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ABSTRACT: The integrity of a therapeutic protein has to be safeguarded when formu-
lated in delivery systems such as liposomes. In this study, we investigated the confor-
mational stability of recombinant human interferon gamma (hIFNvy) on association
with and after dissociation from liposomal bilayers using circular dichroism (CD) and
steady-state fluorescence spectroscopy as well as time-resolved fluorescence methodol-
ogy. We used hIFNvy adsorption to and desorption from empty liposomes as a model for
hIFN~-containing liposomes prepared via the film hydration method. CD studies indi-
cated that no changes in the secondary and tertiary protein structure occur during and
after interaction of hIFNvy with the liposomes. Steady-state fluorescence emission spec-
tra of untreated and liposome-desorbed hIFN~y revealed that the environment of the
sole Trp residue was not affected by the adsorption/desorption process. The Trp-36
residue remained fully quenchable by acrylamide after desorption of hIFNy from the
liposomes. Time-resolved fluorescence studies were conducted to probe the local envi-
ronment and the mobility of Trp-36 before, during, and after interaction of hIFN~y with
the liposomal membrane. Differences in rotational correlation time between free and
liposomal hIFNy were attributed to immobilization of the protein on adsorption to the
liposome bilayer. Disparities were detected between the average lifetimes of liposome-
adsorbed hIFNvy and hIFNvy-liposomes, indicating that subtle changes in the Trp-36
environment took place during preparation of the liposomes via the film hydration
method compared with the adsorption of hIFNy to the liposome surface. The results of
this study indicate that association of hIFN+y with negatively charged liposomes results
in minimal changes in the secondary and tertiary structure of the protein. We conclude
that all techniques used point to a full retention or restoration of the protein confor-
mation after desorption from the liposomes. © 2000 Wiley-Liss, Inc. and the American
Pharmaceutical Association J Pharm Sci 89: 1605-1619, 2000
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INTRODUCTION

Interferon gamma (IFNv) is a cytokine with anti-
viral, antiproliferative and immunoregulatory

Correspondence to: W. Jiskoot (Telephone: 31-30-2537308;
Fax: 31-30-2517839; E-mail: w.jiskoot@pharm.uu.nl)

Journal of Pharmaceutical Sciences, Vol. 89, 1605-1619 (2000)
© 2000 Wiley-Liss, Inc. and the American Pharmaceutical Association

properties.’ ™ It has been shown to be useful as an
adjuvant in vaccination against cancer*® and a
variety of viral infections, such as influenza vi-
rus,® rhinovirus,” and human immunodeficiency
virus (HIV) in experimental models.® To improve
its adjuvant activity, IFNy is encapsulated in li-
posomes to prevent rapid degradation and clear-
ance after administration.*®1° The residence
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time of liposomal recombinant human IFNvy
(hIFNwv) at the site of injection in mice can be
prolonged up to 7 days (i.e., a 19-fold increase
compared with free hIFNy) by modifying the lo-
cation of the protein on the liposomal bilayer or
the bilayer rigidity.” From a pharmaceutical and
therapeutic point of view, it is evidently impor-
tant to maintain the integrity of the protein dur-
ing association with and after release from the
liposomes.!! The interaction between the lipo-
somal membrane and the protein should not lead
to permanent conformational changes and subse-
quent unwanted biological effects, such as loss of
activity or enhanced toxicity. This interaction is
primarily electrostatic in nature.? However, the
protein can be partially embedded in the lipid bi-
layer, depending on the lipid composition of the
bilayer and the presence of hydrophobic regions
in the protein.!?13 Both hydrophobic and electro-
static forces play an important role in the inter-
action between proteins and surfaces.'* !¢ Fur-
thermore, protein adsorption often leads to un-
folding and (subsequent) aggregation of the
protein, which is pharmaceutically unacceptable.
External factors, such as the pH and ionic
strength of the medium, might influence the
membrane—protein interactions.!”~1°

IFNv is a molecule of 17 kD that in its bioactive
form exists as a homodimer tightly associated by
numerous, mostly hydrophobic interhelical inter-
actions.?® Dissociation of the dimers into mono-
mers is an endothermic process, favored by con-
centrations of the protein <1 pM (17 pg/mL) and
increasing temperature.?! Dissociation of the
dimer at higher concentrations requires treat-
ment with strong denaturants, such as gua-
nidinium hydrochloride or sodium dodecyl sul-
fate, or reduction of the pH to <2.22 IFNv has an
isoelectric point of (010, as calculated from its
amino acid content, contains no disulfide bonds,
and has one tryptophan residue at position 36.2
The X-ray crystal structures of recombinant hu-
man and bovine IFNvy show that they are a-heli-
cal proteins containing six helices and no 3-sheet
structure.?-%4

At a pH <7, hIFNv associates efficiently (>80%)
with negatively charged liposomes, prepared via
the film method, composed of dipalmitoyl phos-
phatidylcholine (DPPC), dipalmitoyl phosphati-
dylglycerol (DPPG), and cholesterol (CH). In con-
trast, interaction with neutral or positively
charged liposomal membranes is much lower (5—
20%).°

In this paper, we study the conformational sta-
bility of hIFNw interacting with and after desorp-
tion from liposomal bilayers. We use hIFNvy asso-
ciation with and dissociation from empty lipo-
somes as a model for hIFNvy-containing liposomes
prepared via the film hydration method. Circular
dichroism (CD) was used to study changes in the
secondary and tertiary protein structure. Steady-
state and time-resolved fluorescence studies were
conducted to probe the local environment and the
mobility of Trp-36 before, during, and after inter-
action of hIFN+v with the liposomal membrane.

MATERIALS AND METHODS

Materials

Dipalmitoyl phosphatidylcholine (DPPC) and di-
palmitoyl phosphatidylglycerol (DPPG) were
donated by Lipoid GmbH (Ludwigshafen, Ger-
many). Recombinant human IFNvy (specific activ-
ity 3 x 10” U/mg, purity >99%) was kindly pro-
vided by Dr. A. Zoephel of Boehringer Ingelheim
Austria GmbH (Vienna, Austria). Cholesterol
(CH), trypsin, N-acetyl-L-tryptophanamide
(NATA), and acrylamide were obtained from
Sigma (St. Louis, MO). All other reagents were of
analytical grade.

Preparation of hIFNy-Liposomes

Two liposome formulations were prepared by the
classical film hydration method,?>?¢ as described
previously.?” Briefly, a film was obtained by ro-
tary evaporation of a solution of DPPC, DPPG,
and CH in methanol at a molar ratio of 10:1:10.
The lipid film was flushed with nitrogen for at
least 30 min. For the first formulation, henceforth
referred to as hIFN+vy-liposomes, the lipid film
was subsequently hydrated at 45 °C above the
individual transition temperature (7,,,) of the lip-
ids (>41 °C for DPPC) with a sterile solution of
hIFNy (100 pg/mL) in 10 mM sodium-succinate-
buffered 5% glucose (w/v), pH 5.0 (SBG). The re-
sulting liposome dispersion (40 mM phospholipid)
was extruded sequentially through 0.6, 0.2, 0.1,
and tow-stacked 0.05 and 0.1 pm polycarbonate
membrane filters (Poretics Corporation, Liver-
more, CA) under nitrogen pressure. Nonliposomal
hIFN~y was removed via ultracentrifugation after
addition of at least one volume of 10 mM sodium-
succinate-buffered 10% sucrose (w/v), pH 5.0
(SBS), based on the difference in density between
SBS- and SBG-containing liposomes to separate
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the liposomes from the buffer with free hIFNvy.
After two ultracentrifugation steps, the floating
liposome pellet was resuspended in SBG and ana-
lyzed within 8 days of storage at 4 °C. Empty
liposomes were prepared by hydrating the lipid
film with sterile SBG only and were subjected to
the extrusion procedure already described.

For the second formulation, henceforth re-
ferred to as liposome-adsorbed hIFNv, liposomes
containing solely hIFNvy adsorbed to their outer
membrane surface were prepared by incubating
non-sized, empty liposomes in SBG medium con-
taining hIFNvy (100 pg/mL hIFNy per 40 mM
phospholipid). The non-adsorbed hIFNvy was re-
moved via ultracentrifugation in SBS medium, as
already described.

Characterization of hIFNy-Liposomes

IFNv contents of the liposomes were determined
by isocratic reversed-phase high-performance lig-
uid chromatography (HPLC). Lipids, which inter-
fere with the HPLC analysis of hIFNvy, were
eliminated according to the extraction method of
Bligh and Dyer.?® The HPLC system (a Spectro-
flow 400 solvent delivery system from Applied
Biosystems, Milford, MA) and a Basic* Marathon
autosampler (Separations, Emmen, The Nether-
lands) was equipped with a 250 x 4.6 mm Macro-
sphere reversed-phase C18 column with a pore
size of 300 A and a particle size of 5 wm. The
column was protected with a 1-cm reversed-phase
(C18) guard column (Alltech, Laarne, Belgium)
and was kept at 40 °C in a water bath. The mobile
phase was composed of 44% (w/w) acetonitrile in
water supplemented with 10 mM sodium per-
chlorate and 100 mM perchloric acid. The flow
was maintained at 1.00 mL/min. A 783A ultravio-
let (UV) detector at 205 nm (Applied Biosystems,
Milford, MA) was used for detection. Phospholipid
concentrations were determined according to the
method of Rouser.?*

The particle size of the liposome preparations
was determined by dynamic light scattering
(DLS) at 25 °C with a Malvern 4700 system using
a 75 mW Argon ion laser (488 nm, Uniphase, San
José, CA) equipped with a remote interface con-
troller and the PCS software, version 1.35 (Mal-
vern Ltd., Malvern, UK). The particle size is ex-
pressed as Z-averaged diameter and the size dis-
tribution as polydispersity index (PD), ranging
from 0.0 for an entirely monodisperse dispersion
up to 1.0 for a polydisperse dispersion. Zeta po-
tential measurements were performed in a Mal-

vern Zetasizer 2000, using an aqueous dip-in cell
(Malvern Ltd., Malvern, UK) and PCS software,
version 1.35 (Malvern Ltd., Malvern, UK) in SBG
at 25 °C. Adjustment was made for the viscosity of
the medium for calculation of both particle size
and zeta potential. Instrument readings were
checked by using latex beads with a known size
and zeta potential, respectively.

Quantification of hIFNvy Located on the External
Surface of the Liposomes

To determine the fraction of liposome-bound
hIFNy exposed to the external dispersion me-
dium, liposomes were incubated with medium
containing the proteolytic enzyme trypsin. To the
liposomal hIFNvy dispersion (hIFNvy concentra-
tion 100 pg/mL), trypsin in phosphate buffered
saline (PBS, pH 7.4) was added to a final concen-
tration of 20 pg/mL. After a 1-h incubation at
37 °C, samples were subjected to the lipid extrac-
tion procedure of Bligh and Dyer®® to remove the
phospholipids. The amount of remaining encap-
sulated hIFNy protected from enzymatic diges-
tion was determined by HPLC.

Dissociation of Surface-Bound hIFN+y
from Liposomes

To dissociate hIFN+y from the external liposome
membrane, the liposome dispersion (4.5 mL in
SBS) was incubated in succinate-buffered me-
dium containing 1.8% NaCl instead of sugar (4.5
mL SBN) for 30 min at room temperature.® Due to
electrostatic shielding of the negatively charged
membrane, the positively charged protein is des-
orbed (>85%) from the liposome surface. The
hIFN~y-containing medium was collected after ul-
tracentrifugation and used for further study.

Circular Dichroism Measurements

Circular dichroism (CD) spectra were recorded at
ambient temperature with a dual-beam DSM
1000 CD spectrophotometer (On-Line Instrument
Systems, Bogart, GA). The subtractive double-
grating monochromator was equipped with a
fixed disk and holographic gratings. For far-UV
measurements, gratings with 2400 lines/mm
(blaze wavelength 230 nm) and 1.24-mm slits
were used. For near-UV measurements, gratings
with 600 lines/mm (blaze wavelength 300 nm)
and 0.60-mm slits were installed. Far- and near-
UV spectra were recorded from 260 to 200 nm
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(path length, 0.50 mm) and from 320 to 250 nm
(path length, 1.00 cm), respectively. The hIFNvy
concentration was 100 pg/mL. Two controls of
free hIFNvy were used, one preparation of hIFNvy
in SBS and the other one in a 1:1 mixture of SBS
and SBN (SBS/SBN). hIFNv in SBS is considered
the standard, native hIFN~ control, and the SBS/
SBN system containing 0.9% NaCl is a control for
the desorbed hIFNw that is present in this buffer
after desorption. Each measurement was the av-
erage of at least five repeated scans (step resolu-
tion 1 nm, 1 s each step) from which the corre-
sponding buffer spectrum was subtracted. The
measured CD signals were converted to molar el-
lipticity [6], based on a mean amino acid residue
weight of 117.

Steady-State Fluorescence Measurements

Steady-state fluorescence measurements were
performed with a LS-50B Luminescence spectro-
photometer (Perkin Elmer, Norwalk, CT). In all
studies, excitation and emission bandwidths were
set at 2.5 nm.

Fluorescence emission spectra on excitation at
295 nm were recorded from 300 to 450 nm of 100
pg/mL hIFNvy in SBS or SBN with or without ad-
dition of 20-mM empty liposomes (DPPC:DPP-
G:CH, 10:1:10; 100 nm). Spectra were corrected
for dilution and background.

Quenching of tryptophan fluorescence by acryl-
amide in the range 0-0.53 M was performed by
adding aliquots of acrylamide (1.4 M in the corre-
sponding buffer) to hIFNy (100 pg/mL). To avoid
interference by acrylamide absorption, the excita-
tion wavelength used was 300 nm. The fluores-
cence intensity was monitored at 345 nm. The
data were analyzed by a modified form of the
Stern—Volmer equation: F/F = 1 + Kqy - [Q] -
eV!Q where F, and F are the fluorescence inten-
sities in the absence and presence, respectively, of
the quencher (acrylamide) at concentration [Q],
Kqy is the Stern—Volmer constant for dynamic
quenching, and V'is a constant representing static
contributions to the quenching.?°

Time-Resolved Fluorescence Measurements

Time-resolved fluorescence measurements were
carried out on a time-correlated single photon
counting instrument equipped with mode-locked
continuous wave lasers, as described else-
where.?'3% Briefly, a mode-locked CW Yttrium
Lithium Fluoride (YLF) laser [Coherent model

Antares 76-YLF, Coherent Inc., Santa Clara,
CA3'], which was equipped with an LBO fre-
quency doubler to obtain output at 527 nm wave-
length, was used for the synchronous pumping of
a cavity-dumped Rhodamine 6G dye laser (Coher-
ent model 701-2 CD). The wavelength of the light
output of the dye laser was tuned to 600 nm, and
then frequency was doubled using a BBO crystal
(Gsénger, 3 x 4 x 7mm?). Emission was measured
through an interference filter (Schott 343.2 or
348.8 nm). The repetition rate of excitation pulses
of 300 nm was 951 kHz, the duration about 4 ps
full width at half maximum (FWHM), and the ex-
citation light was vertically polarized.

The samples were put in 12-uL and 1.5-mm
lightpath fused silica cuvettes (Starna model
26.12-F/Q/1.5/Z8.5), placed in a sample holder;
temperature was controlled (20 °C), by applying
thermoelectric (Peltier) elements and a controller
(Marlow Industries model SE 5020). By using
such a small sample volume, the effects of the
scattering behavior of the sample were mini-
mized. The sample holder was placed in a housing
also containing the main detection optics. Ex-
treme care was taken to avoid artifacts from de-
polarization effects. At the front of the sample
housing, a Glan-laser polarizer was mounted, op-
timizing the already vertical polarization of the
input light beam. The fluorescence was collected
at an angle of 90° with respect to the direction of
the exciting light beam.

By reducing the energy of the excitation pulses
with neutral density filters, the frequency of fluo-
rescence photons was decreased to 30 kHz (=3% of
951 kHz33), to prevent pile-up distortion. Also
other instrumental sources for distortion of data
were minimized®* to below the noise level of nor-
mal photon statistics. Measurements consisted of
repeated sequences of measuring during 10-s par-
allel and 10-s perpendicular polarized emission.
The number of sequences was chosen to yield a
peak content in the data files of up to 10° counts.
After measuring the fluorescence of the sample,
the background emission of the buffer solution
was measured and used for background subtrac-
tion. All cuvettes were cleaned and checked for
background luminescence prior to the measure-
ments. The applied solvents were all fluorescence
spectroscopy grade or Nanopure™ water, and
tested for artificial luminescence. For obtaining a
dynamic instrumental response of the experimen-
tal setup, the fast and single exponential fluores-
cence decay was measured of para-terphenyl in a
solution of a 50/50% cyclohexane and CCl, mix-
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ture. Data analysis was performed using a home-
built computer program.3°:3¢

RESULTS
Characterization of hIFNy-Liposomes

hIFNy associated efficiently with solid-state
DPPC:DPPG:CH (10:1:10) liposomes, prepared
via the film hydration method under the cho-
sen conditions (pH 5, low ionic strength). In a
protein:lipid ratio of 1:300 (w/w), the association
efficiency was 80 = 7% (mean = SD, n = 4). From
this hIFNw fraction, 31 + 3% was located at the
external surface of the liposomes, as was deter-
mined with the trypsin assay.

To minimize the interference of liposomes dur-
ing CD and fluorescence measurements, the lipo-
somes were sized. After extrusion through poly-
carbonate filters, the zeta potential was —-36 + 6
mV and the liposome size was 105 = 3 nm (PD
0.12).

Characterization of Adsorption of hIFNy to
Empty Liposomes

When empty, preformed liposomes of 69 + 1 nm
(PD 0.08) were incubated with a solution of free

hIFNy (50-100 pg per 20 wmol phospholipid), 85
+ 9% of the added hIFNvy associated with the li-
posomal membranes. After incubation in 0.9%
NaCl and separation of the liposomes from the
medium via ultracentrifugation, 91 + 3% of the
adsorbed hIFNvy was desorbed. As soon as hIFNvy
was added to sized, empty liposomes, aggregation
of the liposomes occurred at protein:lipid ratios
>6 pg/pwmol phospholipid, independent of the or-
der of addition. Thus, a relatively low ratio (5 pg
hIFNvy/pmol phospholipid), which did not lead to
measurable liposome aggregation, must be cho-
sen to perform CD and fluorescence measure-
ments.

Circular Dichroism Measurements

To study the secondary and tertiary structure of
hIFNvy, far- and near-UV CD measurements were
performed, respectively. The measurements were
performed down to 200 nm, because of a too high
solvent absorbance at lower wavelengths. As
shown in Figure 1, free hIFNv, in both buffer sys-
tems, exhibits strong negative bands in the far-
UV spectrum, with minima at 208 and 222 nm.
The corresponding intensities with an approxi-
mate molar ellipticity of -2.3 x 10* and -2.1 x 10*

25000-
S 15000
£
&
E
(4]
& 50004
Q
Z
> T
& 220
S -5000-
2
kS
=  -15000-
-25000-

260

Wavelength (nm)

Figure 1. Far-UV CD spectra of hIFN+ before association and after desorption from
DPPC:DPPG:CH (10:1:10) liposomes. Key: (O) hIFNy in SBS; (H) hIFNvy in SBS/SBN
(1:1 (v/v)); (A) hIFN~y desorbed from empty DPPC:DPPG:CH (10:1:10) liposomes.
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deg - cm? - dmol~?, respectively, are indicative of
the predominant presence of a-helical structures.
hIFN~y desorbed from empty liposomes shows a
similar far-UV spectrum (Figure 1). This result
means that the a-helical content of hIFNy after
adsorption to and desorption from empty lipo-
somes is not substantially different from that of
native hIFNv. If any change in secondary struc-
ture had occurred in the adsorbed state, this
change would be fully reversible.

To investigate whether liposome-associated
hIFNvy has an altered secondary structure, far-
UV CD was also performed for hIFNvy-liposomes
and liposome-adsorbed hIFNy. Below 220 nm, a
large background signal of liposomes prevented
accurate measurements. As shown in Figure 2, no
major differences in spectra from 220 to 260 nm
were observed, which strongly indicates that en-
capsulation in or adsorption to liposomes of
hIFNvy does not induce substantial changes in the
secondary structure of hIFNv.

The near-UV spectrum of free hIFNvy (Figure 3)
shows a positive band at [R80 nm, with an ap-
proximate molar ellipticity of 140 deg - cm? -
dmol 11937 The near-UV spectra illustrate that
the tertiary structure of hIFNvy desorbed from
empty liposomes is not affected. The small differ-
ences in intensity (not in spectral shape) might be

300001

200004

100004

caused by differences in protein concentration, as
determined by HPLC. A too high turbidity of li-
posomal hIFN+vy samples did not permit near-UV
CD measurements of liposome-associated hIFNv.

Steady-State Fluorescence Measurements

To monitor possible changes in the direct environ-
ment of the sole tryptophan residue, fluorescence
emission spectra were recorded. An emission
maximum (\,,,,) was observed at 341 nm for free
hIFN+y and liposomal hIFNvy preparations, as well
as for hIFNvy that was desorbed from empty lipo-
somes (Figure 4). Also, the fluorescence intensity
of desorbed hIFNy was the same as that of un-
treated hIFNv. It was not possible to accurately
determine the fluorescence intensity of liposome-
associated hIFNvy because of a high background
signal.

To examine the accessibility of the Trp-36 resi-
due in hIFNv, acrylamide was used as a non-
charged quencher. N-Acetyl-tryptophanamide
(NATA) was used as a reference compound that is
fully and easily accessible to the quencher and
that is characterized by a high K, value (Figure 5
and Table 1). Trp-36 in free hIFNvy in SBS or SBS/
SBN was completely accessible to the quencher,

Molar ellipticity (deg.cm®.dmol™)

-30000-

Wavelength (nm)

Figure 2. Far-UV CD spectra of hIFNy in SBS (O), hIFNy-liposomes (H), and hIFNvy
adsorbed to empty DPPC:DPPG:CH (10:1:10) liposomes (A).
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Figure 3. Near-UV CD spectra of hIFNy before association and after desorption from
DPPC:DPPG:CH (10:1:10) liposomes. Key: (O) hIFNy in SBS; (H) hIFNvy in SBS/SBN
(1:1 (v/v)); (A) hIFN~ desorbed from empty DPPC:DPPG:CH (10:1:10) liposomes.

but not as unhindered as the Trp residue in
NATA. The Stern—Volmer plots of quenched
hIFNv, before and after desorption from DPPC:
DPPG:CH (10:1:10) liposomes, are nearly identi-
cal, with comparable K, constants (3.69 + 0.16,
4.14 + 0.09, and 3.31 +0.09 M~! for hIFNy in SBS,
SBS/SBN, and liposome-desorbed hIFNvy, respec-
tively; Table 1). When the K, values were fixed to
3.69 M~! and the data were fitted again, the r2
values of the fits did not change substantially and
the V value for desorbed hIFN~y (0.43 + 0.02 M%)
lay between those for hIFNy in SBS and SBS/
SBN (0.26 + 0.03 and 0.63 + 0.02 M1, respec-
tively), indicating the similarity of the K, and V
values.

Time-Resolved Fluorescence Measurements

A typical fluorescence decay of hIFNv is shown in
Figure 6. The results of the fluorescence lifetime
analysis are summarized in Table 2. Two life-
times were observed for hIFNvy. This result is in
accord with previous studies.?'*® The individual
lifetime values of liposome-desorbed hIFNy were

slightly increased and the contribution of the
short lifetime was increased (p; = 41.1%), as
compared with untreated hIFN~y in SBS or SBS/
SBN buffer (p; = 15.8-16.2%). However, the con-
fidence intervals of both the pre-exponential fac-
tors and the lifetimes overlapped with those of
untreated hIFNvy, and the average lifetimes of all
free hIFN+y formulations were comparable (Table
2). To confirm the similarity of the fluorescence
decays of desorbed and untreated hIFN~, the data
of these samples were fitted by global analysis
with one of the lifetimes (7,) linked across the
data sets. The results (Table 3) show that both the
second lifetime component (15) and the preexpo-
nentials (p; and p,) converged across the data
sets. This convergence, together with the fact that
the overall X? hardly increased when linking T,
(X2 = 1.37 instead of 1.33 for unlinked data sets),
led us to the conclusion that the fluorescence de-
cays of untreated and desorbed hIFNv are indis-
tinguishable.

When adsorbed to empty liposomes, hIFNvy
showed nearly the same lifetimes and relative
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700+ / — desorbed hIFNy

600+

500

400

300

Fluorescence intensity

200+

1004

----- - hIFNy in SBS/SBN

--— hIFNy in SBS

0 v Y v v T
300 350

T T
400 450

Emission wavelength (nm)

Figure 4. Fluorescence emission spectrum of hIFN~y formulations, excited at 295 nm.
Key: (dot/striped line) hIFNvy in SBS; (dotted line) hIFN+y in SBS/SBN (1:1 (v/v)); (solid
line) hIFNvy desorbed from empty DPPC:DPPG:CH (10:1:10) liposomes.

contributions as did untreated hIFNy. When
hIFNy was associated with the liposomes via the
film hydration method, the average lifetime de-
creased (2.03 ns), and a third, subnanosecond life-
time was needed to obtain a good fit (13 = 0.15 ns,
ps = 37.6%).

Polarized time-resolved fluorescence is a tech-
nique to monitor angular displacements of emis-
sion transition moments of fluorescent molecules.
It has been applied to protein systems to investi-
gate, among other factors, rapid angular fluctua-
tions and protein hydrodynamics. A typical fluo-
rescence anisotropy decay curve of hIFNvy in SBS
is shown in Figure 7. Rotational correlation times
(¢) were determined from polarized time-resolved
fluorescence intensity measurements. In all
cases, only one rotational correlation time could
be detected. The values for free hIFNvy (¢ = 23.8—
27.6 ns, Table 4), are likely to represent global
motion of hIFN~y dimers. There was no evidence of
a short correlation time related to local Trp-
motion. On interaction with liposomes, the rota-
tional correlation time dramatically increased to
>100 ns. This result suggests virtual immobiliza-

204

Fo/F

0 T T 1
0.0 0.2 0.4 0.6

[Q] (M)

Figure 5. Stern—Volmer plots of the quenching of
NATA and hIFNvy fluorescence by acrylamide, before
and after desorption from DPPC:DPPG:CH (10:1:10) li-
posomes. Quenching experiments were performed by
adding aliquots of acrylamide to hIFNvy ((0100 wg/mL).
NATA was diluted in SBS to yield a fluorescence signal
comparable to that of hIFN~y. The data were fitted by
nonlinear regression of 4 sets of measurements using a
modification of the Stern—Volmer equation: F /F = 1 +
K_, - [Q] - eV ¥, See Materials and Methods for more
details. Key: (l) NATA; (A) hIFNvy in SBS/SBN (1:1
(v/v)): (@) desorbed hIFN~; (*) hIFN+y in SBS.
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Table 1. Summary of Fluorescence Quenching
Studies with Acrylamide®

Formulation Koy MY Vi r?

hIFNY in SBS
hIFN~y in SBS/SBN
Desorbed hIFN~v®
NATA¢

3.69+0.16 0.26 +0.10 0.9896
4.14+0.09 0.38+0.05 0.9965
3.31+0.09 0.67+0.06 0.9953
256.25 +1.10 1.42+0.13 0.9899

@ Data were fitted according to F/F = 1 + Kgy [Q] - V19
The tryptophan residue was excited at 300 nm, and the inten-
sity was read at an emission wavelength of 345 nm. See Ma-
terials and Methods for further details.

® hIFN~y was initially adsorbed to empty DPPC:DPPG:CH
(10:1:10) liposomes, and desorbed via incubation in SBS/SBN;
the desorbed protein was removed via ultracentrifugation as
described in Materials and Methods.

¢ N-Acetyl-L-tryptophanamide.

tion of the protein at this time scale. After desorp-
tion from the liposomes, the rotational correlation
time (25.2 ns) was restored, indicating that
hIFNvy is released in its native, dimeric form
(Table 4).

The presence of only one rotational correlation
time implies that its fractional contribution ()
equals the limiting anisotropy (r,). The apparent
limiting fluorescence anisotropy (B) was strongly
reduced for both hIFN~vy-liposomes and liposomes-
adsorbed hIFNvy, compared with free hIFNvy
(Table 4).

DISCUSSION

In this study, the conformational integrity of
hIFNy was studied on interaction with liposomes.
Evidently, protein integrity can be affected dur-
ing liposome preparation, liposome association,
and release from liposomes, and therefore should
be carefully assessed. To our knowledge, no such
information was available for hIFNvy-liposomes
until now.

hIFN~y associates efficiently with the nega-
tively charged DPPC:DPPG:CH (10:1:10) bilayers
(85 £ 9%) in a concentration range 50-500 pg/mL
hIFNy per 40 mM total lipid (pH 5, low ionic
strength), whereas the association with neutral
membranes composed of egg phosphatidylcholine
only was low (8 + 1%. We performed the present
study with the synthetic phospholipids DPPC and
DPPG rather than their natural analogues puri-
fied from egg yolk used in previous studies be-
cause the latter showed considerable background
fluorescence. To gain insight into the percentage

of the liposome surface covered by hIFNvy on ad-
sorption, a calculation was made with the follow-
ing assumptions: (a) the liposome diameter is 100
nm, (b) the liposomes are unilamellar, (c) lipo-
somes are composed of 20 mM DPPC:DPPG:CH
(10:1:10) and 100 pg/mL hIFNw, (d) the dimer has
overall dimensions of [6x 4 x 3 nm,2° and (e) the
surface area of the lipids was estimated to be 0.52
nm? for DPPC,?° 0.48 nm? for DPPG,*° and 0.30
nm? for CH (deduced from the work of Cruzeiro-
Hansson et al.*!). It was found that under these
conditions (100 wg/mL hIFNy per 20 mM phos-
pholipid), <2% of the liposome surface is covered
by hIFN~y and each liposome contains on the av-
erage 25 protein molecules. Of the total external
liposome surface, (6% is covered by negatively
charged DPPG headgroups (i.e., one protein mol-
ecule per 162 DPPG molecules at the external
side of the liposome bilayer). The large excess of
DPPG with respect to hIFNvy explains the fact
that hIFNw, which is positively charged at pH 5,
readily associates with the bilayer via electro-
static interactions, without measurably affecting
the negative zeta potential of the liposomes. In
addition, the low coverage of the total liposome
surface by hIFNv is not expected to have a major
influence on the bilayer structure.

1000000001

10000~

Fluorescence (cnts

Total residuals

Autocorrelation

-0.2- Time (nS)

Figure 6. Experimental and fitted fluorescence decay
of free hIFNvy in SBS: (a) fluorescence decay, (b) fluo-
rescence residuals, and (¢) fluorescence autocorrela-
tion.
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Table 2. Fluorescence Lifetimes of Trp-36 in hIFNvy*

Description p1 (%)° pa (%) 7, (ns) T, (n8) T, (n8) X2
hIFN«y in SBS 15.8 (10.4-29.5) 84.2(74.2-89.4) 1.65(1.14-2.34) 3.47(3.43-3.61) 3.18 1.30
hIFNy in SBS/SBN  16.2(11.3-26.7) 83.8(75.8-88.3) 1.60(1.19-2.22)  3.44 (3.40-3.55) 3.14 1.36
Desorbed hIFNvy 41.1(20.7-71.4) 58.9(36.0-77.1) 2.45(1.96-2.92) 3.82(3.60-4.33) 3.26 1.34
hIFNv, adsorbed

to liposomes 14.7 (12.5-16.2)  85.5 (ND)* 0.96 (0.73-1.19)  3.52 (ND) 3.16 1.24
hIFN~y-liposomes® 28.3 (ND) 34.1 (ND) 2.09 (ND) 4.05 (ND) 2.03 1.21

@ Values between brackets represent confidence limits at the 67% level. Reduced X? values indicate goodness of fit.
® p, and p, are normalized preexponential factors belonging to lifetimes 7, and 7,, respectively.
¢ One additional lifetime needed for good fit: 73 = 0.15 ns (p; = 37.6%).

4 ND = not determined.

hIFN~y is a nonglycosylated globular protein,
consisting of two identical polypeptides that are
tightly associated via multiple, hydrophobic inter-
helical interactions. X-ray crystallography, and
CD and infrared (IR) measurements revealed
that the dimer has one axis of symmetry and con-
sists of mainly a-helices and no B-sheets.?%42
Each subunit contains one tryptophan residue at
position 36, which is highly conserved in all IFNvy
species sequenced until now, 202243

Unfortunately, only a low-resolution three-
dimensional (3D) X-ray crystal structure of re-
combinant hIFNv is available at this moment.?°
Therefore, we used a 3D structure derived from
bovine IFN«y with a resolution of 2 A to visualize
the exact location of Trp-36. To illustrate the
similarity between the structure of bovine and
human IFNv, the two helical backbone structures
are superimposed in Figure 8.

In Figures 8 and 9, it is clearly visible that the
Trp-36 residues located at the outer side of an
a-helical turn are pointed inwards and embedded
in the helix. Also, it is reasonable to assume that
both tryptophans in the dimer are in the same
environment (Figure 8), and therefore show indis-
tinguishable fluorescence behavior.

Hoshino et al.!” showed that changes in the
environment of the Trp-36 residue result in a de-

creased antiviral activity, indicating the impor-
tance of this region for biological activity. It is
imaginable that on interaction with a liposomal
bilayer, the dimer dissociates and that hIFNvy
binds in its monomeric form to the surface, with
its hydrophobic regions exposed to the hydropho-
bic interior of the bilayer. If so, the hIFNvy mono-
mers should refold to the native dimer when re-
leased from the liposome surface to regain its bio-
logical activity.

To mimic the release of hIFN+y from liposomes,
hIFNvy was desorbed from liposomes via electro-
static shielding of the negatively charged DPPG
headgroups and the positively charged hIFNvy by
NaCl. More than 90% of the adsorbed hIFNvy was
desorbed from the bilayer. To monitor possible
changes in the surrounding milieu of Trp-36,
steady-state fluorescence emission spectra were
recorded.

The spectra correspond well with that of native
hIFNvy as reported previously.?! No shift in A,
was observed for the untreated and desorbed
hIFN~y. This result indicates that the environ-
ment of the Trp-36 residue was restored on re-
lease or retained after association with and de-
sorption from the liposomes. The difference be-
tween the A, of all free hIFNy formulations
(341 nm) and the high A of NATA (356 nm), in

max

Table 3. Global Analysis of the Fluorescence Decay of Trp-36 in Untreated and Desorbed hIFN~*

Description p1 (%) P (%) 7, (ns) 7, (ns) Tav (DS)
h.‘[FNv in SBS 19.9 (13.4-28.7) 80.1 (ND) 1.93 (1.54-2.25) 3.51 (3.41-3.60) 3.19
hIFN~y in SBS/SBN 21.0 (14.3-30.1) 79.0 (ND) 1.93 (1.54-2.25) 3.49 (3.39-3.59) 3.16
Desorbed hIFNvy 23.6 (16.5-32.9) 76.4 (ND) 1.93 (1.54-2.25) 3.64 (3.53-3.74) 3.23

@ The three data sets were fitted simultaneoulsy with 7, linked across the data sets. Global X? = 1.37 (cf. global X* = 1.33 for
the data sets fitted withouth any links). See Table 2 for further explanation.
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Figure 7. Experimental and fitted anisotropy decay
curves constructed from the individual polarized decay
curves of free hIFN+y in SBS: (a) fluorescence anisotro-
py decay, (b) fluorescence anisotropy residuals, and (c)
fluorescence anisotropy autocorrelation.

which the Trp-residue is in direct contact with the
aqueous solvent, indicates that Trp-36 is not com-
pletely exposed to the aqueous buffer but sur-
rounded by less hydrophilic moieties of the poly-
peptide backbone. This suggestion is supported
by the elucidated X-ray crystal structure. Figure
9 shows that the C, atom of Trp-36 is located at
the outside of the protein, but the indole side
chain is faced towards the protein interior.

In the fluorescence quenching studies, acryl-
amide, a small neutral molecule (M, 71), was
used as a quencher that is able to penetrate into

the hydrophobic pockets of the protein. The up-
ward curvature in the Stern—Volmer plot (Figure
5) indicates full accessibility of the Trp-residue
for the quencher, although both the dynamic and
static components, K, and V, were much lower
than for NATA (see Table 1). The relatively small
values of the quenching constants support the
conclusion drawn from the fluorescence emission
spectrum; that is, Trp-36 is not fully exposed to
the aqueous solvent.

The far- and near-UV spectra of desorbed
hIFNvy are similar to the spectra of untreated
hIFNvy and correspond to the spectra of native
hIFNv as reported in the literature,*? indicating
the preservation of the secondary and tertiary
structure after desorption. The far-UV CD spec-
tra of hIFNvy-liposomes and liposome-adsorbed
hIFNy also show only marginal differences with
the untreated hIFNy in SBS. Although it was not
possible to analyze the spectra below 220 nm, the
data suggest that no large changes in secondary
structure of hIFNvy occur during either mode of
interaction with liposomes.

Although the steady-state fluorescence tech-
nique is very sensitive to structural changes in
the vicinity of the fluorophore, the information
obtained from these experiments cannot fully ex-
plain the molecular origin of the observed effect.
Moreover, the relatively low protein-to-lipid ratio,
which was mandatory to prevent aggregation of
liposome-adsorbed hIFNvy formulations, did not
permit accurate intensity measurements of lipo-
some-associated hIFNy. The relatively high lipid
concentration, in combination with the not fully
monochromatic excitation source of the steady-
state fluorimeter, resulted in a large scatter sig-
nal. In contrast, because the fluorescence lifetime
instrument is equipped with monochromatic laser
light and a more sensitive detection system, we
were able to compare the local mobility of Trp-36
and the rotational behavior of hIFNy before, dur-

Table 4. Rotational Correlation Times of Trp-36 in hIFNvy*

Description

B ¢ (ns) X?2

hIFNv, 10% sucrose

hIFNw, 5% sucrose + 0.9% NaCl
Desorbed hIFNy

hIFN~, adsorbed to liposomes
hIFN~-liposomes

0.257 (0.254-0.262)
0.256 (0.254-0.261)
0.243 (0.240-0.247)
0.136 (0.131-0.141) >100 1.27
0.121 (0.117-0.124) >100 1.26

217.6 (24.6-31.0) 1.39
23.8 (21.4-26.3) 1.38
25.2 (22.9-28.2) 1.36

@ Values between brackets represent confidence limits at the 67% level. Reduced X? values

indicate goodness of fit.
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Figure 8. Ribbon drawing of the crystal structure of
bovine IFNvy overlaid with hIFN~y. The dark gray rib-
bon represents one hIFN~y dimer. The light gray struc-
ture represents the tetrameric form of bovine IFNy.
Light gray spheres are the Trp residues. The structure
of bovine IFNvy was solved with X-ray crystallography
to a resolution of 2.0 A and deposited at the Protein
Data Bank (RCSB) under the code 1d9c by M. Randal
and A. A. Kossiakoff.?*

ing, and after association with sized, empty DP-
PC:DPPG:CH (10:1:10) liposomes using (polar-
ized) time-resolved fluorescence. Because the ex-
cited state of the fluorophore has a half-life in the
nanosecond range, corresponding to the time
scale of many biological processes (diffusion of
small molecules, rotational and internal motions,
etc.), time-resolved fluorescence spectroscopy can
provide information on physicochemical pro-
cesses, the structure, and the dynamics of the sur-
roundings of the fluorophore. Small protein ag-
gregates usually not detectable with classical
spectroscopic methods can be detected as well.?®
In our study, the average lifetimes (t,,) of free
hIFNvy and hIFN+y adsorbed to liposomes are
equivalent and identical to previously reported
values,?! although slight differences in relative
contribution and individual lifetimes were ob-
served (Table 2). In contrast, for hIFNvy—
liposomes T1,, was considerably reduced and a
third lifetime of 0.15 ns was needed to fit the de-
cay curve. The difference between the decay of
hIFNvy-liposomes and liposome-adsorbed hIFN-vy
may indicate the occurrence of a minimal alter-
ation in the local Trp-36 environment during the

Figure 9. Ribbon drawing of the crystal structure of bovine IFNy. Shading according
to the isotropic temperature factor (B-factor) visualizing the mobility of the amino acid
residues (light is very mobile; dark is very inflexible). The structure of bovine IFNvy was
solved with X-ray crystallography to a resolution of 2.0 A and deposited at the Protein
Data Bank (RCSB) under the code 1d9c by M. Randal and A. A. Kossiakoff.>*
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film hydration process or on centrifugation and
extrusion of the hIFNvy-liposome dispersion. The
fact that neither the far-UV CD spectra (Figure 2)
nor the fluorescence emission maximum showed
differences between free hIFNvy and liposomal
hIFNy indicates that such a change would be
subtle indeed.

The rotational correlation times found for free
hIFN~, both untreated and after desorption
(Table 4), are in agreement with the literature
values for native hIFNw,?! indicating that hIFN+y
is still in its native, dimeric form after release
from the liposomes. The observed rotational cor-
relation time ([R5 ns) lies between those reported
for lysozyme (¢ = 10 ns, M, = 17 kD) and albumin
(b 042 ns, M, =67 kD),** and is thus in excellent
agreement with a rotational correlation time
expected for a hIFNvy dimer (M, = 34 kD). Asso-
ciation with liposomes, either via adsorption or
encapsulation, prolonged the rotational correla-
tion time infinitely on this time scale, indicating
that essentially all protein molecules are immo-
bilized through association with the liposomal bi-
layer.

No short correlation time (<2 ns), typical for
local mobility of the fluorophore, was observed.
This result can be explained by rigidifying inter-
actions between Trp-36 with the surrounding
residues in the a-helices. Specifically, as eluci-
dated with LIGPLOT,*® Trp-36 of one monomer
(chain A) forms hydrogen bridges with Ile-32,
Glu-39 from the same monomer, and Asp-91 of
the other monomer (chain B). It exhibits hydro-
phobic contacts with Lys-42, Ile-45 from chain A,
and Lys-88 from chain B. These interactions are
translated in a low isotropic temperature factor
(or B-factor, theoretically describing the thermal
vibration of a crystal*®), as visualized in Figure 9.
It is noteworthy to mention that both X-ray crys-
tallography and time-resolved fluorescence re-
sults suggest an immobile state of the Trp-36 resi-
due. Moreover, the results of time-resolved fluo-
rescence anisotropy, fluorescence quenching
studies, and fluorescence emission spectra are
complementary in that they all support the in-
ward direction of Trp-36.

The limiting anisotropy values () for free and
desorbed hIFNvy correspond well with earlier re-
ported values for native hIFN~.213847 However,
for both liposomal hIFN~y preparations, a reduc-
tion in B-value is apparent. Because the limiting
anisotropy is an intrinsic tryptophan property
and, in principle, independent from any environ-
mental factor (except for the excitation wave-

length, which was fixed), this reduction is difficult
to explain. An explanation might be that an ul-
trafast, nonrotational depolarization occurred
during the latency time of the data acquisition
circuitry of the instrument (i.e., <40 ps). Energy
transfer is an obvious nonrotational depolariza-
tion mode, but would only be possible if two Trp
residues were almost stacked. This explanation
seems unlikely when considering the position of
Trp-36 (see Figure 8).

In conclusion, the results of this study indicate
that association of hIFNy with negatively
charged liposomes results in minimal changes
in the secondary and tertiary structure of the
protein both during association with and after
desorption from the liposomal bilayer. Differences
in rotational correlation time between free and
liposomal hIFNvy were attributed to an immobili-
zation of the protein after adsorption to the lipo-
some bilayer. Only slight differences were
detected between the average lifetimes of lipo-
some-adsorbed hIFNvy and hIFN+vy-liposomes, in-
dicating that subtle changes in the Trp-36 envi-
ronment took place during preparation of the li-
posomes via the film hydration method compared
with the adsorption of hIFNv to the liposome sur-
face.
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