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Determination of the Orientation Distribution of Adsorbed Fluorophores
Using TIRF. ll. Measurements on Porphyrin and Cytochrome ¢

Martin A. Bos and J. Mieke Kleijn
Department of Physical and Colloid Chemistry, Agricultural University, 6700 EK Wageningen, The Netherlands

ABSTRACT The theory for determination of the orientation of adsorbed fluorescent molecules using total internal reflection
fluorescence, as explained in part | of this series, is illustrated by measurements on adsorbed tetramethylpyridinium porphyrin
(H,TMPyP) and porphyrin cytochrome c molecules. The results are encouraging, although for porphyrin cytochrome cthe scatter
in the obtained order parameters is substantial. For H,TMPyP molecules adsorbed on glass the orientation distribution depends
on the solution concentration. At low concentration, the H,TMPyP molecules are more or less randomly oriented, whereas at
high concentrations a broad distribution around an angle of 46° between the porphyrin plane and surface was found. For
cytochrome ¢ adsorbed on glass and indium tin oxide it was impossible to interpret the data in terms of orientation distributions
because of the scatter in the results. The total fluorescence as a function of the polarization angle ¥ of the incident light
beam corresponds to an average angle between the porphyrin group and the surface of 30°-40°. Despite the strong electric
dipole moment of the protein, the orientation distribution seems to be independent on the (imposed) electrical potential of the

interface.

INTRODUCTION

In the first paper of this series (Bos and Kleijn, 1994) the
theory underlying orientation measurements on fluorophores
at solid surfaces using total internal reflection fluorescence
(TIRF) was explained. The aim of the present paper is to
demonstrate the applicability of the theory by measurements
on adsorbed tetramethylpyridinium porphyrin (H,TMPyP)
and porphyrin cytochrome ¢ molecules.

For easy reference we repeat here very briefly the principle
of the method. Fluorescent molecules near an optically trans-
parent solid surface are selectively excited by an evanescent
field. Analysis of the resulting fluorescence intensity and
polarization as a function of the polarization angle ¥ of the
incident light beam provides a number of order parameters
of the orientation distribution of the fluorophores. In the case
of molecules with a porphyrin ring as the fluorescent group,
the orientation can be described in terms of three angles, 0,
¢, and a. The angles 0 and ¢ define the orientation of the
porphyrin ring with respect to the interface; 6 is the tilt angle
between the porphyrin ring and the surface. The angle a
gives the rotational position of the molecule around the nor-
mal of the porphyrin ring. By assuming isotropy in the xy
plane (the interface) the angle ¢ can be eliminated from the
equations describing the fluorescence signal as a function of
V. For excitation of the porphyrin group in the 0,1, 0)
absorption band, the fluorescence signal is not sensitive to
the angle a, so that only the orientation in the angle 0 is
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determined. The obtained order parameters are

(P,) = % (3(cos?6) — 1),

(P.) = 5 (35(cos*) ~ 30(cos) + 3),

where the angle brackets ( ) denote an average over all abun-
dant orientations.

Unlike native cytochrome ¢ in which the emission of the
porphyrin is almost completely quenched by the central Fe
atom, porphyrin cytochrome c is fluorescent (Vanderkooi
and Erecinska, 1975). It has been shown from tryptophan
fluorescence and CD measurements that there are no sig-
nificant structural differences between the native and the por-
phyrin forms of cytochrome ¢ molecules (Fisher et al., 1973;
Vanderkooi and Erecinska, 1975; Vos et al., 1987). This is
confirmed by the observation that in FPLC chromatograms
the peaks of native and porphyrin cytochrome c are at exactly
the same position (Fraaije et al., 1990).

Because of an inhomogeneous distribution of charged
groups, cytochrome c has a relatively strong electric dipole
moment, which amounts to 1.08 X 10% Cm (325 D) at pH
7 (Koppenol and Margoliash, 1982). It has been suggested
that the direction of this dipole is of physiological impor-
tance: it would cause the molecule to orient itself in the elec-
tric field of its redox partners, cytochrome ¢ oxidase and
cytochrome c reductase. In the present study we have tried
to affect the orientation of adsorbed cytochrome ¢ molecules
by varying the electric potential of the sorbent surface.

MATERIALS AND METHODS

All chemicals used were analytical reagent grade. Water was purified by a
millipore purification system, involving reversed osmosis and subsequent
percolation through charcoal and a mixed-bed ion exchange resin. Tetra-
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methylpyridinium porphyrin (H,TMPyPI,) was obtained from Strem
Chemicals GmbH (Kehl, Germany) and horse heart cytochrome ¢ from
Sigma (St. Louis, MO) (type III).

Porphyrin cytochrome ¢ was prepared from the native protein following
a method described by Flatmark and Robinson (1968). The derived protein
was dissolved in 0.1-M ammonium acetate buffer pH 5 and dialyzed against
the same buffer for 24 h. Subsequently, the protein was lyophilized and
stored at -18°C.

H,TMPyP and cytochrome ¢ concentrations in solution were determined
spectrophotometrically (H,TMPyP at 424 nm, molar extinction coefficient
220 X 10* M™! cm™! (Kalyanasundaram and Neumann-Spallart, 1982); cy-
tochrome c at 404 nm, molar extinction coefficient 81 X 10° M™! cm™!
(Vanderkooi et al., 1976). The absorption and emission spectra of H,TMPyP
and porphyrin cytochrome c¢ are shown in Figs. 1 and 2.

For TIRF measurements H,TMPyP was adsorbed on a glass plate. Por-
phyrin cytochrome ¢ was adsorbed on either a glass plate or an indium tin
oxide (ITO) film (thickness 120 nm) deposited on glass. Adsorption took
place in a laminar flow cell in the TIRF setup, at a flow rate of 2.0 X 107
m® s7L. In the flow cell a connection was made to impose an electrical
potential to the semiconducting ITO film, and a counterelectrode was
mounted. A reference electrode (Ag/AgCl/saturated KCI) was kept outside
the flow cell and placed into a small beaker in contact with the solution inside
the flow cell.

Optical system

In Fig. 3 a schematic diagram of the TIRF apparatus is shown. A sealed head
pulsed nitrogen laser (model VSL-337ND, Laser Science, Inc., Cambridge,
MA) with an emission wavelength of 337 nm was used to pump a dye laser
module (model DLM-220, Laser Science, Inc.). The dye laser produces
pulses of 3 ns with an energy of 50 uJ per pulse; the average power is 1
mW. The beam from the dye laser (wavelength 514 nm, polarized hori-
zontally) passes through a broadband polarization rotator (model PR-550,
Newport Corp., Irvine, CA), and a focusing plano—convex lens and enters
the 75° Dove glass prism of the TIRF cell normal to one of the small beveled
faces. A glass plate is optically coupled to the large face of the prism, using
immersion oil (Brunschwig Chemie, Amsterdam, n = 1.515 at 20°C) as the
refractive matching fluid. The glass surface (or the ITO film on one side of
the glass plate) serves as one face of the flow chamber for adsorption. The
light beam is totally reflected at the glass (or ITO)/solution interface. The
area of the reflection spot is approximately 1 mm?. The reflected laser beam
is absorbed by a light trap. Part of the fluorescence light emitted by flu-
orophores at the solid/liquid interface is transmitted through the prism and
is collimated and condensed by two plano—convex lenses into a spectrograph
(model 1233, EG&G Princeton Applied Research, Princeton, NJ) with a
vertical grating. As a consequence light polarized perpendicularly with re-
spect to the plane of incidence with a wavelength between 600 and 800 nm
is detected a factor of 1.25 better than by parallel polarized light. In com-
paring experimental fluorescence data with theoretical curves this has been
taken into account. The overall aperture angle of the detection system is
approximately 10°. The detection is gated. A polarization filter is used for
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FIGURE 1 (a) Absorption spectrum of H,TMPyP in 10-mM phosphate
buffer pH 7. (b) Emission spectrum of H,TMPyP adsorbed on glass as
determined by TIRF. Adsorption took place from 10-mM phosphate buffer
pH 7. Excitation wavelength 514 nm.
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FIGURE 2 (a) Absorption spectrum of porphyrin cytochrome ¢ in
10-mM phosphate buffer pH 7. (b) Emission spectrum of porphyrin cyto-
chrome c adsorbed on glass as determined by TIRF. Adsorption took place
from 10-mM phosphate buffer pH 7. Excitation wavelength 514 nm.
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FIGURE 3 Schematic diagram of the TIRF setup.

separate detection of the components of the fluorescence polarized perpen-
dicular and parallel to the plane of incidence. A cutoff filter is placed in front
of the spectrograph to block scattered excitation light. An optical multichan-
nel analyzer (model 1463, EG&G Princeton Applied Research) is used for
data acquisition and analysis.

For the determination of the orientation of the plane of the porphyrin ring,
excitation of the adsorbed molecules took place at a wavelength of 514 nm,
i.e., in the @, (1, 0) absorption band (see Figs. 1 and 2). At various po-
larization angles ¥ of the incident light beam, the fluorescence spectrum
was recorded 100 times, added up, and integrated between 600 and 800 nm,
giving the fluorescence signal F('P).

RESULTS

Orientation measurements on adsorbed
tetramethylpyridinium porphyrin molecules

In Fig. 4 (a) F(¥) is shown as obtained for H,TMPyP mol-
ecules adsorbed on glass from solutions of 1- and 10-mg/1
H,TMPyP in water. The experimental points are fitted (least
squares) according to F(¥) = A + B cos? ¥. The good fit
proves that the fluorescence stems from molecules that are
excited by the evanescent field and not by stray light of the
incident laser beam (Bos and Kleijn, 1994).

In Fig. 4 b theoretical curves for F('V) are given for sharp
distributions with 8 = 0°, 45°, and 90° and for a random
orientation. These curves have been calculated according to
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FIGURE 4 Fluorescence signal of
H,TMPyP adsorbed on glass as a
function of the polarization angle ¥ of
the incident light beam. (a) Experi-
mental points for adsorption from so-
lutions of 1- and 10-mg/l H,TMPyP in
10-mM phosphate buffer pH 7. The
curves through the points are obtained
by fitting with F(¥) = A + B cos?
(P). (b) Calculated curves for a ran-
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Eq. 11 of Bos and Kleijn (1994), using a value of 0.98 for
the dichroic factor vy, corresponding to the aperture angle of
the detection system in the experimental setup (Burghardt
and Thompson, 1984). The components of the electric field
vector of the evanescent field, €,, €, and €,, have been cal-
culated using the equations given by Harrick (1967), with
refractive indices of 1.518 for glass and 1.333 for the solution
phase and an angle of incidence of 75°. In the adsorption
layer (refractive index n) the normal component (e,) differs
from that in the solution by a factor ( 1.333/np)2; the tangential
components (€, and €,) are continuous across the interface
(Harrick, 1967). Taking for n, a value of 1.4, a common value
for organic compounds, the values of the electric field com-
ponents in the adsorption layer become €, = 0.464, €, =
1.082, and €, = 1.009. The experimental results depicted in
Fig. 4 (a) correspond to F(¥) curves for sharp distributions
with 6 ~ 47°. More information on the orientation distri-
bution of the porphyrin molecules cannot be obtained from
F(¥) alone (Bos and Kleijn, 1994).

To determine the order parameters (P,) and (P,) of the
orientation distribution, the parallel and perpendicular po-
larized components of the fluorescence at ¥ = 0° and ¥ =
90° have been measured, i.e., F||(0°), F (0%, F||(90°), and
F,(90°). Results are shown in Fig. 5. All ({(P,);{P,)) com-
binations derived were found to be within their physical
boundaries. Although there is some scatter in the obtained
order parameters, especially in (P,), a trend in the orientation
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FIGURE 5 Order parameters for H,TMPyP adsorbed on glass from so-
lutions of various porphyrin concentrations. The physical boundaries of (P,)
and (P,) are indicated by solid lines.
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distribution with porphyrin concentration in solution can be
clearly distinguished. The values for (P,) and (P,) for ad-
sorption from a solution with a porphyrin concentration of 1
mg/1 are approximately 0.2 and 0.0, respectively. In the case
of concentrations of 10 and 100 mg/l, (P,) and (P,) are ap-
proximately 0.2 and -0.2, respectively. For adsorption from
a porphyrin solution of 0.1 mg/1 reliable order parameters
could not be derived, because the fluorescence signals were
too weak.

Orientation distribution functions corresponding with the
average values for (P,) and (P,) for 1, 10, and 100 mg/1 are
shown in Fig. 6. These distributions are calculated by the
maximum-entropy method (see Bos and Kleijn, 1994). At 1
mg/l the orientation distribution is almost random. At con-
centrations of 10 and 100 mg/1 the adsorbed molecules show
clearly a preferential orientation angle 6 of 45°—46°. The
value of (P,) (—0.2) indicates a sharper distribution than at
1 mg/l. For a really sharp distribution with 8 = 45°, (P,)
would amount to -0.41.

Orientation measurements on adsorbed
porphyrin cytochrome ¢ molecules

Experiments similar to those for H,TMPyP have been per-
formed for adsorbed porphyrin cytochrome ¢ molecules. As
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FIGURE 6 Orientation distribution functions of H,TMPyP adsorbed on
glass, corresponding to the average values for (P,) and (P,) for adsorption
from solutions with porphyrin concentrations of 1, 10, and 100 mg/l and
calculated following the maximum-entropy method.
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sorbent surfaces glass and ITO were used; in some cases an
electrical potential was externally imposed on the ITO/
solution interface.

Fig. 7 shows the measured and theoretical fluorescence
signals as a function of the polarization angle ¥ of the in-
cident light beam. The solid curves through the experimental
points in Fig. 7 (a) and 7(b) represent the best fit of A + B
cos? . The theoretical curves for glass as the sorbent surface
(Fig. 7 (c)) are calculated using the same parameters as be-
fore. (Thus, for the protein adsorption layer also, a refractive
index of 1.4 has been used to determine e, in this layer (Ivars-
son et al., 1985). In the case of ITO on glass (Fig. 7 (d)), the
components of the electric field vector of the evanescent field
were obtained by Hansen’s method based on the matrix for-
malism of Abeles (Hansen, 1968), with a thickness of 120 nm
and a refractive index of 1.90 for the ITO film; the other
parameters used are the same as before. This results in €, =
0.426, €, = 0.600, and €, = 0.927 in the protein adsorption
layer. The measured F(W) curves given in Fig. 7 (a) and 7
(b) correspond to F(¥) curves for sharp distributions with 6
~ 38° and 6 ~ 31°, respectively.

The experimental results in Fig. 7 are for adsorption from
a solution of 10-mg/l porphyrin cytochrome ¢ in 10-mM
phosphate buffer pH 7. For adsorption from solutions with
other concentrations protein (varying from 1 to 100 mg/1)
approximately the same F(¥) curves were found. Imposing
an external potential at the ITO/solution interface (in the
range of —400 to +800 mV versus an Ag/AgCl reference
electrode) during or after adsorption of the protein did not
significantly affect the shape of F(V).

To obtain more specific information on the orientation
distribution, the fluorescence signals F|(0°), F,(90°), F, (0°),

/Q/\\/

o 45 90 135 180 o 45 90 135 180
Polarization angle ( ¥) Polarization angle ( ¥)

Fluorescence (a.u.)
Fluorescence (a.u.)

3 3 ]
& s 3\\ @ 71
8 8 \ 0=0° /
§ i {
£ | s random, + 7
NG -/
8 = 90°
0 45 90 135 180 45 20 135 180

Polarization angle (V) Polarization angle (¥)
FIGURE 7 Fluorescence signal of porphyrin cytochrome c as a function
of the polarization of the incident light beam. (a), (b) Experimental points
and fitted curves (F(¥) = A + B cos® ¥) for porphyrin cytochrome ¢
adsorbed on glass and on ITO, respectively. The concentration protein in
solution was 10 mg/l; 10-mM phosphate buffer pH 7. (c), (d) Calculated
curves for the adsorption on glass and on ITO, respectively, for a random
distribution and sharp distributions with orientation angle 6 = 0°, 90°.
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and F | (90°) have been measured under various experimental
conditions. Most of the values derived for (P,) and (P,) are
shown in Fig. 8; some values were found to be outside the
axes of this plot. There is no clear correlation with the protein
concentration of the solution from which adsorption took
place or with the interfacial potential imposed during or after
adsorption. The (P,) values found within the physical bound-
aries of the order parameters are all between —0.05 and +0.5
(corresponding to orientation angles between 35 and 55°),
whereas (P,) is found to be rather undefined.

DISCUSSION

In the underlying theory for the TIRF orientation measure-
ments several assumptions have been made (Bos and Kleijn,
1994). 1t is appropriate to establish whether these assump-
tions are justified for the systems under investigation.
First, it was assumed that the fluorescence lifetime of the
molecules is much shorter than their rotational correlation
time. The fluorescence lifetimes of H,TMPyP and porphyrin
cytochrome ¢ in aqueous environment are 6.0 and 6.5 ns,
respectively (Kalyanasundaram, 1984; Vanderkooi et al.,
1976). The rotation correlation time of cytochrome in solu-
tion is ~5 ns (Vos et al., 1987). Generally, proteins form
numerous contacts with a sorbent surface upon adsorption.
Therefore, it is expected that the rotation correlation time in
the adsorbed state will have a high value. Vanderkooi and
Erecinska (1975) found a value of 200 ns for cytochrome ¢
molecules bound to phospholipid layers. In the case of ad-
sorption on a solid surface we expect even higher values,
because the binding of proteins to such surfaces has an ir-
reversible character (Norde and Haynes, 1994). For a small
molecule such as H,TMPyP the rotation correlation time in
solution is of the order of 0.5 ns. Of course, in this case
binding to a surface also limits the rotational mobility of the
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FIGURE 8 Order parameters for porphyrin cytochrome ¢ adsorbed on
glass and on ITO from 10 mM phosphate buffer pH 7. The physical bound-
aries of (P,) and (P,) are indicated. Open symbols: adsorption on glass from
O, 1-mg/l: 00, 10-mg/l: A, 25-mg/l: ¢, 70-mg/l, and +, 100-mg/1 protein
solutions. Closed symbols: adsorption on ITO: @, equilibrium potential; l,
—-400 mV applied after adsorption at the equilibrium potential: A, +500 mV
applied during adsorption; and ¢, +800 mV applied during adsorption;
protein concentration 10 mg/1.
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molecule. In the literature we did not find any data con-
cerning the rotation correlation time of simple porphyrin
molecules in the adsorbed state. Therefore, we performed
orientation measurements on H,TMPyP adsorbed on glass as
a function of the viscosity of the solution phase (Bos, 1994).
If the rotation correlation time in the adsorbed state were of
the same order as the fluorescence time, a systematic effect
on the fluorescence curves should be observed, i.e., the dif-
ference between the parallel and perpendicular polarized
components would increase with increasing viscosity (Bos
and Kleijn, 1994). Such an effect has not been found. There-
fore, it is concluded that this first assumption is correct for
both cytochrome ¢ and H,TMPyP.

A second basic assumption is that energy transfer between
the adsorbed molecules is negligible. Inasmuch as for both
H,TMPyP and porphyrin cytochrome c the overlap between
the absorption and emission spectra is poor (see Figs. 1 and
2), it is concluded that energy transfer is not interfering with
the orientation measurements.

Finally, the assumption of isotropy in the xy plane, i.e., the
interface, seems to be justified for the sorbent surfaces used.
It is imaginable, in particular for the H,TMPyP molecules,
that there is some local ordening in the orientation angle ¢
(porphyrin rings of neighboring molecules are parallel), but
the area of the interface to which the derived order param-
eters refer is so large (1 mm?) that on average the orientation
in ¢ can be assumed to be random.

The fact that for H,TMPyP all, and for porphyrin cyto-
chrome ¢ almost all ((P,);{P,)), combinations are found to be
within their physical boundaries inspires confidence in the
theoretical model and the values used for the various pa-
rameters. After all, these boundaries simply follow from the
definitions of (P,) and (P,) and are model independent. De-
viations between the measured values of F|(0°), F,(0°),
F(90°), and F | (90°) and their values predicted from the fit-
ted order parameters are in the range of 2-15% for both
H,TMPyP and porphyrin cytochrome c. This is remarkable,
because the observed scatter in the (P,) and (P,) data is more
severe for porphyrin cytochrome ¢ than for H,TMPyP (see
Figs. 5 and 7). Furthermore, the signal-to-noise ratio in F('¥)
is lower for the porphyrin cytochrome ¢ adsorption layers,
simply because the surface concentration of porphyrin
groups is much lower.

A way to improve the signal-to-noise ratio is to measure
F('¥) over a longer time period. Unfortunately, for adsorbed
porphyrin cytochrome ¢ molecules this leads to changes in
the fluorescence spectrum. Under conditions of continuous
irradiation Fraaije et al. (1990) observed changes in the fluo-
rescence spectrum of these molecules adsorbed on quartz,
pointing to a change in the structure of the protein molecule
resulting in exposure of the porphyrin ring to the solvent.
Similar spectral changes were found here, although to a much
lesser extent.

The difference between the orientation distributions for
H,TMPyP adsorbed from solutions with porphyrin concen-
trations of 1 and 10-100 mg/1 can be related to the degree of
surface coverage. The adsorption isotherm of H,TMPYP on
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silica in 10-mM phosphate buffer pH 7 (Bos, 1994) shows
that at 1 mg/1 the adsorbed amount is approximately 0.8 mg/
m?, corresponding to an area of 2.5 nm? per molecule. At 10
and 100 mg/1 these values are ~1.5 mg/m? corresponding to
1.3 nm? per molecule, and ~1.9 mg/m?, corresponding to 1.1
nm? per molecule, respectively. Considering the size of the
H,TMPyP molecule (largest cross section ~2 nm?), at 1 mg/l
there is enough room left at the surface for the molecules to
adopt any orientation angle 6 without being (sterically) hin-
dered by neighboring molecules. This is not the case at the
higher degrees of occupancy. Therefore, the higher degree of
ordering at 10 and 100 mg/1is probably due to intermolecular
lateral interactions in the adsorption layer. The observed ef-
fect of porphyrin degrees of occupancy on the orientation
distribution suggests that adsorption does not occur in clus-
ters; otherwise also at low surface coverages this ordening by
intermolecular interactions would occur.

For adsorption of porphyrin cytochrome ¢ from 10-mM
phosphate buffer pH 7 the adsorbed amounts are approxi-
mately 3 and 4 mg/m? for protein concentrations in solutions
of 1 and 10 mg/l, respectively (Bos, 1994); the adsorption
plateau amounts to 6 mg/m?, which is reached at a solution
concentration of 100 mg/l. Although the scatter in the ob-
tained order parameters of the orientation distribution of por-
phyrin cytochrome c is too large to permit us to draw definite
conclusions, from the fact that the total fluorescence curve
F('¥) does not significantly change with the surface coverage
it appears that this factor does not have a decisive effect on
the orientation of the adsorbed molecules. This might be
explained by the fact that the cytochrome ¢ molecule is al-
most spherical (Dickerson and Timkovich, 1975), so a de-
crease in available surface area per adsorbing molecule is not
likely to result into a change in the average orientation. It
should be noted, however, that most probably at the lowest
solution concentration (1 mg/l) the surface is already com-
pletely covered with protein molecules and at the higher so-
lution concentrations adsorption takes place in a second
layer. (The adsorbed amount for a complete monolayer of
cytochrome ¢ molecules is estimated from their size (diam-
eter 3 nm) and molecular weight (12200 g/mole) to be 2.5-3
mg/m?.) Therefore, from our experiments we cannot rule out
that below monolayer coverage the orientation of the mol-
ecules does vary with the adsorbed amount.

From the electrical double-layer theory it has been esti-
mated that the electric field strength near the ITO surface
varies with ~3 X 107 V/m per 100-mV change in the po-
tential applied. At an imposed potential of ~350 mV versus
the Ag/AgCl reference electrode, the potential difference be-
tween the ITO/solution interface and the bulk solution is zero
(Bos et al., 1994). Thus, by varying the interfacial potentials
between —400 and +800 mV versus Ag/AgCl, the absolute
value of the electric field strength near the interface varies
between 0 and 2 X 10® V/m, and the energy difference per
molecule cytochrome ¢ between the parallel and antiparallel
orientation of its dipole in the field of the interface varies
between 0 and 60 kT. Therefore, if electrostatic interactions
were determining for the orientation in the adsorbed state, an
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effect of the interfacial potential should be observable. How-
ever, such an effect is not observed in the F(¥) curves. The
direction of the electrical dipole moment of horse heart cy-
tochrome ¢ at pH 7 is known (Koppenol and Margoliash,
1982). The angle between this dipole moment and the plane
of the haem group is 33° at this pH. If this also applies to
the adsorbed porphyrin cytochrome ¢ molecule, a perfect
alignment of the electrical dipole along the electric field of
the sorbent surface would yield values for (P,) and (P,) of
-0.055 and -0.352. None of the experimentally obtained
combinations of (P,) and (P,) is close to these values. There-
fore, we are strongly inclined to conclude that the imposed
electrical potential does not affect the orientation distribu-
tion. This is further corroborated by reflectometer experi-
ments conducted in our laboratory (Bos et al., 1994; Bos,
1994) in which the adsorption behavior of various proteins,
including native and porphyrin cytochrome c, on ITO were
examined as a function of an externally applied interfacial
potential; for all proteins studied, the effect of this potential
was found to be surprisingly small. Apparently, other factors
than global electrostatic and dipole interactions, e.g., hydro-
phobic interactions and structural rearrangements, are domi-
nating the adsorption process. An additional cause for the
relative unimportant role of the applied potential might be
that protein molecules can adjust their charge when ap-
proaching a surface and that coadsorption of small ions from
solution occurs. The interaction between porphyrin cyto-
chrome ¢ and the ITO surface is apparently very different
from that between the native protein and its physiological
redox partners (see the introductory section).

A final important point of discussion, and directly related
to the above, is of course the structural stability of the por-
phyrin cytochrome ¢ molecule. Strong structural changes of
the protein molecule upon adsorption would make it impos-
sible to draw conclusions on the orientation of the adsorbed
molecule from the orientation of the porphyrin group. The
structural stability of native cytochrome c in solution is high.
No structural changes take place between pH 3 and pH 12
(Dickerson and Timkovich, 1975; Timkovich, 1979). From
studies performed in our laboratory (Bos, 1994) it was found
that the adsorption behavior of cytochrome ¢ resembles that
of other structure-stable proteins such as lysozyme and ri-
bonuclease (Norde, 1992). Therefore, it is likely that cyto-
chrome c retains its structure when it adsorbs on hydrophylic
surfaces. This is corroborated by the finding that in the ad-
sorbed state cytochrome c still has, within experimental er-
ror, its crystallographically determined dimensions (Rey-
naud et al., 1986). However, it is much less clear whether the
porphyrin derivative of cytochrome c retains its conforma-
tion during the adsorption process. On the one hand, its ad-
sorption behavior is in many aspects the same as that of the
native protein, and from competition and displacement mea-
surements it is found that the two forms of the protein have
the same affinity for the glass surface (Bos, 1994). On the
other hand, porphyrin cytochrome c is more sensitive to heat
and guanidine-HCI treatments than native cytochrome ¢
(Vanderkooi and Erecinska, 1975), and, as stated above, the
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observed changes in the fluorescence spectrum suggest that
under influence of light conformational changes at the in-
terface occur. Anyway, the F(¥) curves depicted in Fig. 7
(a) and (b) point to a certain degree of order in the adsorption
layer; the orientation of the porphyrin groups is not random.
Apparently, this order results from other factors than elec-
trostatic interactions or the degree of surface coverage.

CONCLUSION

We have demonstrated that TIRF can be a useful tool in
examining the orientation of fluorescent or fluorescent-
labeled molecules at optically transparent surfaces. The re-
sults obtained here for adsorbed H,TMPyP and porphyrin
cytochrome c are encouraging, although for porphyrin cy-
tochrome c the scatter in the obtained order parameters is
substantial. This, together with the suspicion that porphyrin
cytochrome ¢ changes its conformation upon adsorption,
makes it difficult to draw definite conclusions with respect
to its orientation in the adsorbed state.

Conformational changes are a general problem encoun-
tered in the determination of the orientation of protein mol-
ecules in adsorption layers (Norde, 1992). A more specific
problem in the application of TIRF to adsorbed proteins is
the need for a fluorescent group. If the molecules do not carry
a fluorescent group, one might consider labeling them; pre-
requisite is that the fluorescent label be fixed in the molecule
with a known orientation. However, because the native struc-
ture of a protein molecule in general is only marginally stable
from a thermodynamic point of view (Norde, 1992), intro-
duction of a label might influence the structure or structural
stability of the protein molecule and, hence, influence its
adsorption behavior. Another possibility is to make use of the
aromatic amino acids tryptophan and tyrosine. These amino
acids have a fixed place in the structure. However, their ex-
citation wavelength is in the UV, which sets high demands
on the experimental setup, and protein molecules might eas-
ily be damaged by the UV light. Furthermore, the presence
of more than one of these amino acids might cause energy
transfer from one amino acid to the other, which will severely
complicate efforts to extract information on the orientation
of the molecules.

Meanwhile, the TIRF method for determining the orien-
tation of adsorbed fluorophores has already been used in a
study concerning the development of “organic” solar cells
(Wienke et al., 1994). In this study porphyrin molecules were
used as sensitizers to generate charge carriers in a semicon-
ducting surface. The orientation of these porphyrins is con-
sidered to be a prominent factor in determining the efficiency
of the system. In our own institution the method is now used
to investigate the order in Langmuir-Blodgett layers of phos-
pholipids, which stand model for biological membranes.
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