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The membrane-bound P-glycoprotein (Pgp) transporter plays a major role in human disease and drug disposition
because of its ability to efflux a chemically diverse range of drugs through ATP hydrolysis and ligand-induced
conformational changes. Deciphering these structural changes is key to understanding the molecular basis of
transport and to developing molecules that can modulate efflux. Here, atomic force microscopy (AFM) is used to
directly image individual Pgp transporter molecules in a lipid bilayer under physiological pH and ambient
temperature. Analysis of the Pgp AFM images revealed “small” and “large” protrusions from the lipid bilayer
with significant differences in protrusion height and volume. The geometry of these “small” and “large” pro-
trusions correlated to the predicted extracellular (EC) and cytosolic (C) domains of the Pgp X-ray crystal
structure, respectively. To assign these protrusions, simulated AFM images were produced from the Pgp X-ray
crystal structures with membrane planes defined by three computational approaches, and a simulated 80 A AFM
cantilever tip. The theoretical AFM images of the EC and C domains had similar heights and volumes to the
“small” and “large” protrusions in the experimental AFM images, respectively. The assignment of the protrusions
in the AFM images to the EC and C domains was confirmed by changes in protrusion volume by Pgp-specific
antibodies. The Pgp domains showed a considerable degree of conformational dynamics in time resolved AFM
images. With this information, a model of Pgp conformational dynamics in a lipid bilayer is proposed within the
context of the known Pgp X-ray crystal structures.

1. Introduction structural basis of drug transport by Pgp. This knowledge is critical to

the development of novel transport inhibitors and drugs with desirable

P-glycoprotein (Pgp; ABCB1) transporter is a part of the ATP
Binding Cassette (ABC) transporter superfamily [1]. The transporter is
concentrated in the plasma membranes and functions by effluxing a
chemically and structurally diverse range of drugs from the cytosol (C)
to the extracellular (EC) space [2-4]. The transporter is found in vir-
tually all tissues, but is concentrated in the brain, kidneys, intestines
and liver [5]. As a result, it plays a major role in drug absorption,
distribution and excretion [6-9]. In addition, the transporter is a major
driver of anti-cancer drug resistance [10], precludes penetration of
drugs across the blood brain barrier (BBB) [11], and is a major con-
tributor of adverse drug reactions (ADRs) from cardiovascular ther-
apeutics by modulating excretion through the kidneys [12,13]. There-
fore, there has been keen interest in unraveling the molecular and

transport properties as well as improving predictions of drug disposi-
tion from in vitro experiments.

Our most detailed understanding of the transporter structure comes
from X-ray crystal structures of the mouse [14,15] and C. elegans [16]
Pgp, and a recent cryo-electron microscopy (cryo-em) reconstruction of
human Pgp [17]. These structures revealed that Pgp is comprised of a
140 KD pseudo-symmetric monomer consisting of twelve transmem-
brane helices and two nucleotide binding domains (NBDs). Pgp can
assume a conformation with the NBDs separated with the drug binding
cavity exposed to the cytosolic side of the transporter, which is often
referred to as the “open” or “inward-facing” Pgp conformation [14-16].
The recent cryo-em structure revealed a conformation where the NBDs
are together with the drug binding cavity exposed to the extracellular
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side of the transporter, which is commonly referred to the as the
“closed” or “outward-facing” Pgp conformation [17]. Based on similar
conformations observed in the analogous bacterial transporters, an al-
ternating access model for ligand transport was proposed [18,19]. A
caveat of these studies is that they were performed with Pgp solubilized
with detergent [14-17], which may have large effects on the trans-
porter’s conformation [20,21]. The lipid bilayer membrane that is as-
sociated with Pgp is essential for its function [21-23]. To understand
the transport process, there is a real need to determine the Pgp con-
formational changes in a lipid bilayer under near-native conditions and
physiological pH between pH 6.0 and 8.0. Pgp investigations within this
pH range are important because Pgp-mediated ATP hydrolysis is known
to be severely inhibited outside of this range [24], and charged Pgp
ligands are known to be sensitive to pH [25-27].

To overcome this knowledge gap, Pgp in a lipid bilayer was in-
vestigated experimentally using atomic force microscopy (AFM). AFM
was originally developed within the solid-state physics community
[28], but has found increasing use in biology [29]. Advances in AFM
technology have allowed biological investigations to be performed
under physiologically relevant conditions such as ambient temperature
and pressure [30]. This has been particularly helpful for investigations
of membrane proteins reconstituted into lipid bilayers [31,32]. In fact,
studies of Pgp by AFM have already been performed [33-36]. Un-
fortunately, these studies achieved relatively low resolution [33-36].
As a result, the punctate features in the AFM images were not assigned
to specific domains of the transporter [33-36]. However, AFM images
of human Pgp taken with MM4.17 and MRK-16 antibodies that are
specific for the EC-side of Pgp showed that it is theoretically possible to
differentiate the EC and C sides of the transporter with AFM [33].

In this study, AFM was performed of Pgp reconstituted in a lipid
bilayer to positively identify the EC and C domains of Pgp from AFM
images. To ensure that active Pgp was used for the AFM measurements,
Pgp-mediated ATP hydrolysis activity was measured. Then AFM ima-
ging was performed of the proteoliposomes and the major features in
the images were categorized. To correlate the features in the AFM
images to domains of the Pgp X-ray crystal structure, AFM simulations
of the EC and C sides of Pgp were performed on the “open” (PDB ID:
4M1M, [14,15]) and “closed” (PDB ID: 6COV, [17]) conformations of
Pgp positioned in the membrane by three different methods [37-39].
These were compared to representative AFM images to determine the
most likely conformation and position in a lipid bilayer. The assignment
of the Pgp domains in the experimental AFM images was confirmed by
Pgp specific antibodies. Pgp conformational dynamics was investigated
using a high-speed AFM instrument that provided time resolved AFM
images on a second time scale. The results allowed us to propose a two-
state model of Pgp conformational dynamics in a lipid bilayer. This
work provides a foundation to study the structure and dynamics of Pgp
in a lipid bilayer.

2. Materials and methods
2.1. Reagents

Cholesterol and Tris-HCl were purchased from Amresco (Solon,
OH). Escherichia (E.) coli lipid extract powder was purchased from
Avanti Polar Lipids Inc. (Alabaster, AL). The C219 antibody was pur-
chased from Novus Biologicals (Littleton, CO). The detergent n-dodecyl-
B-D-maltoside (DDM), buffer 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES), NaCl and MgCl, were purchased
from MilliporeSigma (Burlington, MA) (Formerly, Calbiochem Research
Biochemicals and EMD Millipore). All the remaining chemicals were
purchased from ThermoFisher Scientific (Waltham, MA) including the
6X His tag antibody.
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2.2. Expression and purification of Pgp

The his-tagged wildtype mouse Pgp (Abcbla, MDR3) was cloned and
expressed from Pichia (P.) pastoris as previously described [40-42]. As
previously noted [43], three asparagines on the N-terminus of this Pgp
construct were mutated to glutamine to prevent N-linked glycosylation
in this Pgp construct and still retained wild-type Pgp activity [43]. P.
pastoris cells were grown and induced by methanol at the Bioexpression
and Fermentation Facility (BFF) at the University of Georgia. The his-
tagged protein was lysed through a series of freeze thaw cycles, ex-
tracted with excess n-dodecyl-B-D-maltoside detergent (DDM) and was
purified in two steps: nickel-nitrilotriacetic acid (Ni-NTA) (Thermo
Fisher Scientific, Waltham, MA) and DE52 cellulose resin (Thermo
Fisher Scientific, Waltham, MA) [41]. The purity of detergent solubi-
lized Pgp determined by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was > 95% pure (data not shown). De-
tergent solubilized Pgp was concentrated in Amicon Ultra-15 100kD
cutoff spin concentrators. The concentration was measured using the
extinction coefficient of 1.28 mlmg ™' em ™! and the DC Protein Assay
Kit II (Bio-Rad, Hercules, CA) [41]. Purified protein was stored at
—80°C in 10 mM Tris-HCl, 30% glycerol, pH 8.0.

2.3. Reconstitution of Pgp in liposomes

Detergent solubilized Pgp was integrated into liposomes as pre-
viously described [e.g. [44]]. Briefly, 80% w/v Avanti extract polar
Escherichia (E.) coli lipids (Avanti Polar Lipids, Alabaster, AL) and 20%
w/v cholesterol were solubilized in chloroform to a final concentration
of 10mgmL~". This solution was evaporated in a Buchi Rotavapor
Model R-114 (Buchi, Switzerland) until complete dryness was achieved
and a lipid film was formed. This lipid film was rehydrated in 50 mM
Tris-HCl and 0.1 mM ethylene glycol tetraacetic acid (EGTA), pH 7.4
and underwent 10 freeze thaw cycles in liquid nitrogen. The re-
suspended lipid film was extruded 11 times through a LIPEX extruder
(Northern Lipids, Burnaby, British Columbia, Canada) with a 400 nm
cutoff Millipore filter (EMD Millipore Billerica, MA). The purified Pgp
product was dialyzed to remove excess detergent against HEPES buffer
(20 mM HEPES, 100 mM NacCl, 5 mM MgCl,, 2mM DTT, pH 7.4). Dia-
lyzed Pgp at 25uM was passively integrated into 4 mgml~! liposo-
somes to a final concentration of 6.25uMPgpmg~' ml liposomes.
These proteoliposomes were dialyzed against HEPES buffer to remove
the remaining detergent and stored at —80 °C.

2.4. ATPase activity measurements

The ATPase activity of reconstituted Pgp was measured by the
Chifflet et al. method on a FlexStation 3 spectrometer (Molecular
Devices, Sunnyvale, CA) as done previously [41,45]. The production of
inorganic phosphate (Pi) after ATP hydrolysis was measured by the
absorbance signal at 850 nm as the Pi-molybdenum complex is formed.
The Pgp-mediated ATPase activity was measured for the Pgp probe
substrate verapamil in the presence of 50nM reconstituted Pgp in
Chifflet Buffer (150 mM NH,4, 5mM MgSO,, 0.02% w/v NaN3, 50 mM
Tris-HCl, pH 7.4).

Non-linear regression was used to fit Pgp-coupled ATP hydrolysis
kinetics with Igor Pro 6.2 (Wavemetrics, Tigard, OR) and the following
equations. The modified Michaelis-Menten equation was used to fit
hyperbolic ATP hydrolysis curves [41]:

_ Vi [L]

= + Vpys,
K, + [ L] basal

(€]
where V4, is the maximum ATP hydrolysis, L is the concentration of
ligand, K, is the Michaelis-Menten constant and Vp.sy is the basal AT-
Pase activity that serves as an offset that is independent of Pgp occu-
pancy. For Pgp-coupled ATP hydrolysis curves that exhibit biphasic
substrate inhibition, the following equation was used to fit the curve
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where K; is the inhibitory constant.

2.5. Atomic force microscope (AFM) imaging

Proteoliposome stock solutions were diluted to 100nM Pgp in
20 mM Hepes at pH 7.4, 100 mM NaCl, 5mM MgCl,, which will be
called imaging buffer. These solutions were immediately deposited on a
freshly cleaved mica surface (Grade v1; Ted Pella, Redding, CA) and
incubated for 45 min at ~ 30 °C. During this time, the proteoliposomes
rupture and form a planar lipid bilayer supported by the mica surface
[32]. The C-side and EC-side Pgp protein domains protrude out from
the bilayer surface making them accessible to AFM imaging. For the
antibody experiments, 2 ul of antibody (C219 at 0.07 mg/ml or 6 X His
tag antibody at 1 mg/ml) was added to 198 pl of 100 nM Pgp proteo-
liposomes 15 min prior to incubation on mica. All samples were rinsed
two times with ~100 pl volumes of imaging buffer prior to recording
images, as described previously [31,32]. AFM images were acquired in
imaging buffer, in tapping mode, using the Cypher or Cypher VRS
(Asylum Research, Santa Barbara, CA) and tips (BL-AC40TS, Olympus,
Tokyo Japan, or USC-F0.3-k0.3, Nanoworld, Neuchatel Switzerland).
Images were acquired at ~32°C with an estimated tip-sample
force < 100 pN.

2.6. AFM image analysis

The protrusions in AFM images of Pgp reconstituted proteolipo-
somes were analyzed using scripts written in the scientific analysis
package Igor Pro 7 (Wavemetrics, Portland, OR) or using the Gwyddion
AFM analysis package [46]. Scripts implementing the Hessian blob al-
gorithm within Igor Pro 7 were used to identify protrusions in the AFM
images [47]. To accurately estimate the protrusion height at a given
pixel of the AFM image, the Laplace interpolation was used to de-
termine the membrane boundary underneath the protrusion [48]. The
protrusion volume was estimated using a two-dimensional trapezoidal
integration algorithm and the heights within the Gwyddion software
[46]. The height for a given protrusion was defined as its maximum
height above the membrane boundary.

2.7. Simulations of AFM image data

Simulated AFM images aided in assignment of the EC and C domains
of Pgp in the experimental images and were generated using scripts
written in Igor Pro 7. They were created using a 3-dimensional outline
approach called morphological dilation [49,50]. The boundaries of the
AFM images were defined by the van der Waals surface of the Pgp X-ray
crystal structures [14,15,17] and the membrane boundaries were de-
fined by three computational approaches: TMDET algorithm [37], Or-
ientations of Proteins in Membranes (OPM) algorithm [38] and O’Mara
and coworkers method [39]. With the TMDET and OPM algorithms an
additional 4.8 A was added to each side of the hydrophobic regions
defined by these methods to account for the phosphate head groups of
the membranes. To approximate the experimental AFM cantilever tip,
the simulated tip had cone shape with a truncated hemispherical tip
(cone angle = 17.5°, tip radius = 80 A), which corresponds to the
manufacturer’s nominal specifications. This simulated tip was run
across the solvent exposed van der Waals surface and the calculated
membrane boundary to generate the AFM image of Pgp in a membrane.

2.8. Analysis and visualization of the PDB structures

The PDB structures of mouse Pgp (PDB ID: 4M1M) [14,15], of
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Fig. 1. Verapamil stimulated ATPase activity of Pgp reconstituted in liposomes.
The points represent an average of at least three experiments and the bars are
the standard deviation. The solid line is the fit to Eq. (2).

human Pgp (PDB ID: 6VOC) [17] and of mouse Pgp (PDB ID: 4M1M)
embedded in a phosphatidylcholine bilayer [39] were analyzed and
visualized using the PyMOL v1.8 (Schrodinger, New York, NY) mole-
cular viewer. The dimensions of the protein structures and the phos-
phatidylcholine bilayer were estimated using the PyMOL script Draw._-
Protein_Dimensions.py (https://pymolwiki.org/index.php/Draw_Protein_
Dimensions).

3. Results
3.1. ATPase activity of liposome reconstituted Pgp

Fig. 1 shows the Pgp-coupled ATPase activity in the presence of the
Pgp probe substrate verapamil. At O uM verapamil, the Pgp-coupled
ATPase activity was 590 + 15nmol min~ ' mg~"', which is similar to
previous results [41,51]. The basal ATPase activity decreased to
130 + 4.6nmol min~ ' mg ™! in the presence of 200 uM of the inhibitor
orthovanadate (data not shown). The residual ATPase activity in the
presence of saturating orthovanadate is due to non-competitive in-
hibition between the metal and ATP [51,52]. The Pgp-coupled ATP
hydrolysis activity was measured with the probe Pgp substrate ver-
apamil. The ATP hydrolysis kinetics was biphasic with ATPase activa-
tion and inhibition at low and high concentrations, respectively (Fig. 1,
open squares). The verapamil-stimulated ATPase activity reached a
maximum at 2011 + 23nmolmin~'mg~"! at 16 uM. Fitting the bi-
phasic curve to Eq. (2) generated a V., K, and K; values of
2412 + 122nmolmin 'mg~!, 2.5 * 0.7uM and 819 *+ 305uM,
respectively. These values are similar to V., K, and K; values we
previously reported for verapamil-stimulated ATPase activity [41,51].

3.2. Features of AFM images with Pgp embedded in a lipid bilayer

AFM images of Pgp reconstituted in proteoliposomes and liposomes
applied to a mica surface are shown in Fig. 2. Fig. 2A shows a re-
presentative AFM image that has major features that were typically
found in the AFM images. The dark area on the left side of the image
reflects a void formed from the absence of a lipid bilayer and was used
as an internal control to verify the presence of the bilayer. The height of
the cross-section that crosses the void in Fig. 2A is shown in Fig. 2B. The
average depth of ten similar voids was 37.3 + 2.5A (mean =
standard deviation), which correlates with the thickness of a lipid bi-
layer [30]. The cross-section also revealed “small” and “large” protru-
sions with heights of ~30 A and ~70 A, respectively. The AFM image
in Fig. 2C shows a number of “small” (highlighted with circles) and
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Bilayer

Fig. 2. AFM images and analysis of Pgp reconstituted in liposomes. The (A) AFM image and (B) cross-section (indicated by the dashed line in panel A) shows a void as
well as a “large” and a “small” protrusion. (C) A representative 1 X 1 um AFM image showing “large” protrusions (squares), “small” protrusions (circles) and
aggregates (arrow). (D) AFM image and line scan of liposomes prepared without Pgp shows no discernable features. A downward step of approximately 40 A (bottom

right) is consistent with the presence of bilayer.

“large” (squares) protrusions. The “small” and “large” protrusions
correlate to the asymmetric EC and C protein domains predicted from
the X-ray crystal structure of Pgp (PDB IDs: 4M1M and 6COV
[14,15,17]), respectively. Inspection of several AFM images revealed
that the “small” protrusions significantly outnumbered the “large” ones.
This observation suggests that the reconstituted Pgp transporters were
preferentially facing a single direction, which is consistent with pre-
vious characterization of the transporter [41,44]. In contrast, liposomes
prepared in an identical manner, but without Pgp, essentially lacked
any protrusions (Fig. 2D). This suggests that the punctate features in the
AFM images in Fig. 2A and 2C are most likely protein domains of Pgp
protruding from the lipid bilayer.

3.3. Distribution of “small” and “large” protrusions in the experimental
AFM images

To quantitatively characterize the protrusions, the average height
and volume of 50 representative “small” and “large” protrusions were
analyzed. Analysis of the static AFM images of Pgp revealed significant
variations in the heights and volumes of the “small” and “large” pro-
trusions implying conformational heterogeneity. The average height
and volume of the “small” protrusions were 26.4 = 49A and
2.0 = 0.8 x 10° A3, respectively. The average height and volume of
the “large” protrusions were considerably bigger at 67.3 = 7.8A and
1.22 * 0.63 x 10° A3, respectfully. To determine the distribution of
“small” and “large” protrusions in the experimental AFM images, a
histogram was made of the protrusion volumes as a function of prob-
ability density from 2571 individual AFM features collected from 100
AFM images in Fig. 3. In Fig. 3A, there is a prominent population of
protrusions exhibiting volumes of around 2.5 x 10° A%, which correlate
to the “small” protrusions. There is also a shoulder-like subpopulation
beginning at 8 x 10°A% and extending beyond 1.1 x 10°A3 that

correlates to the “large” protrusions. Aggregates, identified by features
exhibiting volumes > 3.0 x 10° A3 were not included in the analysis
(data not shown). To determine the fraction of “small” and “large”
protrusions, the fraction of a given population was plotted as a function
protrusion volume in Fig. 3B. Greater than 85% of the protrusions in the
AFM images were “small” and correlated to volumes less than
8 x 10°A3. The remaining ~15% of the protrusions were “large”.
Therefore, this suggests that 85% of NBDs are outward facing in our
proteoliposome preparations. If 100% of NBDs were outward facing,
the Vo of verapamil-induced activaton of Pgp-mediated ATP hydro-

lysis would increase about ~20% to a value of 2838 nmol min~* mg ™.

3.4. Correlating simulated AFM images of Pgp domains to experimental
AFM features

Theoretical AFM images were produced from the X-ray crystal
structures of Pgp in the “open” conformation (PDB ID: 4M1M [14,15])
and the “closed” conformation (PDB ID: 6COV [17]). The membrane
position of Pgp in the AFM images was determined by three different
computational methods [37-39]. The measured heights and volumes of
the simulated AFM images, and the measured membrane widths are
shown in Table 1.

The first column of the table shows the PDB ID that was used to
simulate the AFM image. The next two columns show the Pgp domain
that was used to produce the AFM image and the type of measurement.
This is followed by the computational approach that was used to po-
sition Pgp in the membrane and define the membrane boundaries. The
last column shows the average and standard deviation of these mea-
surements.

The first row of the table shows the analysis of the theoretical AFM
images produced from the 4M1M Pgp X-ray crystal structure. Analysis
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Fig. 3. AFM protrusion volume analysis of Pgp reconsituted in liposomes. (A) Histogram showing the distribution of volumes of Pgp protrusions. N is the number of
features that were measured. (B) A normalized plot of the fraction of a given feature versus the volume. In both panels, the regions corresponding to the “small” and

“large” protrusions are labeled; the “large” are colored gray.

revealed that protrusions of the C-side AFM simulations were about 3-
fold higher than protrusions from the EC-side AFM images. The degree
of protrusion depended on how the algorithms positioned Pgp in the
membrane and how they defined the membrane. The protrusion pro-
duced from the EC-side of the 4M1M Pgp X-ray crystal structure varied
more than 10 A with an average height of 21.4 = 7.0 A. These differ-
ences are primarily the result of differences in the simulated membrane
width. The simulated membrane width was 50% larger using the
O’Mara et al. approach than the TMDET and OPM approaches. This
membrane width is also considerably larger than the experimentally
determined membrane width from the void depths in the AFM images.
If we examine the C-domain on the opposite side of the membrane,
there was less variation with an average height of 72.3 + 4.9 A, re-
gardless of the computational approach.

The next row shows the analysis of AFM images produces from the
6COV Pgp X-ray crystal structure. Like the AFM simulations of the
4M1M X-ray crystal structure, the measured heights and volumes were
several-fold higher for the AFM images produced from the C-side do-
main than the EC-side domain of Pgp. In contrast to the other

Table 1

simulation, the protein positioning method did not have as pronounced
effect on the simulated AFM heights, despite differences in the mem-
brane width. The average heights from the simulated AFM images of
the EC- and C-side of Pgp were 17.5 + 1.9A and 75.7 + 2.4 A, re-
spectively.

To tentatively assign the “small” and “large” features of the ex-
perimental AFM images to a Pgp domain, an average of averages of the
simulated AFM images was calculated (Table 1, last row). The simu-
lated AFM images of the EC domain had an average height and volume
0f19.5 + 5.1Aand 0.74 + 0.33 x 10° A3, respectively. This height is
about 25% smaller than the average height of the representative
“small” features in the experimental AFM images, where the average
height and volumes were 26.4 = 4.9A and 2.0 + 0.8 x 10°A3, re-
spectively. However, this is within the range of the average heights and
volumes in AFM simulations of the EC domain from the “open” 4M1M
Pgp X-ray crystal structure (Table 1). The AFM images simulated using
the TMDET [37] and OPM [38] algorithms correlate best to the “small”
features in the experimental AFM images. Therefore, the “small” fea-
tures in the experimental AFM images were assigned to the EC-side of

AFM simulation analysis of the EC and C domains of Pgp X-ray crystal structures (PDB IDs: 4M1M®, 6COV").

Protein Positioning method

PDB ID Domain Protrusion Measurement TMDET! O’Mara“ orPM’ Avg. = S.D.

AMIM® EC Height (A) 26.7 13.4 24.1 21.4 = 7.0
Volume10°® (A%) 0.117 0.023 0.095 0.078 + 0.049

Mc Width (&) 39.8 58.3 40.8 + 1.2 46.3 = 10.4

C Height (A) 67.5 72.1 77.3 72.3 + 4.9
Volume 10° (A% 1.062 1.147 1.232 1.147 + 0.085

6COV" EC Height (A) 19.2 15.5 17.8 175 * 1.9
Volume 10° (A%) 0.080 0.053 0.075 0.069 * 0.014

M Width (A) 43.3 58.3 422 + 1.2 47.9 = 9.0

C Height (A) 78.4 73.9 74.8 75.7 = 2.4
Volume 10° (A% 1.256 1.159 1.185 1.200 + 0.050

4M1M*® and 6COV° EC Height (A) 195 + 5.1
Volume 10° (A%) 0.074 + 0.033

Me Width (A) 47.1 + 87

C Height (A) 74.0 + 3.9
Volume 10° (A%) 1.174 = 0.069

2 The AFM image was simulated using the “open” mouse Pgp X-ray crystal structure (PDB ID: 4M1M, [14,15]).

> The AFM image was simulated using the “closed” human Pgp X-ray crystal structure (PDB ID: 6COV, [17]).

¢ The membrane width. With the TMDET and OPM approaches, the membrane width was calculated by taking the sum of the hydrophobic thickness and 9.6 A to
account for the two phosphate head groups. With the O’Mara et al. protocol, the membrane dimensions were estimated using a PyMOL script as described in the

Materials and Methods with the membrane-bound Pgp models in [35].
4 Ppgp was positioned in the membrane using the TMDET method [33].
¢ Pgp was positioned in the membrane according to O’Mara et al. [35].
f Pgp was positioned in the membrane according to the OPM method [34].
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Experiment D_— Experiment

+«1 Simulation

Fig. 4. Simulated versus experimental AFM images of Pgp. The 4M1M Pgp X-ray crystal structure (light gray van der Waals surface) and the simulated topographic
surface (black) produced of the (A) C and (E) EC domains of Pgp using membrane positioning by OPM algorithm. Simulated AFM gray scale images of the (B) C and
(F) EC domains are colored according to the protrusion height of the topographical surfaces shown in panels A and E, respectively. A representative (C) “large” and
(G) “small” protrusion feature in the experimental AFM images. The white horizontal scale bar indicates 100 A. Cross-sections of the (D) C-side simulated AFM image
versus the “large” experimental AFM feature and (H) EC-side simulated AFM image versus the “small” AFM feature. The simulated and experimental cross-sections
are shown as dashed black lines and gray lines, respectively. The lines in these panels correspond to the black dashed lines shown in the simulated and experimental

contour plots of panels B, C, F and G.

Pgp. The average membrane width was 47.1 + 8.7 A, which is a little
bit larger than the experimentally determined membrane width. If we
exclude the high membrane width predicted using the O’Mara et al.
approach, the average membrane width decreases to 41.5 * 1.5 A,
which is in range of experimentally determined values. The “large”
features in the AFM images were within the error of the average height
and volume of the theoretical AFM images produced from the C domain
of Pgp. The average height and volume of these simulated AFM images
were 74.0 = 3.9A and 1.174 = 0.069 x 10° A3, respectively. Thus,
the “large” features in the experimental AFM images were assigned to
the C-side of Pgp.

The simulated AFM images were compared to the “large” and
“small” features in the experimental images in Fig. 4. Fig. 4A shows the
topographical surface produced from the C-side of the 4M1M Pgp X-ray
crystal structure and membrane boundaries defined by the OPM algo-
rithm. The surface extends out over 70 A from the membrane surface
with two broad lobes formed from the NBDs. A contour plot of the
topographical surface is shown (Fig. 4B) where 0 A represents the po-
sition of the membrane and lighter shades reflect a greater protrusion
height. For comparison, a representative “large” AFM feature is shown
in Fig. 4C. To compare the simulated to the experimental AFM image, a
cross-section was taken of each of these contour plots and is shown in
Fig. 4D. The simulated and experimental curves both show two rela-
tively broad lobes. The Pearson correlation (R) between the simulated
and the experimental AFM images was 0.96. This is consistent with the
“large” feature in the experimental AFM images being the C-side of Pgp.
Topography of the EC-side formed by the 4M1M Pgp X-ray crystal
structure and the membrane defined by the OPM algorithm is shown in
Fig. 4E. The surface protrudes about a third as high as the simulated
AFM image produced from the C-side of Pgp. A contour plot of this
surface is shown in Fig. 4F and a representative “small” feature in the
AFM images is shown next to it in Fig. 4G. Cross-sections of these plots
are shown in Fig. 4H. The simulated image of the EC side had a slightly
smaller footprint than the selected experimental AFM image. This is
likely due to the fact that the Pgp conformation used to produce the
theoretical AFM image is not identical to the Pgp conformation that
produced the experimental AFM image. However, the R correlation was
still 0.86 between the simulated and experimental AFM images. This is
in line with the “small” AFM feature correlating to the EC domain of

Pgp.

3.5. Confirming the assignment of Pgp-related features with Pgp-specific
antibodies

In the previous section, the “large” and “small” Pgp features in the
experimental AFM images were assigned to the C and EC domains of
Pgp, respectively. To confirm the assignment, the effect of Pgp-specific
antibodies on the protrusions in the experimental AFM images of Pgp
were examined. Although there are EC-side specific antibodies for
human Pgp [53], no EC-side specific antibodies currently exist for
mouse Pgp. However, there are at least two Pgp-specific antibodies that
can target the C-side of Pgp. The 6X His tag antibody [54] that targets
the hexahistidine sequence on the C-terminal end of Pgp and the C219
antibody that targets a specific sequence in the C-side protein domains
of Pgp [55,56].

Fig. 5 shows the effect of C-side specific antibodies on AFM images
of Pgp. In Fig. 5A and B, the effect of the C219 and 6x His tag antibodies
on the distribution of features in the AFM images of Pgp was examined.
This analysis was used to confirm the existence of C-side features in the
AFM images as well as the potency of antibodies to bind Pgp under the
conditions used for AFM. If there were no significant changes in feature
distribution in the AFM images, that would indicate a lack of C-side Pgp
domain features or a lack of antibody potency. Instead, there was a
significant rightward shift in the feature distribution in the presence of
C219 (Fig. 5A) and 6 x His tag (Fig. 5B) antibodies that starts around
40 A and extending out beyond 80 A.

The lower part of Fig. 5 shows representative AFM images of the
“large” and “small” features in the experimental AFM images with and
without antibodies. Fig. 5C-F illustrate the effects of the C219 antibody
on the AFM images. A “large” feature in AFM image that was assigned
to the C-side is shown in Fig. 5C. When the C219 antibody is added in
Fig. 5D, the “large” feature increases more than 30 A in height, which is
consistent with antibody binding. In contrast, the height of the “small”
feature in the AFM image that was assigned to the EC domain of Pgp in
Fig. 5E is unaffected by the C219 antibody in Fig. 5F. Fig. 5G-J show
the effect of the 6X His tag antibody on representatives of Pgp. Like the
C219 antibody, the 6X His tag antibody increases the height of a re-
presentative “large” feature by about 30 A (cf. Fig. 5G and 5H) and has
no effect on a representative “small” AFM feature (cf. Fig. 5I and J).
These results confirm that the “large” AFM feature is the C-side domain
of Pgp and, by process of elimination, show that the “small” AFM feaure
is most likely the EC-side domain of Pgp.
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3.6. Conformational dynamics of Pgp in a lipid bilayer

In the previous sections, the “large” and the “small” features in the
AFM images were shown to likely be the C and EC domains of Pgp,
respectively. Therefore, the “large” and “small” features in the AFM
images will henceforth be referred to as C-side and EC-side AFM fea-
tures, respectively. The distribution of heights and volumes of these
features in Fig. 3 demonstrated that Pgp in a lipid bilayer has a sig-
nificant amount of conformational heterogeneity. A number of in-
vestigations with Pgp have suggested that conformational changes play
a key role in transport [57-61], so we hypothesized that the con-
formational heterogeneity of Pgp observed in the lipid bilayer reflects
Pgp dynamics.

To test the hypothesis, a representative C-side and EC-side AFM
feature were monitored over time using a high speed AFM (i.e. Cypher
VRS) with 1s time resolution in Fig. 6. The change of height and vo-
lume of a single representative C-side feature as a function of time is
shown in Fig. 6A and B, respectively. The C-side feature shows a con-
siderably large amount of conformational dynamics over 25s. During
this time, the height of the feature varies ~10 A from ~70A to ~80 10\,
while the volume varied between 1.0 x 10° A% and 1.3 x 10°A3. The
average heights and volumes during this time period were 77 + 4A
and 1.151 + 0.013 x 10° A3, respectively. From these AFM images, six
between 19 and 24 s were selected that showed a significant amount of
conformational dynamics (Fig. 6C). The C-side feature shows bilobal
structure suggestive of NBDs. Between 19s and 20 s, the C-side feature
height changes about ~10 A from 70 A to 80 A. During this time, there
was also a small ~0.05 x 10°A® increase in protrusion volume. The
largest changes in protrusion volume occurred between 21s and 22s
with a ~0.2 x 10° A% volume increase. The change of height and vo-
lume of a single representative EC-side feature as a function of time is
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shown in Fig. 6D and E, respectively. Fig. 6D shows that the EC-side
feature vacillates around 10 A with an average height of 31 * 4A.
These changes in EC-side feature height roughly correlate to changes in
protrusion volume in Fig. 6E, which oscillates around an average of
0.22 = 0.05 x 10°A%. Individual AFM images between 2 and 7s are
displayed in Fig. 6F. These images demonstrate notable changes in
height and volume. The largest differences with these AFM images were
observed between 2 and 3 s. During this time, the height decreases more
than 10 A and the volume decreases almost 3-fold.

4. Discussion

Structural investigations of Pgp in detergent micelles and in soluble
nanoscale phosphoplipid bilayers called Nanodiscs have provided de-
tails of the conformational dynamics of the transporter [e.g.
[14,57,62]]. However, a question still remains whether Pgp in a de-
tergent micelle and Nanodiscs accurately mimics the behavior of Pgp in
an unrestricted bilayer. Previous AFM studies of Pgp in lipid bilayers
have identified Pgp-specific, albeit unassigned, protrusions [29-32]. In
this study, experimental AFM images of Pgp embedded in a lipid bilayer
revealed distinct “small” and “large” Pgp-specific protrusions. AFM si-
mulations of Pgp X-ray crystal structures and changes to the experi-
mental AFM images in the presence of Pgp-specific antibodies suggested
that these “large” and “small” features were the C and EC domains of
Pgp, respectively. On a seconds time scale, high speed AFM images
(Fig. 6) showed that the features undergo significant changes in height
and volume.

From the results, a simplified model of Pgp conformational dy-
namics involving the “open” and “closed” Pgp conformations in a lipid
bilayer is provided in Fig. 7. This model was developed using the
heights and volumes from the simulated (Table 1) and time resolved
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Fig. 6. Conformational dynamics of Pgp reconsituted in liposomes investigated
by high speed AFM imaging. The (A) height and (B) volume of a representative
C-side feature in the AFM images as a function of time. (C) Oblique 3D ren-
derings of the C-side feature in the AFM image between 19 and 24 s. The (D)
height and (E) volume of a representative EC-side feature in the AFM images as
a function of time. (F) Oblique 3D renderings of the EC-side feature in the AFM
image between 2 and 7s.

AFM images (Fig. 6). The model focused on simulated AFM images
produced with the TMDET and OPM algorithms because the simulated
membrane widths and the EC domain protrusion heights correlated best
to the membrane width deduced from the experimental AFM images. A
cartoon of the changes in protrusion height of Pgp C-domain and the
corresponding AFM envelope is shown in Fig. 7A. In the “open” con-
formation (Fig. 7A, left), the C domain of the 4M1M Pgp X-ray crystal
structure using the TMDET and OPM algorithms extends approximately
70 A above the membrane plane. This is close to the minimum pro-
trusion height of the “large” feature measured in the individual and
time resolved experimental AFM images. In the lipid bilayer, a shift to
the “closed” conformation increases the C domain height by ~10A
(Fig. 7A, right). This is based on the C domain height difference with
simulations performed with the “open” 4M1M and “closed” 6COV Pgp
X-ray crystal structures (Table 1). This also correlates to the 10A
fluctuation in the “large” C-side feature observed in the time resolved
AFM images (Fig. 6A-C). This fluctuation is exemplified by the ~ 10A
height increase of AFM images between 19 and 20s (Fig. 6C). Inter-
estingly, the volume of the C-side AFM feature remains relatively
constant during this transition. That is because the increase in height
between 19 and 20 s has a corresponding decrease in width of the same
feature. In kind, the volume of the theoretical AFM images of the C-
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Fig. 7. Model of Pgp conformational dynamics in a lipid bilayer. The protrusion
envelope (gray line) produced from the (A) C and (B) EC domains of Pgp (black)
with cartoons of the “open” (left) and “closed” (right) Pgp structure. The two
horizontal lines roughly reflect the membrane position deduced using the OPM
or TMDET algorithms.

domain using the TMDET and OPM algorithms with the 4M1M and
6COV Pgp X-ray crystal structures was also relatively constant within
the error (Table 1). The average volumes produced from the C-domain
of the 4MIM and the 6COV X-ray crystal structures was
1.147 * 0.120 x 10°A% and 1.221 * 0.050 x 10° A3, respectively,
using the TMDET and OPM algorithms. A similar degree of conforma-
tional dynamics was observed for the EC-domain and is shown dia-
grammatically in Fig. 7B. In the “open” conformation (Fig. 7B, left), the
EC-domain extends out about 30 A with the TMDET and OPM algo-
rithms. Like the C-domain, the time resolved AFM images revealed that
the “small” feature height fluctuates by 10 A (Fig. 6D). Logically, if the
C-domain increases by ~10A in the “closed” conformation (Fig. 7A,
right), then the height of the EC-domain should decrease by ~10 A as
shown in the right panel of Fig. 7B. Indeed, the theoretical AFM images
of the EC domain using the TMDET and OPM algorithms indicate a
~7 A decrease in height from 25.4 + 1.8A to 18.5 + 1.0A. This
correlates with the greater than 10 A decrease in the time resolved AFM
images between 2 and 3 s (Fig. 6F). At least with these two time points,
there is also a corresponding several fold decrease in the protrusion
volume with height. The theoretical AFM images from the 4M1M and
the 6COV Pgp X-ray crystal structures show a less pronounced ~30%
reduction in protrusion volume from 0.106 * 0.016 x 10° A% to
0.078 + 0.004 x 10°A>. For the other time points in the time resolved
AFM images (Fig. 6D-F), the changes in the “small” EC-side feature
height do not necessarily correspond well to changes to volume. For
example, for AFM images at 14 and 15s (Fig. 6F), there were virtually
no changes to the height (Fig. 6D), but large changes to the volume
(Fig. 6E). Discrepancies between the theoretical and experimental AFM
images likely reflect the fact that Pgp can assume many different con-
formations in a lipid bilayer. Thus, this model only reflects two discrete
conformational states in an ensemble of Pgp conformations in a lipid
bilayer revealed in the AFM images.

The static and time resolved AFM images of Pgp in this study re-
vealed that the transporter undergoes a range of conformations within
the bilayer. This conformational range is compatible with the “open”
Pgp ligand-free X-ray crystal structure [14,15] and the “closed” cryo-
electron microscopy (cryo-em) Pgp structure in the presence of ATP
[17]. This also suggests that ATP is not required to drive Pgp into the
“closed” conformation. In addition, because substrates are believed to
access the transporter from the lipid bilayer [10], the vertical Pgp
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movement revealed from the time resolved AFM images and the com-
puter simulations using the X-ray crystal structures provides insight
into how substrates ingress and egress into the transmembrane region
of the transporter. The Pgp conformation(s) identified in the AFM
images combined with known Pgp X-ray crystal structures or structural
information from NMR can be used to accurately dock Pgp ligands to
the transporter. This information is essential because drugs are known
to induce significant conformational changes of the transporter [e.g.
[64-66]]1, which can potentially alter their drug binding surfaces.

AFM is a powerful tool to monitor Pgp conformational dynamics in
a lipid bilayer, but has certain limitations. In comparison to the cryo-em
technique [67], AFM has angstrom resolution along the vertical di-
mension for Pgp, but is currently limited to ~1 nm along the lateral
dimensions because of cantilever tip sharpness [68]. Furthermore,
crevasses and indentations of the Pgp surface remain inaccessible be-
cause of instrumentation limitations [68]. The time resolved AFM
images of Pgp produced in this study in Fig. 6 represents a major ad-
vance in AFM technology [69]. However, the AFM images are acquired
on a seconds time scale, when important Pgp conformational changes
may occur on a submicrosecond time scale as suggested by molecular
dynamics (MD) simulations of the transporter [39,70,71]. Therefore,
the structural information acquired from this approach is best
exploited, when combining it with other techniques. For example, the
EC and C domain volumes determined from the AFM images can be
used as potential restraints for MD simulations of the Pgp X-ray crystal
or cryo-em structures in a lipid bilayer. This will require development
of computational approaches to combine and manipulate AFM images
like is currently done with the cryo-em technique [67]. Ultimately, this
work has provided insight into the structures and the conformational
dynamics of Pgp in a lipid bilayer. It also serves as a foundation for
future structural studies investigating the effect of ligands and nucleo-
tides on Pgp in its natural membrane environment and under physio-
logical conditions.
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