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ABSTRACT Influenza virus assembles and buds at the plasma membrane of virus-
infected cells. The viral proteins assemble at the same site on the plasma membrane
for budding to occur. This involves a complex web of interactions among viral pro-
teins. Some proteins, like hemagglutinin (HA), NA, and M2, are integral membrane
proteins. M1 is peripherally membrane associated, whereas NP associates with viral
RNA to form an RNP complex that associates with the cytoplasmic face of the
plasma membrane. Furthermore, HA and NP have been shown to be concentrated
in cholesterol-rich membrane raft domains, whereas M2, although containing a cho-
lesterol binding motif, is not raft associated. Here we identify viral proteins in planar
sheets of plasma membrane using immunogold staining. The distribution of these
proteins was examined individually and pairwise by using the Ripley K function, a
type of nearest-neighbor analysis. Individually, HA, NA, M1, M2, and NP were shown
to self-associate in or on the plasma membrane. HA and M2 are strongly coclustered
in the plasma membrane; however, in the case of NA and M2, clustering depends
upon the expression system used. Despite both proteins being raft resident, HA and
NA occupy distinct but adjacent membrane domains. M2 and M1 strongly cocluster,
but the association of M1 with HA or NA is dependent upon the means of expres-
sion. The presence of HA and NP at the site of budding depends upon the coex-
pression of other viral proteins. Similarly, M2 and NP occupy separate compart-
ments, but an association can be bridged by the coexpression of M1.

IMPORTANCE The complement of influenza virus proteins necessary for the bud-
ding of progeny virions needs to accumulate at budozones. This is complicated by
HA and NA residing in lipid raft-like domains, whereas M2, although an integral
membrane protein, is not raft associated. Other necessary protein components such
as M1 and NP are peripherally associated with the membrane. Our data define spa-
tial relationships between viral proteins in the plasma membrane. Some proteins,
such as HA and M2, inherently cocluster within the membrane, although M2 is
found mostly at the periphery of regions of HA, consistent with the proposed role of
M2 in scission at the end of budding. The association between some pairs of influ-
enza virus proteins, such as M2 and NP, appears to be brokered by additional influ-
enza virus proteins, in this case M1. HA and NA, while raft associated, reside in dis-
tinct domains, reflecting their distributions in the viral membrane.

KEYWORDS budozone, lateral organization of spikes, immunogold labeling,
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Influenza A virus is a member of the Orthomyxoviridae family of enveloped, negative-
stranded, segmented RNA viruses. The viral genome is in the form of eight ribonu-

cleoprotein (RNP) complexes, which encode 12 to 13 proteins, most of which are
incorporated into progeny virions (1–4). The envelope of the virus contains the two
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major glycoproteins hemagglutinin (HA) and neuraminidase (NA) as well as the proton-
selective ion channel protein M2 (4–7). A dense, ordered protein layer has been
observed beneath the viral envelope, which is believed to be composed of the matrix
protein M1 (8, 9). The eight viral RNPs are thought to be linked to the viral envelope via
a bridge formed between M1 proteins and both the RNPs and the inner surface of the
membrane. It is generally believed that M1 binds viral RNA (vRNA), although a direct
interaction between M1 and NP has been reported (10–15).

Viral RNA is transcribed and replicated in the nucleus of virus-infected cells. The viral
RNA is wound around the surface of the nucleocapsid protein (NP) subunits and
associates with the RNA polymerase complex, comprised of the PA, PB1, and PB2
proteins. NP binds single-stranded RNA without sequence specificity (16, 17), but the
virus packages only RNPs associated with viral RNA (18). The integrity of the viral RNP
(vRNP) is maintained at least in part by NP-NP interactions, and RNP depleted of RNA
maintains the characteristic morphology of vRNP (19). During virus infection, viral RNPs
exit the nucleus and are transported to the plasma membrane, where the RNP becomes
associated with viral components, resulting in the assembly and budding of virions at
the so-called budozone. The M1 protein is thought to mediate the transport of viral
RNPs out of the nucleus and their association with the plasma membrane through a
direct interaction with the membrane or association with the cytoplasmic tails of
glycoproteins. However, it was reported previously that NP expressed by itself is
capable of membrane association, and NP has been shown to bind to the cytoplasmic
face of plasma membrane raft domains (3, 20).

The multifunctional M2 protein has been shown to be a proton-selective low-pH-
activated ion channel essential for the release of the M1 protein from RNPs and
allowing the transport of RNPs into the nucleus (21, 22). In addition, M2 has a role in
virus assembly and budding. The cytoplasmic tail of M2 is necessary for the efficient
incorporation of vRNPs into progeny virions and the production of infectious particles,
and a small region (residues 71 to 73) has been identified as being important for
interacting with M1 (23–25). Residues 45 to 62 of the M2 cytoplasmic tail form an
amphipathic helix, which has been implicated in playing a role in the budding process
by inducing membrane curvature (26). Mutation of the amphipathic helix of M2 results
in altered budding, as viral filament formation is impaired (25, 27, 28). A functional link
between M1 and M2 was demonstrated when escape mutants of a monoclonal
antibody (14C2) specific for the M2 ectodomain were found to restrict virus growth and
were mapped to the M1 protein (29). The M2 protein does not associate with rafts
despite possessing a CRAC domain, which has been shown in other proteins to mediate
cholesterol binding (30). The CRAC domain in M2 may provide an affinity for
cholesterol-rich regions of the budozone, where it would be positioned to facilitate the
scission event at the end of the budding process (27).

Influenza virus buds from cholesterol-rich regions of plasma membranes that are
thought to be formed by the coalescence of membrane raft domains. The glycoproteins
HA and NA intrinsically concentrate within membrane rafts (31–35). When expressed by
themselves, these proteins were capable of bringing together the cholesterol-rich
regions into larger membrane domains (32, 34). The cytoplasmic tails of HA and NA are
believed to play a role in the organization of budding. Recombinant viruses lacking the
NA cytoplasmic tail or both the HA and NA cytoplasmic tails have altered morphology,
and the double tail deletion mutant had reduced infectivity (36–38). Additionally, the
cytoplasmic tail-minus mutations of HA and NA were found to have a reduced affinity
for membrane rafts (39).

It is presumed that there is an interaction between the HA and NA cytoplasmic tails
and M1 in part due to their proximal locations in the viral particle. However, efforts to
show a direct interaction have yielded contradictory results. Enami and Enami (40)
reported previously that the cytoplasmic tails of HA and NA stimulated the association
of M1 with cellular membranes, and Ali et al. (41) showed previously that membrane-
bound M1 became detergent resistant in the presence of HA and NA, suggesting an
association with raft domains in which the glycoproteins are concentrated. In contrast,
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other reports indicated that the expression of HA and NA did not influence the
membrane association of M1 (42, 43). The cytoplasmic tails of both HA and NA contain
apical targeting signals, and in virus-infected polarized cells, progeny viruses bud from
the apical membrane surface. However, when the cytoplasmic tail of HA was mutated
to redirect the protein to the basolateral surface, influenza virus budding still occurred
at the apical surface (44, 45). Additionally, redirected HA did not affect the location of
NA and M2 (45).

The formation of virus-like particles (VLPs) in cells expressing influenza virus proteins
has been used as a model system to identify the components sufficient to support
specific budding events. Initial reports suggested that M1 was capable of producing
VLPs by itself (46, 47). However, the expression systems used resulted in the overex-
pression of M1, which likely resulted in the nonspecific release of vesicles (exosomes)
enriched in M1 protein. Zhao and coworkers (15) did not observe budding or vesicles
in cells expressing M1 alone. However, when a noncytotoxic expression system was
used to express amounts of each protein similar to those synthesized in influenza
virus-infected cells, VLPs were produced (48). HA, when expressed alone, was sufficient
to generate VLPs, although VLP release was also supported to a lesser extent by the
expression of NA or M2 (48). VLP production was enhanced by the coexpression of HA,
NA, and M2. However, although individual proteins may be able to mediate vesicle
formation and release, this may not reflect the actual viral life cycle, where interactions
between viral components as a group may modify the actions of an individual protein.
For example, the deletion of the M2 cytoplasmic tail inhibits budding (23, 25), and
infection with viruses containing a deletion of the cytoplasmic tail of NA, or the
cytoplasmic tails of both NA and HA, resulted in drastically altered morphologies not
seen in VLP populations (37, 38).

In an effort to shed some light on the influenza virus protein interactions that result
in budding, here we describe and quantify the distribution of influenza virus protein
populations in and on plasma membranes. This was done for cells transfected with
plasmids expressing individual proteins or influenza virus-infected cells. Flat sheets of
plasma membranes from the apical cellular surface were prepared from virus-infected
or transfected cells and processed for electron microscopy by a variation of the
“membrane rip” technique (49, 50). This type of analysis has been used successfully to
examine the membrane distribution of a single protein, such as the IgE receptor Fc�R1
and CC chemokine receptor 5 (51–53). These analyses has also been extended to
compare two protein populations to each other, showing whether or not they specif-
ically cocluster with each other, for example, prion protein, AP2, transferrin receptor
(54), Fc�R1, tyrosine kinase Lyn (55), lipid raft markers (56), Ras proteins (57), and a
preliminary examination of influenza virus M1, M2, and HA (58). Here the influenza virus
proteins HA, NA, M1, M2, and NP were identified by colloidal gold staining, and their
individual distributions were analyzed by using the Ripley function (59, 60), a form of
nearest-neighbor analysis. In addition, pairwise distributions of these influenza virus
proteins were analyzed similarly in virus-infected and transfected cells, and distribu-
tions were compared in an effort to better understand the web of protein interactions
that lead to influenza virus budding.

RESULTS
Validation of the membrane rip procedure that renders influenza virus bud-

ding visible. CV1 cells were infected with influenza virus (A/WSN/33 [WSN]), and at 12
h postinfection (p.i.), membrane rips (planar sheets) were made and prepared for
electron microscopy. Membrane microdomains have been shown to possess an inher-
ent electron density when viewed in sheets of plasma membrane, thus appearing
darker than the surrounding area (61). Additionally, the accumulated membrane-
associated RNP complexes underlying the membrane surface and the concentration of
viral proteins in areas of budding contribute to the electron density of budozones.
Nascent influenza virus A/WSN/33 virions were observed to be associated with dark
electron-dense regions in the plasma membrane from infected CV1 cells (Fig. 1, blue
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boxes). Budding WSN virions that were still attached to the CV1 cell plasma membrane
were identified by their electron-dense RNP cores (Fig. 1, dashed red circles). WSN
virions bud as regular ovoid structures, allowing easier identification of virions than the
more pleomorphic A/Udorn/72 (Udorn) virions, which bud as ovoid and filamentous
structures (62). The plasma membrane was orientated on the grid with the intracellular
surface facing up. Despite viewing the viruses through the thickness of the plasma
membrane and the density of the associated proteins, the border of viral glycoprotein
spikes could frequently be identified (Fig. 1, inset, yellow arrows).

Proof of concept of immunogold labeling of HA and M2 in virus-infected MDCK
cells. To understand the viral proteins involved in organizing the budozone, planar
sheets of plasma membrane were prepared from virus-infected cells or transfected cells
that expressed influenza virus proteins. Planar sheets were stained with antibodies
followed by immunogold reagents to show the location of proteins on either face of
the plasma membrane, as detailed in Materials and Methods. Figure 2A shows a
membrane sheet prepared from Udorn-infected Madin-Darby canine kidney (MDCK)
cells at 12 h p.i., stained to show M2 and HA proteins (6-nm and 12-nm gold particles,
respectively). The two sizes of gold particles can be seen readily in the inset in Fig. 2A,
which is an enlargement of the area outlined in black. Clathrin-coated pits were
frequently observed as electron-dense structures possessing the characteristic reticular
pattern of the clathrin lattice (Fig. 2A, red arrows). The x and y coordinates of each gold
particle were determined and used to generate a point pattern within the observation
window with dimensions of 3.331 by 3.331 �m and analyzed statistically by using the
Ripley K function. A schematic representation of the gold particle distribution is shown
in Fig. 2B, with the inset outlining the same area in both panels. Calculation of the
Ripley K function of the point pattern, as shown for individual influenza virus proteins
in Fig. 3, yields a plot of the number of neighbors (y axis) that each gold particle has
within a specified distance (nanometers) (x axis). A bivariate Ripley K function was used
to compare the distributions of two different point patterns within the same observa-
tion window, here 6- and 12-nm gold particles, or the distribution of a single protein

FIG 1 Nascent influenza virus virions observed on a membrane sheet. A planar sheet of plasma
membrane was prepared from CV1 cells infected with influenza virus A/WSN/33. WSN buds as spherical
particles identifiable by electron-dense vRNP cores (red circles). Putative budozones with budding virions
were seen as areas of high electron density (examples are in blue boxes). The cytoplasmic face of the
membrane is oriented face up; frequently, the viral glycoprotein surface spikes were discernible despite
viruses being viewed through the membrane sheet (inset, yellow arrows). Bar, 200 nm.
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species, as shown in Fig. 3. A linear transformation of the Ripley K function where two
populations that are distributed randomly will have a theoretical value of zero was used
to present the analysis. The calculations were carried out by using the Spatstat library
for R. The results were compared to those from the Ripley analysis of 100 simulated
random point patterns of the same point density as the experimental data, which
yielded a 99% confidence envelope that defines the limits of complete spatial random-
ness. This envelope is shown by dotted lines on the graphs. Data falling above the
range can be said to be coclustered and not distributed randomly with respect to each
other, and data within the range are randomly distributed, while data below the
envelope could be said to be exclusive of each other.

Individual distributions of influenza virus proteins HA, NA, M2, M1, and NP
expressed via infection or transfection. Given the different inherent properties of the
influenza virus proteins, the membrane distributions of the HA, NA, M2, M1, and NP
proteins were determined individually by Ripley K function analysis. HA, NA, M2, M1,
and NP were expressed in MDCK cells by virus infection or in 293T cells by transfection
with the expression vector pCAGGS. The transfection conditions used resulted in
expression levels similar to those observed in virus-infected cell populations (48). Planar
sheets of plasma membrane were prepared at 12 h p.i. or 24 h posttransfection (p.t.).
The samples were stained, imaged, and analyzed as described in Materials and Meth-
ods. As expected from previous studies (32), HA was not distributed randomly in the
plasma membrane and showed similar self-clustering regardless of whether it was
expressed by virus infection or by transfection (Fig. 3). The average density of HA was
fairly constant over the 200 nm measured. The decline in the plotted data seen for most
samples over the initial 0- to 10-nm range is likely artifactual and caused by the size of
the primary and secondary immune complexes. NA is known to be raft associated, and
it was found to be strongly self-associated in clusters with sizes similar to those
observed for HA (Fig. 3).

M2 showed the strongest self-clustering of the influenza virus proteins examined,
with M2 expressed as a result of infection being slightly more clustered and dense on
average than M2 expressed by transfection, as shown by the magnitude of the plot (Fig.
3). M1 displayed the weakest self-clustering of the influenza virus proteins examined,
showing almost the same pattern regardless of the means of expression (Fig. 3), with

FIG 2 Example of a membrane sheet used for analysis, stained for both M2 and HA. (A) A sheet of plasma membrane from
MDCK cells infected with influenza virus A/Udorn/72 at 12 h p.i. that had been stained to show M2 (6-nm gold particles) and
HA (12-nm gold particles). In all figures, the proteins identified by 6-nm gold particles are listed first, while those stained with
12-nm gold particles are listed second. To allow easier visualization of gold staining, the inset shows the boxed region of the
image at a higher magnification. Clathrin-coated pits with the characteristic lattice structure (red arrows) are visible. (B) The
positions of all gold labeling were used to create a list of x,y coordinates for use in subsequent analyses. A diagram of the gold
labeling in panel A is shown, with the same area being boxed in both panels. Bars, 200 nm.
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both plots being nearly coincident. Similarly, NP was self-clustered to the same mag-
nitude regardless of the means of expression (Fig. 3). Presumably, the association with
viral RNA in infected cells or host cell RNA in transfected cells contributed to the strong
self-clustering observed for NP. The distributions of the three P proteins (PB1, PB2, and
PA) and nuclear export protein (NEP) (NS2) were not examined due to a lack of suitable
antibodies and the unlikelihood that these proteins have a role in budding.

Relative plasma membrane distributions of influenza virus HA, NA, and M2
proteins. Given the complex roles that the viral surface proteins play in the viral life
cycle, the relative distributions of HA and NA were compared to those of M2 and the
M2 mutant mut1M2 (Ud7�UdM1/M2-Mut1), a mutant with alanine substituted at
positions 71 to 73 in the M2 cytoplasmic tail. It was shown previously that this mutant
greatly impairs virus replication (23). We showed previously that HA and M2 strongly
coclustered in membranes prepared from virus-infected cells (23, 28). Here the same
observation was made when HA and M2 were expressed transiently (Fig. 4A). M2 and
HA strongly colocalized and were frequently observed as large concentrations of HA
with smaller dense patches of M2 around the periphery (Fig. 2). The analysis of the
coclustering of M2 and HA gave a curve indicating strong interactions over the entire
distance measured. M2 is not concentrated in lipid rafts, unlike HA; thus, the
distribution observed may reflect M2 interacting with a membrane domain rather
than HA itself (30, 32, 39, 63, 64). While the distribution of mut1M2 compared to HA
was not random in nature, it was reduced by �70% from that seen for wild-type
(wt) M2 at 100 nm (Fig. 4A).

In virus-infected cells, the distribution of NA compared to M2 was similar to that
observed for HA in that there was strong coclustering, and this was reduced upon
infection with a virus expressing mut1M2 (Fig. 4B). However, unlike HA, when NA and
M2 were coexpressed by transfection, they were distributed randomly with respect to
each other. When the distributions of coexpressed NA and mut1M2 were compared,
the data indicated that the two protein populations occupied distinct and different
membrane regions since the data fell below the range defining a random distribution.

When the membrane distribution of HA was compared to that of NA in virus-
infected or transfected cells (Fig. 4C), there was little difference observed between the
patterns. In both cases, the two proteins occupied separate membrane regions over the
initial distances measured (25 to 50 nm), but at distances of more than �75 to 100 nm,
HA and NA were then distributed in a nonrandom fashion. The shape of the bivariate
Ripley K function was consistent with HA and NA occupying separate membrane
domains that were adjacent and therefore could be described as being coclustered
after 75 to 100 nm. The inset in Fig. 4C shows a typical point pattern, with NA in red
and HA in blue. The two protein populations were not randomly distributed with
respect to each other, yet the two markers clearly occupied separate but adjoining
spaces.

M1 coclusters with NA and M2, but coclustering with HA occurs only in
virus-infected cells. The distribution of M1 was examined in planar sheets of plasma
membrane and compared to those of HA, NA, and M2. M1 and HA coclustered in the
plasma membrane of virus-infected MDCK cells but not when expressed by transfection
in 293T cells (Fig. 5A), suggesting that other viral components were responsible for the
close proximity of M1 to HA during infection. NA and M1 very weakly colocalized during
infection, consistent with NA residing in a different membrane domain from that of HA.
However, when NA and M1 were expressed together by transfection, there was strong
coclustering evident (Fig. 5A), contrary to what was observed for HA. These results
suggest that the presence of other viral proteins places constraints on the distribution

FIG 3 Individual distributions of influenza virus proteins HA, NA, M2, M1, and NP in membranes prepared from Udorn virus-infected cells and cells transfected with
DNA expressing the viral proteins. The distributions of the individual influenza virus proteins HA, NA, M2, M1, and NP are shown for infected (left) (blue) or transfected
(middle) (red) cells. The average linear transformations from the Ripley analysis for the individual protein distributions are shown for the infected (inf) and transfected
(transf) samples in the right-hand column. In this and subsequent figures, “transfected” indicates cells transfected with plasmid DNA expressing the indicated viral
protein(s) (n � 2 under each experimental condition). Lr-r, L(r) � r, where L stands for the linear transformation of Ripley’s K function and r is distance, in this case radius.
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FIG 4 Relative distributions of influenza virus cell surface-expressed proteins. Planar sheets of plasma
membrane were prepared from either WSN-infected MDCK cells at 12 h p.i. or 293T cells at 24 h
posttransfection. Membranes were labeled with immune reagents as described in Materials and Methods
and examined by electron microscopy. (A) Analysis of the density of HA (12-nm gold particles) surround-
ing each M2 protein (6-nm gold particles) for a maximum radius of 200 nm, presented as an average
linear transformation of data from a bivariate Ripley analysis. The distributions of both wild-type M2 and
mut1M2 relative to HA were examined in virus-infected MDCK and transfected 293T cells (n � 5 for
M2-HA in infected cells, n � 4 for mut1M2-HA in infected cells, n � 4 for M2-HA in transfected cells, and
n � 3 for mut1M2-HA in transfected cells). (B) Distributions of M2 or mut1M2 (6-nm gold particles) and

(Continued on next page)
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of NA, M1, or both. M2 colocalized with M1 when expressed by infection or expressed
by transfection (Fig. 5B). When M1 was expressed along with mut1M2, the two protein
populations were distributed randomly with respect to each other (Fig. 5B), confirming
our previous results (23). Dense concentrated areas of M1 staining were seldom
observed in samples prepared from either virus-infected MDCK cells or transfected 293T
cells. This was unexpected, as dense concentrations of M1 would be predicted if M1
were driving budding. It is possible that the epitopes in dense patches of M1 were

FIG 4 Legend (Continued)
NA (12-nm gold particles) in virus-infected and transfected cells were compared by Ripley analysis (n �
4 for M2-NA in infected cells, n � 4 for mut1M2-NA in infected cells, n � 2 for M2-NA in transfected cells,
and n � 2 for mut1M2-NA in transfected cells). (C) The spatial arrangements of HA (12-nm gold particles)
and NA (6-nm gold particles) were compared to each other in virus-infected and transfected cells. The
inset shows a graphical representation of the gold particle distribution for a representative image
showing the separate but juxtaposed domains occupied by HA and NA, as described by the bivariate
Ripley analysis (n � 3 for NA-HA in infected cells, and n � 4 for NA-HA in transfected cells).

FIG 5 Relative membrane distribution of M1 compared to influenza virus surface proteins. (A) Codistri-
bution of M1 (6-nm gold particles) relative to HA or NA (12-nm gold particles) determined by bivariate
Ripley analysis of stained sheets of planar membrane prepared from virus-infected and transfected cells
(n � 4 for M1-HA in infected cells, n � 4 for M1-HA in transfected cells, n � 3 for M1-NA in infected cells,
and n � 3 for M1-NA in transfected cells). (B) Bivariate Ripley analysis comparing the distribution of
membrane-associated M1 (12-nm gold particles) to that of M2 or mut1M2 (6-nm gold particles) (n � 4
for M2-M1 in infected cells, n � 2 for M2-M1 in transfected cells, n � 4 for mut1M2-M1 in infected cells,
and n � 2 for mut1M2-M1 in transfected cells).

Influenza Virus Budding at the Budozone Journal of Virology

May 2017 Volume 91 Issue 9 e02104-16 jvi.asm.org 9

http://jvi.asm.org


inaccessible to the antibodies, although M1 staining was attempted with three different
primary antibodies and was detected by using both 6-nm and 12-nm secondary gold
reagents, with little difference in label densities other than the slight increase in
sensitivity expected by the use of a smaller gold particle.

Distribution of membrane-associated NP. When NP and HA were examined in
virus-infected or transfected cells, NP and HA coclustered in virus-infected cells (Fig.
6A), but in transfected 293T cells, they were found to be distributed randomly with
respect to each other: the Ripley K function fell within the envelope defining complete
spatial randomness. To identify the viral proteins that are necessary to bring HA in close
proximity to NP, 293T cells were transfected to express HA, NP, and M2 or HA, NP, M2,
and M1, and sheets of membrane were then immunostained for NP and HA. In both
cases, the populations of NP and HA were not coclustered and remained distributed
randomly with respect to each other (results not shown). However, when NA was
expressed along with HA, NP, M1, and M2, coclustering occurred for NP and HA

FIG 6 Spatial relationship of membrane-associated NP relative to HA, NA, M2, or M1. (A) Distribution of NP (6-nm gold particles) compared to that of HA (12-nm
gold particles) in infected and transfected cells. The results of a bivariate Ripley analysis of NP and HA staining are also shown for 293T cells, which were
transfected to express M1, M2, NA, NP, and HA (n � 3 for NP-HA in infected cells, n � 3 for NP-HA in transfected cells, and n � 3 for M1-M2-NA-NP-HA in
transfected cells). (B and C) Relative positions of NP (6-nm gold particles) and NA (12-nm gold particles) (B) or NP (6-nm gold particles) and M1 (12-nm gold
particles) (C) in membranes prepared from infected or transfected cells described by a bivariate Ripley analysis (n � 3 for NP-NA in infected cells, n � 3 for
NP-NA in transfected cells, n � 4 for NP-M1 in infected cells, and n � 5 for NP-M1 in transfected cells). (D) Comparisons of the distributions of NP (12-nm gold
particles) and M2 (6-nm gold particles) in infected and transfected cells. The degree of colocalization between NP and either M2 or mut1M2 cotransfected with
M1 was also examined (n � 4 for M2-NP in infected cells, n � 5 for M2-NP in transfected cells, n � 2 for M1-M2-NP in transfected cells, and n � 2 for
M1-mut1M2-NP in transfected cells).
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although at �58% of the magnitude of infected samples at a radius of 100 nm. The
difference in the magnitude of coclustering observed between infected and transfected
samples is likely due to the contributions of other viral (and perhaps host cell) factors
in organizing the budozone. We did not test any possible role, if any, of the polymerase
complex or NEP (NS2) in the organization of budding due to a lack of a suitable
antibodies.

When NP and NA were coexpressed by virus infection or transfection, the relative
distributions of the two populations fell at the border between coclustered and random
(Fig. 6B). If budding initiates within the barges of HA that define the budozone, the
bivariate Ripley K function comparing NP to NA may be a result of NA occupying the
periphery of the HA domains. NP and M1 were found to be coclustered when they were
expressed by either infection or transfection (Fig. 6C), although the magnitude of
colocalization was slightly higher when the proteins were expressed by transfection in
the absence of other viral factors.

M2 strongly coclustered with NP in infected cells (Fig. 6D). When M2 and NP were
expressed by transfection, they did not cocluster and were observed to occupy distinct
areas of the membrane. Since M1 strongly associated with both NP and M2, the ability
of M1 to “bridge” an interaction between M2 and NP was tested. When M2, NP, and M1
were cotransfected into 293T cells, it was found that M2 and NP now showed a
colocalization although at 24% of what was observed for infected cells at a radius of
100 nm. To test the specific nature of this change in the M2-NP distribution, mut1M2,
which is defective in associating with M1, was expressed by transfection in 293T cells,
along with M1 and NP. Under these conditions, the surface populations of NP and
mut1M2 were distributed randomly compared to each other, even though M1 was
coexpressed. The coexpression of HA and NA along with M2, NP, and M1 did not
increase the magnitude of the coclustering observed for M2 and NP (results not shown).
It is possible that the viral RNA polymerase or NEP could play a role in the spatial
organization of M2 and NP in infected cells.

The cytoplasmic tails of the surface glycoproteins have a role in organizing the
budozone. A mutant virus lacking both the HA and NA cytoplasmic tails was previously
characterized (37) and was used here to examine the effect of these deletions on the
relative protein distribution in plasma membranes from virus-infected MDCK cells. The
same tail deletions in HA and NA were expressed in 293T cells via transfection. In
mutant virus-infected cells, tail-minus HA and tail-minus NA exhibited similarly reduced
coclustering with M2 compared with wild-type HA and NA (compare Fig. 4A and 7A).
This may reflect the reduced raft association of both tail-minus HA and NA (35). There
was a slightly stronger colocalization between HA lacking a cytoplasmic tail and M2
when expressed by transfection, while NA lacking the cytoplasmic tail and M2 did not
cocluster and can be described as being distributed exclusively of each other (Fig. 7A),
similar to what was observed for wild-type NA and M2. The tail deletion mutants of HA
and NA were found randomly distributed with respect to M1 in both infected and
transfected cells (Fig. 7B). Wild-type NA exhibited strong coclustering with M1 when
expressed by transfection (Fig. 5A); this was completely eliminated by the truncation of
the cytoplasmic tail of NA. HA colocalized with M1 in infected cells only, yet this too was
abrogated upon the elimination of the cytoplasmic tail of HA.

DISCUSSION

Influenza virus buds from regions of the plasma membrane that are sphingomyosin
rich, cholesterol rich, and detergent resistant, called lipid rafts. HA and NA are known
to associate with lipid rafts (31, 34, 35, 65–67). As the area of HA or NA concentration
greatly exceeds previously reported size estimates for lipid rafts (commonly �100 nm
but ranging from �5 nm to �700 nm) (68, 69), it is believed that these proteins possess
the inherent ability to coalesce these specialized domains into so-called “barges of
rafts” (63), likely through protein-protein interactions. The size of the HA clusters was
variable and spanned a large range of sizes, unlike the traditional definition of lipid
rafts; this is likely driven by strong protein-lipid and protein-protein interactions and is
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consistent with data from previous reports (31, 32). The M2 protein, whose cytoplasmic
tail amphipathic helix has a major role in creating curvature of the membrane and in
the scission of budding particles (26, 70–73), is not raft associated but can bind
cholesterol and yet does not cluster with raft markers (26, 30, 32, 39, 70). Many roles for
the M1 protein in budding have been proposed, especially in binding to lipid bilayers,
binding to the RNPs, and interacting with the cytoplasmic tails of HA, NA, and M2.
However, evidence for these interactions, although indicated by genetic experiments,
have been difficult to demonstrate at the biochemical level. A role for host cell proteins
in budding has been proposed, e.g., RAB11A, (74), tetraspanin CD81 (75), the UBR4
ubiquitin ligase (which associates with the M2 cytoplasmic tail and promotes apical
transport) (76), and a serpin necessary to cleave HA (64).

To understand the assembly of the budozone, we have characterized the distribu-
tions of the major influenza proteins HA, NA, M1, M2, and NP, singly and pairwise, using
planar sheets of plasma membrane prepared from virus-infected or transfected cells

FIG 7 Roles of the cytoplasmic tails of HA and NA in protein colocalization. MDCK cells were infected with
recombinant influenza virus encoding HA and NA lacking their cytoplasmic tails. (A) The distributions of
the cytoplasmic tail-less glycoproteins (12-nm gold particles) were compared to that of M2 (6-nm gold
particles). Transfected 293T cells expressing M2 and the cytoplasmic tail deletion mutants of either HA
or NA were also examined (n � 2 for M2-HAtail� in infected cells, n � 2 for M2-HAtail� in transfected
cells, n � 2 for M2-NAtail� in infected cells, and n � 2 for M2-NAtail� in transfected cells). (B) Spatial
localization patterns of M1 (6-nm gold particles) were compared to those of the cytoplasmic tail-minus
mutants of HA and NA (12-nm gold particles) in virus-infected MDCK cells and separately in transfected
293T cells by a bivariate Ripley analysis (n � 2 for M1-HAtail� in infected cells, n � 3 for M1-HAtail� in
transfected cells, n � 4 for M1-NAtail� in infected cells, and n � 2 for M1-NAtail� in transfected cells).
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expressing one or more of the viral proteins. Spatial relationships between influenza
virus proteins were quantified via immunogold staining, and distribution analysis of
immunogold particles was done by using the Ripley K function (59, 60). Our findings are
summarized in Fig. 8. HA and M2 were observed to strongly cocluster. It is not clear
whether this coclustering was due solely to protein-protein interactions or whether
protein-lipid interactions also played a role. M2, while not raft associated like HA,
contains a cholesterol binding motif. Despite being raft associated, NA was present in
membrane regions that were distinct and separate from those containing HA yet
juxtaposed to the HA microdomains. The separate nature of the HA and NA distribu-
tions mirrors the distribution of NA in nascent virions, where it is frequently found in
a discrete, homogeneous patch. As expected, NA colocalizes with M2 during infection;
however, when the two proteins were coexpressed by transfection, they did not
cocluster. During infection, M1 coclustered with HA but only weakly with NA, yet when
these proteins were expressed by transfection, almost the opposite was observed: M1
strongly colocalized with NA but not at all with HA. A possible explanation for this is
that M1 is drawn away from NA by other viral proteins expressed during infection, such
as M2, with which M1 strongly colocalizes during infection or transfection. The coclus-
tering of M1 and M2 could also explain the colocalization between M1 and HA during
infection if M2 served as a bridge between the two proteins. NP is distributed randomly
with respect to HA when cotransfected; however, the coexpression of other viral
proteins can at least partially restore the coclustering observed during infection. NA has
an extremely weak interaction with NP whether during infection or upon transfection,
perhaps reflecting the unusual distribution of NA with respect to the distribution of HA.
M1 strongly colocalizes with NP regardless of the means of expression. M2 strongly
coclusters with NP during infection, but these proteins occupy distinct membrane
regions when expressed alone. The colocalization of M2 and NP observed during
infection might be facilitated by the presence of M1. The nature of the described
protein-protein coclustering may be the result of interactions between proteins; how-
ever, lipid-lipid and lipid-protein interactions may also play a role. We were unable to
assess any contributions of the viral RNA polymerase complex of the NEP protein to the
organization of the influenza virus budozone since we lacked suitable immunological
reagents for these proteins. Steps were taken to minimize the chances of antibody-
induced clustering; however, the possibility remains that it contributed to the distri-
butions observed. The protein expression levels and distributions of the individual
proteins were very similar in both virus-infected and transfected cells (48).

FIG 8 Model of influenza virus protein distribution in an infected cell membrane. Shown is a graphic
representation of the distributions of the HA, NA, M1, M2, and NP proteins in the membrane of an
influenza virus-infected cell. While some pairs of proteins, such as HA-M2, NA-NA, M2-M1, and NP-M1,
cocluster, other protein pairs, such as HA-M1, NA-M2, NP-HA, and M2-NP, may be brought together at
the site of budding by indirect protein or lipid interactions. For instance, the colocalization of M2 and NP
may be facilitated by both proteins coclustering with M1. While HA, NA, and M2 are integral membrane
proteins, both M1 and NP are represented by open symbols to denote that they are associated with the
cytoplasmic face of the plasma membrane.

Influenza Virus Budding at the Budozone Journal of Virology

May 2017 Volume 91 Issue 9 e02104-16 jvi.asm.org 13

http://jvi.asm.org


We and others showed previously that HA and M2 exhibit an intrinsic ability to
strongly cocluster in the presence or absence of other viral proteins (23, 77) By using
fluorescence lifetime imaging-fluorescence resonance energy transfer (77), it was found
that while M2 and HA cocluster, M2 does not segregate with markers for the lipid rafts
in which HA is concentrated. M2 is found in small, dense clusters generally on the
periphery of areas of concentrated HA (Fig. 2). This may be due to M2 binding
cholesterol at the edge of raft domains due to a CRAC domain in the M2 cytoplasmic
tail amphipathic helix (26, 30, 70, 78), although a disruption of the CRAC domain in M2
of influenza virus A/WSN/33 does not affect virus replication (79).

The strong colocalization of HA with M2 that we observed is not reflected in the final
protein composition of the viral membrane, where HA is estimated to comprise �80%
of the viral surface protein, NA is estimated to comprise �17%, and M2 is estimated to
comprise only 4 to 15 tetramers per virion (reviewed in reference 7). However, the
pattern of coclustering of HA and M2 may reflect the role that M2 is believed to play
in scission; by occupying the periphery of HA patches, M2 is positioned to concentrate
at the base of nascent budding virions (70). The amphipathic helix in the cytoplasmic
tail of M2 has been shown to modify membrane curvature and is necessary for efficient
membrane scission and virus release (28, 70–72). When the distribution of HA or NA
is compared to that of a mutant M2 protein with cytoplasmic tail residues 71 to 73
replaced with alanine, a mutation known to impair virus growth, likely by inter-
rupting the interaction of M2 with M1 (23), the magnitude of coclustering is
dramatically reduced, suggesting a direct or indirect impact on HA or NA interac-
tions (Fig. 4A and B).

Mutant HA and NA proteins lacking their cytoplasmic tails showed reduced coclus-
tering with M2 during virus infection, and this could be the result of a reduced raft
association of the tail-minus forms of these proteins (39). Surprisingly, when the
distribution of HA was compared to that of NA, the glycoproteins were found to occupy
distinct but adjacent membrane domains, even though both proteins are found in rafts
(Fig. 4C). This was shown by HA and NA exhibiting coclustering only at a radius that
exceeded 75 to 100 nm, thus suggesting that the 2 proteins are not intermixed over a
short distance, i.e., in the same membrane domain, but rather reside in adjacent
domains. It is not known if HA and NA are separated because they occupy lipid domains
of different compositions or if the separation is due to protein-protein interactions.

We reported previously that HA and NA resided in the same plasma membrane
domains (80). This discrepancy is likely due to limitations of the previous method of
quantitation in analyzing areas of dense gold labeling where cell profiles in thin
sections were used. The density of the label when seen in profile necessitated the use
of cells at 6 h p.i. or sooner. The observed distribution of NA in separate discrete
domains observed here seems to reflect the nature of the viral membrane, where NA
has been characterized as residing in discrete homogeneous patches distinct from HA
(8, 81).

The expression of HA alone (together with sialidase activity supplied by NA or added
exogenously) was sufficient to generate VLPs. However, the expression of NA and M2
together with HA enhanced the release of VLPs, and although M1 was not necessary for
the production of VLPs, its presence enhanced the formation of infectious VLPs (48). M1
is reported to form a dense layer immediately beneath the lipid membrane of the virus
and by virtue of its location in a position to link the glycoproteins with the vRNP.
Supporting the idea of a structural role is the observation of ordered assemblies of what
is believed to be M1 in fractions prepared from detergent-solubilized virus (13, 82).
Biochemical experiments examining the possible interaction of M1 with the cytoplas-
mic tails of HA and NA have yielded contradictory results (39–42). In planar sheets of
membrane from virus-infected or transfected cells, we did not observe areas of dense
M1 staining that would be expected if M1 drives the organization and budding of
nascent virions. Furthermore, M1 strongly colocalizes with NA but is distributed ran-
domly with respect to HA when the proteins are expressed by transfection. The
cytoplasmic tail of NA plays a role in its association with M1; when the NA cytoplasmic
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tail is deleted, the two proteins are no longer colocalized (Fig. 7). We confirmed data
from our previous studies, which showed that the strong coclustering observed be-
tween M1 and M2 was eliminated when mut1 M2 is expressed, which was expected,
since the mutation spans the sequence reported to be responsible for interacting with
M1 (23, 39). Furthermore, the omission of M2 from a VLP system resulted in an �50%
decrease in M1 incorporation, and M1 could be coimmunoprecipitated with M2 (23).

M1 binds to vRNP complexes and associates with the cytoplasmic tail of NA,
consistent with the idea that M1 serves as a linker between the viral genome and other
viral membrane components (10, 12, 83, 84). Although HA and NP strongly colocalize
in infected cells, when expressed by itself, HA is distributed randomly with respect to
NP. The coexpression of NP and HA along with M1, or M2 and M1, did not alter their
distributions (data not shown). Even though M1 was shown to strongly cocluster with
both NP and M2, and M2 strongly colocalizes with HA, M1 was unable to bridge HA to
NP in the presence of M2. The expression of NP-HA-M1-M2-NA together resulted in the
coclustering of NP and HA, indicating that the budozone is the product of a complex,
interwoven network of interactions. The weak coclustering observed for NA and NP in
both virus-infected and transfected cells may reflect the different membrane distribu-
tion of NA compared to that of HA and the lower copy number of NA than of HA in
nascent virions. This could also be reflective of a reduced role for NA in the budding
process compared to HA. In a VLP system, the release of NA was greatly enhanced by
the expression of HA (48). In addition, the data presented here suggest that NP and M2
do not inherently directly associate. Deletions of portions of the M2 cytoplasmic tail
reduce RNP incorporation into virions, likely by eliminating the interaction between M1
and M2 (25, 85). We show that the coexpression of M1 brokers an interaction between
M2 and NP although not at the levels observed in virus-infected cells, suggesting that
other viral or cellular factors could play a role. This bridge could be disrupted by the
expression of a mutant M2 protein containing substitutions at the site in the M2
cytoplasmic tail believed to be responsible for interacting with M1.

MATERIALS AND METHODS
Cells, viruses, and plasmids. MDCK cells, human embryonic kidney 293T cells, and monkey kidney

CV1 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum. Cells were maintained in a humidified incubator at 37°C with 5% CO2. Influenza virus
A/Udorn/72 was propagated in MDCK cells by standard methods (86). Recombinant influenza virus
A/Udorn/72 encoding alanine at positions 71 to 73 of the M2 cytoplasmic tail (mut1M2) was propagated
as described previously (23). Recombinant A/Udorn/72 expressing both HA and NA lacking cytoplasmic
tails was previously described and characterized (37). CV1 cells were infected with influenza virus
A/WSN/33 at a multiplicity of infection (MOI) of 3 and MDCK cells were infected with influenza virus
A/Udorn/72 at an MOI of 5 by using standard protocols (86). After the virus was allowed to attach for 1
h at 4°C with gentle rocking, the inoculum was replaced with prewarmed medium, and the cultures were
returned to 37°C and used at the indicated times postinfection. Viral proteins were expressed transiently
in 293T cells by using the eukaryotic expression vector pCAGGS (87). Transfection was carried out by
using Fugene 6 (Roche Applied Science, Indianapolis, IN) according to the manufacturer’s directions. The
amount of each plasmid as well as the total amount of DNA transfected were optimized to yield protein
expression levels comparable to those found in virus-infected cells (48). Protein expression levels in
transfected cell populations were monitored by Western blotting.

Antibodies. HA was detected by using goat anti-influenza virus [A/Equine/Miami/1/63 (H3 HA);
American Type Culture Collection (ATCC)] or by using mouse monoclonal antibody C45/3 (ATCC). NA was
labeled by using goat anti-influenza virus NA N2 (A/Singapore/1/1957; ATCC). M2 was stained by using
mouse monoclonal antibody 14C2 (6). M1 was detected by using goat anti-matrix protein antibody or
mouse monoclonal antibody JZc8 specific for M1 (88). NP was stained by using mouse monoclonal
antibody 20343 (Abcam, Cambridge, MA) or rabbit polyclonal serum produced by using purified WSN NP
and custom prepared (Harlan Laboratories, Indianapolis, IN). Optimal working dilutions for each antibody
were determined based upon the observed signal-to-background ratio. Host-specific secondary anti-
bodies conjugated to either 6-nm or 12-nm colloidal gold were purchased from Jackson Immuno-
Research (West Grove, PA) and used at a dilution of 1:30. Gold conjugates were checked for aggregates
and size distribution by negative staining and transmission electron microscopy.

Preparation and analysis of membrane sheets. MDCK cells at 12 h p.i. or 293T cells 24 h p.t. were
used for the preparation of planar sheets of plasma membrane. The cells were grown on acid-cleaned,
sterile glass coverslips that had been treated with poly-L-lysine. Membrane sheets were prepared by the
so-called rip technique first described by Sanan and Anderson (49). Briefly, cells were blocked at 4°C by
incubation in radioimmunoprecipitation (RIP) buffer (100 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgSO4,
1 mM NaH2PO4-H2O [pH 7.3]) containing 0.2% ovalbumin and 0.1% normal donkey serum. Cell surface
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antigens were labeled with specific immunoglobulins followed by host-specific gold-conjugated sec-
ondary antibodies. Antibodies were diluted in blocking buffer with the addition of 0.1% partially
linearized, acylated bovine serum albumin (BSA) (Electron Microscopy Sciences, Hatfield, PA). Following
washing in blocking buffer, the cells were washed 4 times and incubated for 15 min in HKM buffer [25
mM HEPES (pH 7.1), 25 mM KCl, 25 mM Mg(CH3COO)2] (89). Formvar- and carbon-coated 300-mesh nickel
grids were glow discharged immediately before use and poly-L-lysine treated. A piece of nitrocellulose
membrane was placed upon chilled plate glass, and several electron microscope grids were placed, face
up, on the filter. The nitrocellulose provided a smooth surface that absorbed excess buffer and helped
minimize any sideways motion when pressure was applied. A coverslip with adherent cells was drained
of excess buffer and placed cell side down against the grids. A small piece of filter paper was placed over
the coverslip, followed by a rubber stopper, and a 100-ml Erlenmeyer flask containing sufficient water to
bring its weight to 100 g was centered on the stopper and left there for 10 to 15 s. The coverslip with
grids adherent to the cell monolayer was placed cell side up on a piece of filter paper, HKM buffer was
pipetted carefully around the edges of the grids, and the grids were floated off the coverslip. If it was
necessary, the bevel of a fine-gauge needle was inserted under the edge of the grid to help release it:
care was taken to avoid any sideways shearing motion. The grids now had the apical cell membrane
adherent to the support film, thus exposing the cytoplasmic face of the membrane. Samples were mildly
fixed by floating the grids face down on drops of 2% formaldehyde in 0.1 M phosphate buffer (pH 7.3)
for 15 min. For samples where antigens on the inner face of the plasma membrane were to be stained,
grids were washed with phosphate buffer, blocked, and reacted with the specified primary and
secondary antibodies. Finally, grids were fixed with 2% glutaraldehyde in 0.1 M phosphate buffer (pH
7.3), washed, treated with freshly prepared 1% aqueous tannic acid for 10 min, washed twice for 5 min
with distilled water, and air dried. In the cases where only proteins exposed on the external membrane
surface were stained, grids were fixed directly with glutaraldehyde following isolation of the membrane
sheets and processed from there. Procedures reported previously by others included postfixation with
osmium tetroxide and staining with uranyl acetate (49, 50). In the cell lines that we used, the latter
treatments increased the electron density of the isolated membranes, making the identification of gold
particles more difficult; therefore, these steps were not used. Omitting these treatments did not affect the
morphology or stability of the membranes when exposed to the electron beam. When membranes were
stained with secondary gold-conjugated antibodies alone, the average backgrounds from 10 images
were 2.28 � 1.59 particles per �m2 for 6-nm gold and 0.15 � 0.11 particles per �m2 for 12-nm gold. The
level of background staining varied from a low level of 1.72 � 1.4 particles per �m2 to a high level of
11.54 � 4.51 particles per �m2 depending upon the primary antibody used and the size of the gold
particle used for detection. For the proteins examined in the cell types used, it was necessary for the
membrane rip protocol to be carried out as a continuous procedure. The introduction of a break, even
when isolated membranes were fixed with formaldehyde and floated on buffer at 4°C overnight, resulted
in the partial loss and rearrangement of the label. In addition, the analysis of pairwise distributions was
not affected by the size of the gold particles. For instance, pairs of proteins were stained with 6-nm and
12-nm immunogold reagents and also the reverse, with no alteration in the outcome of the distribution
analysis. The exception was for M2 in the membranes of virus-infected MDCK cells, where bound
M2-specific antibodies could not be efficiently stained by 12-nm gold particles. This was likely due to the
density of HA and NA in the membrane surrounding the short ectodomain of M2, combined with the
relatively reduced sensitivity of the larger 12-nm gold conjugate.

Grids were examined in a JEOL 1230 electron microscope operating at 80 kV, and images were taken
with either a Hamamatsu ORCA or a Gatan 831 charge-coupled-device (CCD) camera. Each image
encompassed an area of plasma membrane of �11.1 �m2, and each image was taken for a separate
membrane sheet, thus most likely originating from a different individual cell. Since previous work
showed that some influenza virus membrane proteins are organized into large patches on the cell
surface (31–34), the area of the membrane analyzed was relatively large, with a radius of 200 nm
surrounding each gold particle. The analysis of the influenza virus protein distribution had to consider
the possibility of relationships between membrane domains and not only protein-protein interactions,
which would be expected to occur over a smaller distance. Under each experimental condition, 9 to 12
representational images were selected from individual experiments, given by n in the figure legends, and
analyzed, and the data are presented as average L(r) � r values (where L stands for the linear transformation
of Ripley’s K function and r is distance, in this case radius). To determine the limits of complete spatial
randomness, 100 Monte Carlo simulations were run at the same point density as the experimental
images.

Data analysis. The MDCK cell line used had regions of plasma membrane and some cellular
structures such as clathrin-coated pits that exhibited a high degree of electron density. This, coupled with
the relatively low magnification of the images, made it necessary for the position of gold particles to be
marked manually by using Photoshop (Adobe, San Jose, CA). The resulting images were segmented, and
an x,y coordinate list of gold particle positions in each image was generated by using Image J (90). Ripley
(59, 60) described a means of analysis of spatial point patterns that goes beyond the expected average
density per unit area. This analysis tests spatial point patterns in a defined sampling window for
randomness based upon nearest-neighbor distances. This analysis was first devised to describe the
nonrandom distribution of a stand of naturally occurring redwoods (59). The Spatstat package (91) in R
(http://www.R-project.org/) was used for the statistical analysis of the distributions of gold particles. The
particle coordinates were analyzed by using the Ripley K function, where the expected number of
neighbors for each point is given within a specified radius. The Ripley K function describes the
distribution of a single population over a specified distance, while the bivariate Ripley analysis compares
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the relative distributions of two populations by mapping distances from each large gold particle (here
12 nm) to each small gold particle (6 nm) and vice versa. If a gold particle has more neighbors than would
be expected for a given label density, the two markers are not distributed randomly with respect to each
other, and the two populations can be described as coclustering or being colocalized. Complete spatial
randomness is described by performing Monte Carlo simulations using the same number of points as
those that are contained in the experimental data set. The data are presented as a linear transformation,
where complete spatial randomness has a theoretical value of zero. Envelopes surrounding the theo-
retical value of complete spatial randomness (a horizontal line extending from zero on the y axis) are
derived from 100 Monte Carlo simulations; if data are within the envelope, they are considered to be
distributed randomly. If the experimental data fall outside the envelope, there is 99% confidence that the
points are not distributed randomly. Data with values above the envelope are said to cocluster, while if
data fall below the envelope, they can be said to occupy distinct membrane domains exclusive of each
other.
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