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The application of the AFM technique for visualiza-
tion of membrane proteins and for measuring their
dimensions was demonstrated. The AFM images of the
microsomal monooxygenase system components—cy-
tochrome P450 2B4 and NADPH-cytochrome P450 re-
ductase—were obtained by using two types of sup-
ports—hydrophobic, highly oriented pyrolytic graph-
ite (HOPG) and hydrophilic mica. It was shown that
hemo- and flavoprotein monomers and oligomers can
be adsorbed to and visualized on HOPG. On the nega-
tively charged mica matrix, flavoprotein oligomers
dissociated to monomers while hemoprotein oli-
gomers dissociated into less aggregated particles. The
images of cytochrome P450 2B4 and NADPH-cyto-
chrome P450 reductase monomers were about 3 and 5
nm high, respectively, while the images of oligomeric
forms of these proteins were about 10 and 8 nm high,
respectively. We were able to observe the binary com-
plexes composed of monomeric proteins, cytochrome
P450 2B4 and its reductase and to measure the heights
of these complexes (7 nm). The method is applicable
for visualization of not only individual proteins but
also their complexes. © 1999 Academic Press
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The cytochrome P450-containing microsomal monoox-
ygenase system plays the key role in the metabolism of
drugs, carcinogens, mutagens, and other xenobiotics (1).
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As known, cytochrome P450 2B4 (2B4)? functions by in-
teracting with its redox partner, NADPH-cytochrome
P450 reductase (Fp). Both 2B4 and Fp are membrane
proteins which hampers the study of their functions.
When solubilized from the microsomal membrane, Fp
and 2B4 become oligomeric (2—4). To make them mono-
meric, a detergent monomerization technique was devel-
oped (5). Various experimental methods are currently
used for determination of protein sizes and weights such
as sedimentation, gel chromatography, electrophoresis,
correlation laser scattering, and others (2, 3, 5). Recently,
the atomic force microscopy (AFM) and scanning tunnel-
ing techniques (STM) have been put to use for size mea-
suring and visualization of individual nanomeric ob-
jects—such as nucleic acids, biological membranes,
protein crystals (6), photosynthetic reaction centrum (7),
clathrin (8), concanavalin A (9), and NADPH-cyto-
chrome P450 reductase (10). In the present work, the
AFM study of oligo- and monomeric 2B4 and FP, as well
as 2B4/Fp complexes, was performed by using hydropho-
bic (graphite) and hydrophilic (mica) supports. The 2B4
and Fp monomers and oligomers can be visualized on
graphite support. It was shown that electrostatic pro-
tein—support interactions play an essential role in the
dissociation of 2B4 and Fp oligomers on mica. The binary
complexes formed from 2B4 and Fp monomers were only
observed on the mica support.

MATERIALS AND METHODS

Chemicals. Emulgen 913 was purchased from Kao Atlas (Osaka,
Japan). Other chemicals were purchased from Reakhim (Moscow,
Russia).

? Abbreviations used: 2B4, cytochrome P450 2B4; Fp, NADPH-
cytochrome P450 reductase; HOPG, highly oriented pyrolytic graph-
ite; AFM, atomic force microscopy.
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Preparation of proteins. Oligomers of membrane proteins 2B4
and Fp were isolated from liver microsomes of male New Zealand
rabbits treated with 0.1% (w/v) sodium phenobarbital in drinking
water for 1 week as described earlier (11, 12). Specific content and
specific activity of Fp at 30°C were 13-13.5 nmol Fp % mg ' protein
and 40-43 umol of cytochrome ¢ % min~* % mg ™" protein, respec-
tively. Specific content of 2B4 was 17-18 nmol % mg " protein and its
AlAss = 1. Both proteins showed a single band on SDS-PAGE.

Monomerization of Fp and 2B4 oligomers was carried out as fol-
lows: to 5 nmol (20-30 wl) of either protein 13 ul of 2% (w/v) Emulgen
913 solution was added. After 10 min incubation at room tempera-
ture, the protein and Emulgen 913 concentrations were brought to 5
M and 0.25 g/liter, respectively, with 100 mM K-phosphate (KP)
buffer, pH 7.4, and the mixtures were incubated at 4°C for another
24 h (5).

Analytical measurements. The concentration of 2B4 was deter-
mined by the method of Omura and Sato (13) using the extinction
coefficient of Auy_s0 = 91 MM cm™* for the CO complex of the
oxidized minus reduced 2B4 in the difference spectrum. The concen-
tration of purified Fp was determined using the extinction coefficient
of Ay = 2.4 mM* cm ' (14).

AFM experiments and samples preparation. Experiments were
carried out using the direct surface adsorption method (15). As
supports, HOPG and mica were used. The solution of 2B4 or Fp
monomers (5 uM) in 100 mM KP buffer with 0.25 g/liter Emulgen
913 was diluted with the same buffer up to 0.2 uM. Protein samples
were deposited on the HOPG or mica surface and left for 2 min. Then
each sample was rinsed with distilled water and dried in air flow.
The 2B4/Fp complexes were obtained by mixing appropriate mono-
meric proteins in solution at the concentration for each protein of 5
M in 100 mM KP buffer, pH 7.4, with 0.25 g/liter Emulgen. Then
the mixture was incubated for 10 min, diluted 50 times in the same
buffer, and immediately placed onto support. According to the data
reported earlier (16), with the air humidity 45% and higher, the mica
surface is covered with water layer. In this study, samples were
imaged in air under ambient conditions, with relative humidity
being 60-70%. There is reason enough to suppose that the protein
molecules under study remain hydrated.

All AFM experiments were carried out in the tapping mode on a
multimode Nanoscope Illa atomic force microscope (Digital Instru-
ments, Santa Barbara, CA). Commercially available Nanoprobe can-
tilevers for the tapping mode (Digital Instruments) were used. The
length of the cantilevers was 125 um and the resonant frequency was
308-340 kHz.

AFM images were processed with the aid of the user-friendly
software Femtoscan 001 (Advanced Technologies Center, Moscow,
Russia) (17).

RESULTS AND DISCUSSION

AFM is a novel high-resolution instrument for nano-
meter-scale objects size measuring and visualization
(6). An important property of AFM is its ability to
measure the exact height of observed rigid objects. The
lateral dimensions are broadened due to a tip-related
effect (18). Therefore, the main criterion for distin-
guishing between the monomeric and oligomeric pro-
tein forms is the height of the observed object. The
images of objects have bell-shape profiles. The diame-
ter of an object was determined as the width of its
bell-shaped image measured at half height. For control
experiments the appropriate buffer mixture without
proteins was applied to a support and imaged. Ran-
domly distributed contaminations in control measure-
ments were less than 1 nm high.

Visualization of oligomeric and monomeric 2B4 and
Fp images and of their complexes was carried out on
two types of surfaces—hydrophobic HOPG and hydro-
philic mica. The choice of protein concentration was
dictated by the demands of the AFM technique: high
concentrations (about 5 uM) lead to the adhesion of too
many molecules to the surface; they cover the surface
by multilayers which do not ensure good resolution. In
view of this, the protein concentrations used were
lower than 5 uM.

As was shown earlier, the incubation of Fp or 2B4
oligomers in 100 mM KP buffer, pH 7.4, with 0.25
g/liter Emulgen 913 led to their dissociation to mono-
mers (5). The images of 2B4 monomers on HOPG are
presented in Figs. 1A and 1B. Here and further in the
AFM images darker regions correspond to pits and
lighter regions correspond to protrusions. The mea-
sured dimensions of these protrusions were approxi-
mately 2.5-3 nm high and 15-18 nm in diameter. As
the maximum height of imaged contaminations in KP
buffer does not exceed 1 nm, the protrusions of 2.5-3
nm in height may be considered as proteins. The con-
clusion about the monomeric state of 2B4 (Figs. 1 A
and 1B) is based on the assumption that the molecular
size of 2B4 is close to that of cytochrome P450cam
whose height and width as measured by X-ray analysis
are, respectively, 3 and 5 nm (index PDB 2CPP) (19).
The enlarged lateral diameter of 2B4 images—15 to 18
nm—is apparently due to the tip-induced broadening
effect (18). The monomers are better visualized and are
more contrasting in 20 mM KP buffer, pH 7.4, contain-
ing 0.25 g/liter Emulgen 913 (Fig. 1B) than in 100 mM
KP buffer at the same detergent concentration (Fig.
1A). It appears that monomers adsorption occurs bet-
ter at low rather than high buffer ionic strength. The
three-dimensional image of monomers (light color) in
Fig. 1B (bottom) is shown for illustration and better
comprehension of the image perspective.

We could not obtain the images of 2B4 monomers on
hydrophilic mica support—in view of slight binding of
hydrophobic protein molecules to the negatively
charged hydrophilic surface.

Figure 1C represents the images of 2B4 oligomers on
HOPG. Comparison of Figs. 1A, 1B, and 1C reveals
essential differences between the images of oligomers
and monomers. In Fig. 1C oligomers show up as glob-
ules with unresolved structure (white spots). The mea-
sured height of these oligomers is about 10 nm and
their average diameter is about 50 nm. By comparing
the heights of oligomers and monomers, the volume of
oligomers was calculated. It was 48 times larger than
that of monomers. It was supposed therefore that each
oligomer consists of 40—60 molecules of monomers.
Thus, the volume (V,,) occupied by a 2B4 monomer
with radius r,, is

Vo = (413)7r?, [1]



PROTEIN COMPLEX FORMATION IN THE MONOOXYGENASE SYSTEM 3

FIG. 1. AFM images of 2B4 monomers (A, B) and oligomers (C) on HOPG. In B, their three-dimensional image is also presented. The
experimental conditions were 0.2 uM 2B4 in 100 mM KP buffer, pH 7.4, with 0.25 g/liter Emulgen 913 (A); 0.2 uM 2B4 in 20 mM KP buffer,
pH 7.4, with 0.25 g/liter Emulgen 913 (B); and 0.5 uM 2B4 in 100 mM KP buffer, pH 7.4 (C). The image areas were 0.8 X 0.8 um (A, B) and
1.0 X 1.0 um (C).
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FIG. 2. Two-dimensional (top) and three-dimensional (bottom)
AFM images of 2B4 oligomers on mica. The experimental conditions
were 1.7 uM 2B4 in 100 KP buffer, pH 7.4. The image area was
0.48 X 0.48 um. Arrows 1-4 indicate groups of protrusions presented
in Table I.

while the volume occupied by n monomers in the oli-
gomer (in the approximation neglecting the space be-
tween its monomeric units) may be expressed as

V, = nV,, [2]

Assuming that the height of the monomer (h,) or oli-
gomer (h,) is 2r,,, we obtain

n=V,V,, = (h,/h,)>. [3]

Two-dimensional (top) and three-dimensional (bot-
tom) views of 2B4 oligomers on mica in 100 mM KP
buffer, pH 7.4, are shown in Fig. 2. Unlike monomers,
which cannot be adsorbed on mica support, oligomers
demonstrate high adhesion to mica. Apparently, the
2B4 oligomer images on mica differ greatly from those

on HOPG. On mica, apart from large 50-nm protru-
sions, a number of small-sized images are seen. Accord-
ing to the sizes, all protrusions can be divided into four
groups as represented in Table I. It seems to us natural
to refer to the particles of the first group as monomers,
since the height of these 2B4 molecules is approxi-
mately 2.5-3 nm and their diameter is 15 nm. The
second group of particles was defined as octamers (n =
8 was calculated from Eq. [3] using the average h,, =
2.75 nm and h, = 5.5 nm). The rest of the particles
were considered as those being at a higher oligomer-
ization level. Comparing Figs. 1C and 2, one can see
that a hydrophilic, negatively charged mica surface
promotes dissociation of 2B4 oligomers to the less ag-
gregated particles. The dissociation of oligomers may
be explained by the fact that electrostatic interactions
between the charged groups of 2B4 molecules and
charged mica support are more intensive than the in-
termolecular interactions between 2B4 molecules in
their oligomeric complexes. On HOPG, the hydropho-
bic interactions between 2B4 molecules and the hydro-
phobic surface of the matrix are insufficient for disso-
ciation of the oligomeric complex to occur.

The images of Fp monomers on HOPG are presented
in Fig. 3A. The space-separated objects are clearly
seen. The imaged Fp molecules are 4-5 nm high and
20-22 nm in diameter. It is known that sizes of Fp
without its hydrophobic tail are 5 nm deep X 7 nm
wide X 6 nm high (20). Indeed, the 4- to 5-nm height of
the particles observed agrees well with the expected
size for monomeric Fp. The images of Fp monomers
were unobtainable on mica because of poor adsorption
of hydrophobic molecules on the mica surface. Images
of oligomeric Fp on HOPG are represented in Fig. 3B.
Oligomers cohere with each other forming a two-di-
mensional network. Clearly, oligomeric images shown
in Fig. 3B differ greatly from monomeric Fp images
(Fig. 3A). The average height of Fp oligomer images
was about 7-8 nm, and their diameter was 40—60 nm.
Based on Eq. [3], where the average h,, = 4.5 nm for Fp
monomers and the average h, = 7.5 nm for Fp oli-
gomers, we suggest that each oligomer consists of five
monomers. In contrast to monomers, high affinity of Fp

TABLE 1

Sizes and Surface Concentrations of 2B4 Monomers
and Oligomers on Mica Surface

Average Number
N of Height diameter  per square
group (nm) (nm) unit N-merization
1 2.5-3 15-18 100 Monomer
2 5-6 22-25 35 8-mer
3 8-9 22-37 10 12- to 30-mer
Aggregates of higher
4 12-15 50-60 0.5 orders
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B

FIG. 3. AFM images of Fp monomers (A) and oligomers (B) on HOPG and Fp oligomers on mica (C). The experimental conditions were 0.2
uM Fp in 100 mM KP buffer, pH 7.4, with 0.25 g/liter Emulgen 913 (A) and 0.2 uM Fp in 100 mM KP buffer, pH 7.4 (B, C). The image areas

were 0.8 X 0.8 um (A), 1.1 X 1.1 um (B), and 0.5 X 0.5 um (C).

oligomers to mica support was registered. The interac-
tion between the negatively charged mica support and
Fp monomers in oligomer was so strong that only Fp
monomers were seen, most of them being 4-5 nm high
and 20-22 nm in diameter (Fig. 3C). The dissociation
of Fp oligomers on mica suggests that electrostatic
Fp—mica interactions surpass the attraction between
Fp molecules in oligomers. The dissociation of Fp and
2B4 oligomers to less aggregated particles is probably
explained by mica-induced stripping of monomers from

the aggregates with their subsequent spreading on the
mica surface.

We believe that impossibility for 2B4 and Fp mono-
mers to adsorb on mica is explained by weak adhesion of
monomers whose hydrophobic sites are covered with de-
tergent. In the case of aggregates their solutions do not
contain Emulgen 913; therefore, the interactions of mo-
nomeric subunits comprising the aggregate with the mica
surface occur at the expense of electrostatic forces, which
allows distinct subunits to adsorb on mica.
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At the same time, the Fp/2B4 complexes on mica
were readily obtainable (Fig. 4). As seen from Table
I, the 2B4 aggregates on mica were divided, accord-
ing to height, into four groups (with heights 2.5-3,
5-6, 8-9, and 12-15 nm), while Fp aggregates on
mica were only visualized as 4- to 5-nm monomers.
With 2B4/Fp complexes on mica (Table I1), the im-
ages with heights 2.5-3, 4-5, 6—8, and 10 nm and
higher were distinguished. Comparing the data in
Tables I and Il, one can see that a new group of
objects emerges whose height is about 6—8 nm; the
objects of such height were not observable among
aggregate images—where only uniform proteins
were seen. Taking into account that (a) the height of
the complexes is greater than the heights of individ-
ual monomers, 2B4 (2.5-3 nm, Fig. 1A)-Fp (4-5 nm,
Fig. 3A), and (b) the height of the binary complex is
roughly equal to the sum of heights of the monomeric
2B4 and Fp, it was concluded that these elongated
objects are, in fact, the binary 2B4/Fp complexes.
The presence of 2B4 and Fp monomers in mixed
solution (Fig. 4), along with their absence from one-
component solutions, is evidence for the dissociation
of the 2B4/Fp complex at the cost of strong electro-
static interactions between its constituent monomers
and the mica surface.

FIG. 4. AFM images of 2B4/Fp complexes on mica. The experimen-
tal conditions were 0.2 uM of each protein in 100 mM KP buffer, pH
7.4, with 0.25 g/liter Emulgen 913. The image area was 0.54 X 0.54
um. Arrows 1-4 indicate the images of 2B4 monomers, Fp mono-
mers, binary complexes of 2B4/Fp monomers, and aggregates of
higher orders, respectively.

TABLE 11
Sizes and Complex Types for the 2B4/Fp Redox Pair

N of Average
group Height (nm) diameter (nm) Type of complex
1 2.5-3 15-18 2B4 monomer
2 4-5 20-22 Fp monomer
3 6-8 25-30 2B4/Fp
4 10 and greater 35 and greater  Aggregates of higher
orders
CONCLUSION

In the present study the potential of the AFM tech-
nique for visualization of membrane proteins, 2B4 and
Fp, and their complexes was demonstrated. The im-
ages of 2B4 and Fp monomers and oligomers were
obtained on hydrophobic HOPG. With the use of the
hydrophilic mica matrix, neither 2B4 nor Fp monomers
were visualized; at the same time, the imaging of 2B4
and Fp oligomers revealed their dissociation into less
aggregated particles. The binary complexes, compris-
ing 2B4 and Fp monomers, were first visualized on the
mica support.
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