ple of DNS-FK bound to FK-BP led to a decrease of the
observed anisotropy values of DNS-FK (data not
shown). These results indicate that FK506 and DNS-
FK compete for the drug-binding site in FK-BP and
hence that the DNS-FK molecule binds to this protein
by the FK506 moiety.

To ascertain whether the DNS-FK binding site in SP-A
is located in the C-terminal domain of the protein, in
which two conserved tryptophan residues, W191 and
W213, are located, FRET assays were performed. The
binding of SP-A to phospholipid vesicles was previously
monitored as the fluorescence resonance energy signal
from SP-A tryptophan residues (donor) to an appropriate
acceptor such as a dansyl group located in the phospho-
lipid surface [7]. Results indicate that no energy transfer
from the tryptophan residues of SP-A to the dansyl moi-
ety of DNS-FK was observed for the protein/drug molar
ratios at which binding was determined (data not shown).

Discussion

We have prepared a fluorescent derivative of FK506
in which a dansyl moiety is covalently bound to the
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C22 position of the FK506 molecule. This dansylated
analogue of tacrolimus (DNS-FK) offers fluorescence
properties for studying drug—protein assemblies. Its
emission maximum and intensity change as a function
of the solvent polarity, which allows its use to determine
whether DNS-FK binds to proteins. In addition,
changes in fluorescence anisotropy allow determination
of the apparent equilibrium association constants of
drug-protein complexes and the thermodynamics of
such interactions. Thus we have studied the DNS-FK
interaction with SP-A; using FK-BP and HSA as repre-
sentative FK506-binding proteins.

To determine whether DNS-FK binds to SP-A, FK-
BP, and HSA, we recorded its emission spectrum in the
absence and presence of an equivalent concentration of
each of these proteins. The spectral shifts and the in-
crease in the amplitude of the fluorescence emission
spectrum observed for DNS-FK in the presence of SP-
A, FK-BP, and HSA indicated that the fluorescent ana-
logue of FK506 binds to these three proteins. The lack
of changes in the spectral properties of the precursor
dye, dansylcadaverine, in the presence of either of the
three proteins allowed us to infer that DNS-FK binds
to SP-A, FK-BP, and HSA by the FK506 moiety. It is
interesting to note that, whereas the DNS-FK fluores-
cence emission spectrum in the presence of FK-BP or
SP-A shifted to lower wavelengths, a shift to higher
wavelengths was observed upon addition of HSA. This
redshift might be indicative of the interaction of the dan-
syl moiety of DNS-FK with polar amino acids of HSA
such as Lys, Arg, or His located on the surface of the
hydrophobic binding sites of the protein [33-35]. Thus,
given the chemical structure of the hydrophobic DNS-
FK molecule (Fig. 1), it is conceivable that the FK506
moiety was located in the hydrophobic cavity of HSA
with the dansyl group on the surface of the hydrophobic
pocket.

The formation of complexes between DNS-FK and
either SP-A, FK-BP, or HSA led to an increase of fluores-
cence emission anisotropy, indicating that the binding of
these proteins to DNS-FK caused mechanical restrictions
of the rotational mobility of the dye. Addition of FK506
to DNS-FK/FK-BP complexes led to a reduction of the
observed anisotropy values, approximating the anisot-
ropy value of free DNS-FK. This indicates that FK506
and DNS-FK compete for the drug binding site in FK-
BP and consequently that the DNS-FK molecule binds
to this protein by the FK506 moiety. To determine the
apparent equilibrium association constants for the inter-
action of DNS-FK with SP-A, FK-BP, and HSA, we
measured the anisotropy of DNS-FK as a function of
protein concentration. Fluorescence anisotropy titra-
tions yielded a K, value for the DNS-FK/SP-A complex
of 10’ M, considering the molecular mass of the SP-A
monomer (36 kDa), and (1 & 0.5) x 108 M~ if the molec-
ular mass of the SP-A octadecamer was considered

(650 kDa). On the other hand, K,,, for the DNS-FK/
HSA complex was 10’ M~'. The apparent equilibrium
association constant obtained for the DNS-FK/HSA
complex is comparable to that obtained for the binding
of other drugs, such as iodipamide [36] or norepinephrine
[37], to HSA. K,,,, for the DNS-FK/FK-BP complex was
1.5%x 10’ M~!, which is 164-fold weaker than that ob-
tained by Bierer and co-workers [21] for the FK506/
FK-BP assembly (2.5 x 10° M~!) using a chromatogra-
phy-based assay. These results indicate that derivatiza-
tion of FK506 at the C22 position does not block, but
partly inhibits, drug binding to FK-BP. Given that the re-
gion of FK506 which makes intimate contact with FK-
BP is that extending from C24 to C15 (see Fig. 1), while
the remainder of the molecule from C15 to C23 protrudes
outward from the complex into the solvent [22,38], deriv-
atization of FK506 at the C22 position should not affect
drug binding to FK-BP. We suggest that the partial inhib-
itory effect of the dansyl tag on FK506 binding affinity
can be explained by a possible collapse of the dansyl moi-
ety under the FK506 macrocyclic ring due to the hydro-
phobicity of the dye in aqueous solution. This possible
interaction between the FK506 and the appending dye
is inferred from the blueshift in the emission maximum
of DNS-FK (522 nm) compared with that of dansylcada-
verine (550 nm), which indicates a decrease in the polarity
of the environment of the probe.

Given that FK506 has been modified at the C22 posi-
tion, it is likely that the C24 to C15 region of FKS506 is
also involved in drug binding to SP-A and HSA. Bind-
ing of FK506 to extracellular fluid proteins such as
HSA (mainly present in serum) or SP-A (present in
the alveolar fluid) might result in increased FK506 solu-
bility in plasma or in alveolar fluid, decreased toxicity,
and/or protection against oxidation of the bound li-
gand. Binding can also have a significant impact on
the pharmacokinetics of the drug.

To determine whether the DNS-FK binding site in
SP-A was located in the C-terminal domain of the pro-
tein, in which the major lipid-binding site is positioned
near two conserved tryptophan residues, W191 and
W213 [7], we performed fluorescence resonance energy
transfer assays. No energy transfer from the tryptophan
residues of SP-A to the dansyl moiety of DNS-FK was
observed for the protein/drug molar ratios at which
binding was determined. Assuming a Forster distance,
Ry, for the tryptophan-dansyl (donor—acceptor) pair
of 21 A [39] and considering the dependence of energy
transfer efficiency on distance, we found that the
DNS-FK binding site should be located at a distance
of at least 2Ry from the tryptophan residues, which
would correspond to the neck region of SP-A in the
crystal structure of the protein determined by Head
and co-workers [40] or beyond. Thus the tacrolimus-
binding site might be located in the neck region, in the
collagen-like domain, or in the N-terminal segment of
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SP-A. Considering that the latter consists of only 7-10
amino acids and that intertriple helix interactions of
the collagen-like domain appear to be mediated primar-
ily by salt bridging, van der Waals forces, and electro-
static interactions, it is conceivable that the drug-
binding site could be located in the neck region of the
protein, which consists of an amphipathic o helix that
forms a coiled-coil with the amphipathic o helices of
two other monomers [40]. However, we cannot exclude
the hypothesis that the absence of demonstrable energy
transfer from the tryptophan residues of SP-A to the
dansyl moiety of DNS-FK may be due to the possibility
that the excitation transition dipole of the dansyl group
may be perpendicular, or nearly perpendicular, to the
emission dipoles of the tryptophan residues.

Future studies will determine the consequences of the
interaction of FK506 with SP-A on the immunosuppres-
sive properties of FK506 and on the diverse functions of
SP-A. SP-A itself has antiinflammatory and immuno-
suppressive activities in the lung [7-9]. Thus further
studies analyzing whether FK506 and SP-A together
interfere with the antiinflammatory and immunosup-
pressive action of each alone or, on the contrary, jointly
have a greater inhibitory effect than either alone on the
release of proinflammatory cytokines by lung macro-
phages and lymphocytes should be performed.
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