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The Direction of Membrane Lipid Flow in
Locomoting Polymorphonuclear Leukocytes

JULIET LEE, MIKAEL GUSTAFSSON, KARL-ERIC MAGNUSSON,

KEN JACOBSON*

The objective of this study was to determine the direction of membrane lipid flow in
locomoting cells. The plasma membrane of human polymorphonuclear leukocytes was
stained with a fluorescent lipid analog dihexadecanoyl indocarbocyanine. A line was
photobleached on the cell surface perpendicular to the direction of cell motion. Low—
light-level fluorescence microscopy and digital image-processing techniques were used
to analyze a series of images taken at short intervals after photobleaching. The bleached
line remained visible for about 5 seconds before being erased by diffusional recovery.
Examination of fluorescence intensity profiles allowed a comparison to be made
between the velocities of line and cell movement. Results indicate that the bleached line
moves forward with the same velocity as the cell during locomotion, refuting the
retrograde lipid flow model of locomotion. Instead, the plasma membrane lipid
appears to move forward according to either the unit movement of membrane or the

tank track model of locomotion.

KEY TO UNDERSTANDING THE MO-

lecular basis of cell locomotion lies

in investigating the dynamics of
membrane and cytoskeletal molecules dur-
ing cell movement. Early approaches to this
problem revealed the rearward movement of
particles attached to the surface of moving
cells (1). Patched or cross-linked membrane
proteins were also found to display the same
behavior in motile cells, the most familiar
example being the phenomenon of capping
(2). Recent advances in the field of digitized
video microscopy permit the dynamics of
well-characterized classes of proteins to be
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visualized in locomoting cells over extended
periods of time (3-5), including the rear-
ward movement of specific fluorescently la-
beled membrane proteins (6, 7). Submicron
gold particles coated with either lectins,
polylysine, or monoclonal antibodies have
also been used to track the movements of
membrane constituents (8-10).

Information about the movement of
membrane components has been used to
support several very different models of cell
locomotion (11-13). These models differ on
how the forces underlying membrane pro-
tein movement and cell locomotion are gen-
erated. The idea that the cytoskeleton is
responsible for the rearward movement of
membrane proteins (13-15) is supported by
a considerable amount of experimental evi-
dence (2, 5, 7, 16, 17). This cytoskeletal-
driven process is regarded as part of the
locomotory mechanism. Thus, it may be
envisaged that when rearward-moving

membrane proteins on the ventral cell sur-
face become anchored to the substratum,
continuation of a rearward-directed cyto-
skeletal force will tend to pull the cell for-
ward.

An alternative explanation for the rear-
ward movements of membrane proteins is
the retrograde lipid flow (RLF) hypothesis
(12). In this model, which has previously
been used to explain the rearward move-
ments of particles on the surface of moving
cells (1), a rearward lipid flow exists on the
dorsal and ventral cell surfaces that sweeps
slowly diffusing membrane proteins or at-
tached particles from the front to the rear of
the cell. A rearward lipid flow is thought to
be generated by the insertion of new mem-
brane lipid (source) at the tip of the leading
lamella, and the endocytosis of membrane
lipid (sink) at sites randomly distributed
over the cell surface. The cell is thought to
advance by inserting new membrane lipid at
the tip of the extending lamella. However,
there has been no direct information about
the direction of lipid flow in locomoting
cells. All information regarding flow has
been inferred from studies of particle move-
ment on the surface of motile cells (1, 9).
Therefore, an essential step toward building
more realistic models of cell locomotion is
to determine the direction of lipid flow
directly in moving cells.

We have developed a method to detect
the direction of plasma-membrane lipid flow
during cell locomotion. We trace the move-
ment of a mark created by photobleaching
fluorescent lipid molecules embedded in the
membrane of moving cells. A fluorescent
lipid analog, dihexadecanoyl-indocarbo-
cyanine (dil), was used to stain the mem-
brane lipid of human polymorphonuclear
leukocytes (PMNs). A pulse of laser light
was then used to destroy the fluorescence
within a discrete band across the cell, per-
pendicular to its direction of motion. Move-
ment of the bleached line was recorded at
short intervals after photobleaching (Fig. 1).
However, this line is only temporary, since
it is rapidly erased (within 5 s) by diffusion
of unbleached fluorophores into the
bleached region. Thus, the success of the
experiment depends heavily on the degree of
cell motility. Only in rapidly moving cells
can line movement be detected before diffu-
sional recovery is complete. Human PMNs
are particularly suitable for this study as they
can be highly motile on a glass substratum
after staining with dil and are resilient to the
effects of photobleaching in the presence of
dil. A single cell may be photobleached up
to five times without any apparent impair-
ment of cell mobility or viability. One con-
cern about this procedure is that membrane-
bound dil is gradually internalized. Thus
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line movement could be attributed to cyto-
plasmic flow and not solely to the move-
ment of membrane lipid. However, confocal
microscopy shows that there is no signifi-
cant internalization of dil during the experi-
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Fig. 1. Schematic representation of the photo-
bleaching experiment. Low-light-level fluores-
cence images of moving cells (25) were acquired
with a Nikon Diaphot inverted microscope (ob-
jective X40) in conjunction with the same imag-
ing system, data processing software, and proce-
dures as described previously (26, 27). Line
photobleaching was performed by passing 515-
nm laser light through a cylindrical lens, focused
on an intermediate image plane and then focused
through the microscope objective, in order to
produce a slitlike image on the cell surface of e~2
width = 4 um. Duration of photobleaching was
between 300 and 400 ms. As illustrated in this
diagram, a line was photobleached across a lead-
ing lamella during extension. A series of four
digitized fluorescence images consisting of a pre-
bleach image and three postbleach images were
usually collected to record the movement and
recovery of the bleached line during cell locomo-
tion; only the first two postbleach images are
shown here. The same procedure was used for
bleaching the rear of the cell during retraction.
Postbleach images 1 and 2 were collected almost
immediately after photobleaching and after 1.5 to
3.0 s, respectively. Fluorescence intensity profiles
were created by averaging the fluorescence across
each row of pixels perpendicular to the long axis
of a rectangle defined parallel to the direction of
cell movement. Inspection of fluorescence intensi-
ty profiles 1 and 2 gives the distance moved by the
bleached line, the leading lamella, and the rear of
the cell within a certain time interval. Thus, the
velocities of these regions may be calculated with
respect to a fixed point on the substratum. The
time interval between postbleach images 1 and 2
depends on the speed of cell locomotion. This
interval must be long enough to permit the
detection of line movement, but before significant
erasure of the line due to diffusional recovery.
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mental time period (Fig. 2). This result
confirmed previous observations of stained
cells using a fluorescence microscope with a
lens of high numerical aperture (1.4). By
this means some degree of “optical section-
ing” was obtained that made it possible to
identify and exclude those cells from the
experiment that had obviously internalized
unacceptable amounts of dil.

The PMNs were bleached across the front
edge during extension of the leading lamella
or across the rear end during retraction of
the trailing edge. Digitized, processed fluo-
rescence images (Fig. 3, a to d) were used to
create fluorescence intensity profiles (Fig. 3,
e to h). These were used to calculate the
velocity of the bleached line and the nearest
cell margin, relative to the substratum (Fig.
1). The most striking observation was that a
line bleached at either the front or rear of the
cell moved with about the same velocity as
the closest cell margin (Fig. 4, a and c).
However, no line movement was observed
in stationary cells.

The movement of PMNs is discontinu-
ous, typically displaying episodes of rapid
movement followed by periods of slower

locomotion or no movement. Individual
locomotion rates varied widely from 15 to
35 pm/min. To account for differences in
cell locomotion speed, the normalized rela-
tive velocity of the bleached line (R) was
calculated. This value was obtained by sub-
tracting the bleached line velocity from that
of the leading lamella (or retracting edge)
and then dividing the difference by the
velocity of the nearest moving cell margin
(Fig. 4, b and d). When R is not equal to
zero, a forward (R < 0) or rearward shift
(R > 0) of the bleached line with respect to
the nearest cell margin is indicated. Howev-
er, our results gave a normalized relative
velocity of approximately zero for both front
and rear line bleaches. Thus these bleached
lines moved in concert with their nearest cell
margins in relation to the substratum but
were stationary with respect to the cell sur-
face (18).

In our considerations of bleached line
movement so far, we refer to both dorsal
and ventral cell surfaces because they will be
bleached by about the same extent under the
conditions of this experiment (19). Al-
though both surfaces may be assumed to be

Fig. 2. Confocal microscopy
of stained PMNs. (a to e)
Part of a confocal series of
images (28) obtained from
PMN:s incubated for 40 min
after staining, starting at the
dorsal surface (D) and con-
tinuing down at 0.5- to 1.0-
pm intervals to the ventral
surface. The step size and
relative position of each sec-
tion is indicated (arrow) by
a vertical bar representing 8
pm (not to scale). The hori-
zontal bar represents 20 pm.
The distinctive “ring” stain-
ing of one cell (arrowed) is
indicative of dil being pre-
sent mainly on the cell sur-
face. Note the changing
contours of the ring as sec-
tions become more ventral
indicating the complex mor-
phology of these cells. The
lamellar region (L) is ex-
tremely thin (~0.5 wm) as
indicated by this region be-
ing visible only in the ven-
tralmost sections. In panel
(e), diffuse fluorescence can
be seen over the entire la-
mella. Since this region is

very thin, precise “optical sectioning” here is beyond the resolution of the confocal microscope. We

attribute this diffuse staining to slightly out-of-focus fluorescence coming from both dorsal and ventral

surfaces of the lamella and not to internalized dil. This staining pattern is also observed on the leading

lamella of higle spread fibroblasts (29). (f) A confocal section (2 pm from dorsal surface) through a cell
/s

incubated for 1

» hours after staining. Vertical bar represents 3.5 um; horizontal bar represents 20 pm.

Here dil has clearly been internalized as shown by the bright fluorescence in the cytoplasmic region and
the absence of ring staining. A particularly striking feature is the dark lobular structure (arrowed) inside
the cell, which represents the multilobed nucleus and is a region from which dil is excluded. This feature
is not seen in panels a to e. We conclude that there is no detectable internalization of dil within 40 min
but significant internalization can occur after 1% hours at 37°C. All experimental data was collected

within 40 min after staining.
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moving together, the real situation may be
more complex, since one surface may be
moving at a different velocity relative to the
other. We tested this possibility, since this
information would be of importance in the
interpretation of our results with respect to
the various models of cell locomotion. Be-
cause of the experimental difficulties of
bleaching one surface only, computer simu-
lation (6) was used to create fluorescence
intensity profiles that would result from the
recovery of bleached lines on two closely
opposed surfaces moving at different relative
velocities. A significant amount of line
“broadening” (prior to the emergence of
two separate lines) during diffusional recov-
ery would suggest relative movement be-
tween dorsal and ventral cell membranes.
However, our simulations revealed that sig-
nificant broadening of the bleached line
would not be detectable within the period of
diffusional recovery for cells moving at less
than 60 pm/min (20). Therefore, the possi-
bility remains that some relative movement
between dorsal and ventral membranes is
occurring but is not detected with the pres-
ent experimental procedure.

These results directly demonstrate lipid
flow in moving cells and allow partial dis-
crimination between three possible models
of cell locomotion. Our interpretation of the
results is centered on the movement of the
midpoint of a bleached line across the lead-
ing lamella, since this is most pertinent to
cell advancement. The predicted movement
of a bleached line with respect to the leading
lamella, according to each model of cell
locomotion, is illustrated in Fig. 5.

According to the RLF model, the mem-
brane lipid on both dorsal and ventral sur-
faces flows rearward. Thus, a line bleached
across the leading lamella would be expected
to move rearward with respect to the lead-
ing edge, having a normalized relative veloc-
ity equal to or greater than three (21).
Another possibility is illustrated by the tank
track model [(11), Fig. 5]. Here the mem-
brane lipid on the dorsal surface moves
forward at twice the speed of the cell while
the ventral surface remains stationary as the
cell advances. A line bleached on the dorsal
surface only would be expected to move
forward in relation to the leading lamella
with a normalized relative velocity, R of —1
(22). In the unit movement of membrane
model, we propose that both dorsal and
ventral cell surfaces move forward as a unit
during extension of the leading lamella.
Similarly, when the rear of the cell retracts,
both cell surfaces move forward together.
This model suggests that the membrane
lipid undergoes bulk movement that is
tightly coupled to cell locomotion but with-
out any forward or rearward shifts with

9 MARCH 1990

respect to the cell surface. A line bleached on
the surface of such a cell would be expected
to show no movement with respect to the
leading lamella and to have a normalized
relative velocity of zero.

Thus it appears that our results agree best

with the unit movement of membrane mod-
el since the normalized relative velocity of
front (and rear) line bleaches is about zero.
However, although our data are inconsis-
tent with the retrograde lipid flow model,
we cannot completely exclude the tank track

| Prebleach image:
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et ,2. T
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Rear Distance (um)
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Postbleach image 2:
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Fig. 3. “Front” bleach of PMN during extension of the leading lamella. (a to d) A complete set of
digitized, fluorescence images, each the average of four successive frames. (a) The prebleach image; (b)
postbleach image 1 acquired almost immediately after photobleaching; (c) postbleach image 2 acquired
1.7 s after photobleaching; (d) final image showing complete fluorescence recovery and the final
position of the cell. The direction of motion is marked (arrow) as is the front of the cell (F), rear (R),
and the bleached line (B). A vertical line bisects the original position of the midpoint of the bleached
line. It passes through the same coordinates with respect to the substratum in each image. Note the
forward shift of the bleached line relative to the vertical line, (b and c), together with the forward
movement of the front edge of the cell. Bar = 5 pum; 1 pixel = 0.207 pm. (@ to h) The fluorescence
intensity profiles corresponding to images a to d. The front of the cell (F), rear (R), and midpoint of the
bleached line (B) are marked as before. A comparison of ¢ and f shows that the bleached line leads to a
marked trough in the fluorescence intensity profile that cannot be mistaken for a normally occurring
fluctuation in the surface fluorescence of an unbleached cell. The profile of the bleached line becomes
shallower as diffusional recovery occurs (compare f and g). Panel g shows the profile of postbleach
image 1 (dotted line) superimposed on postbleach image 2. From this example it can be seen that the
distance moved by the front of the cell (delta F) is the same as the distance moved by the bleached line
(delta B). However, the rear of the cell remains stationary (delta R =0) but had clearly moved forward
by the ume postbleach image 3 was acquired.

Rear
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model because we are unable to detect rela-
tive movement between the dorsal and ven-
tral cell membranes, in terms of bleached
line broadening during the time course of
this experiment. Furthermore, according to
the tank track model, a bleached line will
initially consist of a superimposition of a
dorsal surface bleach moving at twice the

cell velocity and a stationary ventral surface
bleach. Computer simulation shows that for
short times after photobleaching, this com-
posite bleached line becomes broader and its
midpoint appears to move with the same
velocity as the cell and so would be indistin-
guishable from the movement of the mid-
point of a bleached line according to the
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Fig. 4. Velocities of the bleached line and the closest moving edge. (a) A histogram of the velocity of
the bleached line (V, hatched bar) and the velocity of the leading lamella during extension ( V., stippled
bar). Each pair of bars represents one bleached PMN. Note that generally the velocity of the bleached
line closely matches the velocity of the leading edge. (€) A similar representation of the velocities of a
“rear” bleach (Vg hatched bar) and the rear margin of the cell (1, solid bar) during retraction. The
velocities of these two regions are similar in most cases. (b and d) Scatterplots of the normalized relative
velocities R for bleached lines relative to the leading lamella and rear of the cell, respectively
[R = (V. — Vy)/V,, front, or R = (V, — V})/V,, rear]. For both front and rear bleaches the normalized
relative velocity is about zero. The error bars represent uncertainty in the measurement that arises
because the position of the midpoint of the bleached line, the front and rear edge of the cell, are
sometimes indistinguishable over 2 to 3 pixels. The error bar represents the maximum and minimum
percentage by which R can vary for each photobleaching experiment, depending on the choice of pixel.
Uncertainties were obtained by propagating this error through the calculation of R. The dotted lines at
+3 and —1 represent the expected normalized relative velocities for the RLF and tank track (dorsal
surface only) models, respectively (21, 22).

Fig. 5. Predicted second-postbleach images ac- Postbleach image 2
cording to three different models of cell locomo-
tion. The solid bar represents the original
bleached line. Its original position in the second-
postbleach image is represented by the shaded bar
and its predicted position is represented by the
hatched bar. Each model leads to different predic-

Tank track V=2V,

Postbleach image 1 / 7

Y,
Retrograde lipid flow  V; o< -V,

tions about the position of the bleached line in  Rgyy Front 7
postbleach image 2. The cell velocity (V) is the N\, | ‘3
same in each case (arrowed); only the speed and - .

direction of membrane lipid flow (V) differs. In v <

the tank track model, the lipid flow velocity on e Unit movement V=V

the dorsal surface is assumed to be twice the
velocity of the cell (11), so that a bleached line on
this surface only would advance towards the
leading lamella. In contrast, the RLF model as-
sumes that the membrane lipid on dorsal and
ventral surfaces flows rearward at about twice the velocity that the cell advances (1, 12). A bleached line
would then move rearward, away from the leading lamella. In the unit movement of membrane model,
lipid on dorsal and ventral surfaces is assumed to flow forward at the same rate as cell advancement
without any relative movement between the bleached line and the edge of the leading lamella.

\ of membrane,
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unit movement of membrane model. Never-
theless, evidence in favor of the unit move-
ment of membrane model comes from gold
particle tracking of lectin and extracellular
matrix receptors on the surface of rapidly
moving keratocytes (23). A certain class of
receptors was found to move forward with
the same velocity as the cell but show no net
movement with respect to the cell surface.
This result would appear to suggest that the
membrane lipid bilayer does indeed move
forward in concert with the cell during
locomotion. However, a demonstration that
some of these receptors are associated with
membrane lipid molecules is required before
a full distinction between the unit move-
ment of membrane model and the tank track
model can be made. The failure of our
experiment to detect a retrograde lipid flow
validates the conclusion of Sheetz et al. (9)
that such a flow does not drive rearward
movements of membrane glycoproteins and
so further implicates cytoskeletal involve-
ment in these movements (16, 17, 24).

The direct demonstration of lipid flow in
moving cells provides an essential missing
link in our knowledge of cell locomotion.
Although this result applies specifically to
the “amoeboid” movements of white blood
cells, the basic phenomenon of locomotion
is common to most eukaryotic cells and so
our findings should also apply to these cells.
Thus, it appears that the RLF hypothesis is
no longer tenable as a general model for cell
locomotion.
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Selectivity Changes in Site-Directed Mutants of the
VDAC Ion Channel: Structural Implications

EL1zABETH BLACHLY-DYSON, SONGZHI PENG, MARCO COLOMBINI,

MicHAEL FORTE*

The gene encoding the yeast mitochondrial outer membrane channel VDAC was
subjected to site-directed mutagenesis to change amino acids at 29 positions to
residues differing in charge from the wild-type sequence. The mutant genes were then
expressed in yeast, and the physiological consequences of single and multiple amino
acid changes were assessed after isolation and insertion of mutant channels into
phospholipid bilayers. Selectivity changes were observed at 14 sites distributed
throughout the length of the molecule. These sites are likely to define the position of
the protein walls lining the aqueous pore and hence, the transmembrane segments.
These results have been used to develop a model of the open state of the channel in
which each polypeptide contributes 12 B strands and one a helix to form the aqueous

transmembrane pathway.

OLTAGE-GATED ION CHANNELS

are a class of transmembrane pro-

teins that form aqueous pores in
cell membranes—pores that open and close
in response to changes in transmembrane
voltage and change the ionic permeability of
the membrane. Although such channels
have been studied primarily in neurons and
muscle cells, they are involved in a wide
variety of biological processes in many cell
types (1, 2). Whereas the more extensively
studied voltage-gated channels, Na* and K*
channels for example, are high molecular
weight protein complexes that form narrow
aqueous pores, the mitochondrial voltage-
dependent anion-selective channel (VDAC,
also known as mitochondrial porin), forms a
large voltage-gated pore (3, 4) with a rela-
tively small amount of protein (5), thus
simplifying molecular studies and their in-
terpretation. In addition, since VDAC is
found in the yeast Saccharomyces cerevisiae (6),
as well as in the outer mitochondrial mem-
branes of organisms from all eukaryotic
kingdoms (7), it can be studied with the
sophisticated molecular genetic techniques
available in this unicellular eukaryote. We
have used these techniques to probe the
structure of the VDAC molecule and exam-
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ine the molecular correlates of its biophysi-
cal properties.

The VDAC forms large, voltage-gated
channels when incorporated into planar
phospholipid membranes. It is believed to
form the pathway through which metabolic
intermediates [for example, adenosine tri-
phosphate (ATP), adenosine diphosphate
(ADP), and succinate] enter and leave the
mitochondrion (4). Measurements of the
pore size of VDAC by the Stokes-Einstein
radius of the largest nonelectrolyte able to
pass through the channel (8) and by electron
microscopy of negatively stained channels
(9) indicate that the pore is about 3 nm in
diameter. The yeast protein that forms this
channel consists of 283 amino acid residues
(molecular weight, 29,883) (10, 11). The
sequence is rather hydrophilic (45.5%
charged and polar residues), which is con-
sistent with it being a low molecular weight
protein that forms a large aqueous pore with
thin walls. It contains no hydrophobic re-
gion long enough to span the bilayer as an a
helix. The sequence contains many stretches
of alternating hydrophobic and hydrophilic
residues, which could form a B sheet with
hydrophobic residues protruding on one
side and hydrophilic residues on the other.
This has led to a model of the VDAC
channel as a B barrel consisting of a single
layer of such a § sheet (11). By searching for
the most likely transmembrane  strands, 12
probable membrane-spanning stretches have
been identified (12). The NH,-terminal 20
residues of VDAC could form an amphi-
pathic a helix typical of mitochondrial tar-
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