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ABSTRACT Cells can alter the lipid content of their plasma membranes upon changes in their environment to maintain and
adjust membrane function. Recent work suggests that some membrane functions arise because cellular plasma membranes
are poised close to a miscibility transition under growth conditions. Here we report experiments utilizing giant plasma membrane
vesicles (GPMVs) to explore how membrane transition temperature varies with growth temperature in a zebrafish cell line (ZF4)
that can be adapted for growth between 20 and 32�C. We find that GPMV transition temperatures adjust to be 16.7 5 1.2�C
below growth temperature for four growth temperatures investigated and that adjustment occurs over roughly 2 days when tem-
perature is abruptly lowered from 28 to 20�C. We also find that GPMVs have slightly different lipidomes when isolated from cells
adapted for growth at 28 and 20�C. Similar to past work in vesicles derived from mammalian cells, fluctuating domains are
observed in ZF4-derived GPMVs, consistent with their having critical membrane compositions. Taken together, these experi-
mental results suggest that cells in culture biologically tune their membrane composition in a way that maintains specific prox-
imity to a critical miscibility transition.
INTRODUCTION
It is well established that cells alter their lipid content in
response to their environment. For example, bacteria and
higher organisms change their membrane composition and
physical properties when grown at different temperatures
(1–8); yeast alter their lipid content to counteract the mem-
brane fluidizing effects of ethanol produced during fermenta-
tion (9–11); and mammalian cells adjust their lipids during
the cell cycle (12–15), when undergoing differentiation
(16,17), and in response to stress or disease (18–20). The
physical properties of cell membranes are primarily dictated
by their complex lipid and protein compositions and facilitate
many cellular functions. In this context, it is expected that
cells will adjust their plasma membrane lipid composition
to maintain or manipulate these properties as cells adjust to
living in new environments or when they take on new func-
tional roles. It has long been appreciated that cells adjust
membrane lipids to retain a robust, fluid, and flexible barrier
at the cell periphery (21–24). Other authors have argued that
cells tune their membrane composition to allow for greater
flexibility of the membrane matrix (25,26), or consistent
membrane curvature (27). Past work in mostly mammalian
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cell membranes also argues that cells biochemically tune
their plasma membrane composition to maintain a specific
level of lipid-mediated lateral heterogeneity (28–30), which
cells use to influence the organization and associations of cell
surface proteins. The experiments described here provide
further support for this last hypothesis.

Plasma membranes isolated from live cells experience a
miscibility transition below growth temperature (31). These
giant plasma membrane vesicles (GPMVs) present a single
liquid phase at elevated temperatures but form coexisting
liquid-ordered and liquid-disordered phases at low tempera-
tures. Individual vesicles reversibly transition between these
two states at the miscibility transition temperature or Tmix.
TheTmix valuesmeasured forGPMVs isolated frommamma-
lian cells typically range between 0 and 25�C, depending on
numerous factors such as cell type (32), growth conditions
(33,34), protein overexpression (35), and the detailed
procedures used to isolate vesicles (36,37). This miscibility
transition is not observed in intact cell membranes (38,39),
possibly because direct or indirect coupling to internal
structures such as the actin cortex precludes the formation
of micron-sized domains (38–40). Nonetheless, it is often
speculated that the value of Tmix predicts the magnitude of
lipid-mediated heterogeneity in the intact cells from which
the vesicles were derived, with higher GPMV transition tem-
peratures predictingmore robust heterogeneity in live cells at
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Tmix Scales with Growth Temperature
fixed growth temperature (41). In this study, we explore how
plasma membrane Tmix varies with growth temperatures in a
zebrafish cell line that can be adapted to grow over a range of
temperatures.
MATERIALS AND METHODS

Cell culture

Zebrafish (ZF4) cells (42) were obtained from John Kuwada at the University

ofMichigan. Cells were cultured inmedium containing 445mLDMEM/F12,

50 mL 10% HI-FBS, and 5 mL 1% Pen-Strep in 5% CO2. Optimal growth

temperature is 28�C. ZF4 cells were grown at 20, 24, 28, and 32�C. All cell
culture reagents were purchased from Thermo Fisher Scientific (Waltham,

MA) unless otherwise indicated. All other reagents were purchased from

Sigma-Aldrich (St. Louis, MO) unless otherwise indicated.
Preparation of GPMVs

GPMVs were isolated from ZF4 cells following established protocols

(37,43) with the following minor modifications. For imaging studies, ZF4

cells were labeled with 2 mg/mL DiI-C12 (Thermo Fisher Scientific) in a

1% methanol solution for 10 min. Cells were then incubated for at least

1 h while gently shaking with a vesiculation buffer consisting of 100 mM

CaCl2, 500 mM HEPES, 7.5 mM NaCl, 25 mM formaldehyde, and 2 mM

dithiothreitol (DTT) at pH 7.4. GPMVs spontaneously released from cells

were typically imaged immediately after harvesting.

For lipidomics analysis, unlabeled ZF4 cells were incubated for 1 h while

gently shaking in 100 mM CaCl2, 500 mM HEPES, 7.5 mM NaCl, 25 mM

formaldehyde, and 2 mM n-ethylmaleimide (NEM). NEMwas used for lip-

idomic studies instead of DTT because previous work has shown that a com-

bination of paraformaldehyde and DTT leads to chemical cross linking

between phosphatidylethanolamine (PE) lipids and membrane proteins

(36). Such covalent cross links prevent PE from being extracted into the

organic phase during the Folch extraction, and therefore these lipids are

not detected in lipidomics measurements. NEM only modifies terminal sulf-

hydryls, which are not present in any mammalian lipids, thus this isolation

protocol is more appropriate for lipidomics. GPMVs produced using NEM

tend to have much lower (10–20�C) transition temperatures (36,37), making

them inconvenient for Tmix measurements. Extracted GPMVs were concen-

trated through centrifugation and submitted for lipidomic analysis without

further purification.Centrifugation includedone short, low-speed spin to pel-

let anywhole cells followedby a longer high-speed spin to pellet theGPMVs.

The pellet was washed once with ammonium bicarbonate buffer and was re-

suspended in a small volume of ammonium bicarbonate buffer. Total protein

was quantified using a BCA assay (Thermo Fisher Scientific).
Time series measurements

ZF4 cells adapted for growth at 28�C were plated into multiple identical

dishes and incubated overnight at 28�C to allow for cells to become

adherent. Cells were moved to a 20�C incubator the next morning. Dishes

were extracted for GPMV isolation on that first day (day 0) and on subse-

quent days at the same time. In the majority of time-series experiments,

identical dishes were plated to probe cellular proliferation by cell counting.

Cells were lifted in 0.25% trypsin EDTA, and counted using a Reichert

Bright-Line hemocytometer (Thermo Fisher Scientific).
Imaging

GPMVs were imaged between coverslips on a home-built Peltier tempera-

ture stage on an inverted epifluorescence microscope (IX81; Olympus, Cen-
ter Valley, PA) using a 40�, 0.95 NA air objective and a Cy3 filter-set

(Chroma Technology, Bellows Falls, CT). A Peltier device (Custom Ther-

moelectric, Bishopville, MD) was thermally connected to the sample whose

temperature was controlled by a PID-type controller unit from Oven Indus-

tries (Camp Hill, PA) and a water-circulating heat sink (Custom Thermo-

electric). Images of fields of vesicles were acquired using a Neo SCMOS

camera (Andor, South Windsor, CT) while the stage was maintained at con-

stant temperature.

In postprocessing, vesicles within images were manually assigned to

contain either a single phase or two coexisting phases, and vesicles were

counted using custom software written in the software MATLAB (The

MathWorks, Natick, MA). This information was used to construct a plot

showing how the fraction of phase-separated vesicles varies with tempera-

ture. These points were fit to a sigmoidal function to extract the midpoint of

the transition (Tmix), which is the temperature where 50% of GPMVs

contained coexisting phases, as follows:

% separated ¼ 100 �
�
1� 1

1þ e�ðT�TmixÞ=B

�
:

The parameter B describes the slope of the sigmoid function and was not

used in further analysis.
Analysis of lipidomics data

ZF4 lipidomes were processed from concentrated GPMV samples by Lipo-

type (Dresden, Germany) usingmass spectrometry, which probed for>1000

distinct lipid species. Briefly, lipidomeswere obtained by extracting concen-

trated GPMV samples in the presence of lipid class-specific standards, then

acquiring mass spectra on a Q Exactive Hybrid Quadrupole-Orbitrap Mass

Spectrometer (Thermo Fisher Scientific) equipped with an automated nano-

flow electrospray ion source in both positive and negative ion mode. Lipids

were identified using LipotypeXplorer (44) and after normalizing to stan-

dards, values reported have units of pmol. More extensive experimental

methods can be found elsewhere (34,45,46).

Glycerophospholipids (GPLs) were identified by their headgroups (e.g.,

phosphatidylcholine (PC)), linkages (e.g. PC versus plasmologen PC), the

number of hydroxyls, and the length (number of carbons) and level of un-

saturation (number of double bonds) of each of their sn-1 and sn-2 fatty acid

(FA) chains. For sphingomyelin (SM), the lipidomics analysis reported on

the number of carbons and double bonds in the sphingosine and FA chains

combined.

When lipids were grouped by headgroup type, we report the mol % of the

headgroup normalized by total lipid including cholesterol. When lipids

were grouped by lipid unsaturation, we report the mol % of the presence

of the specific unsaturation value normalized by total lipid excluding

cholesterol. When FAs were grouped by unsaturation or chain length, we

only report FA from GPL and values are normalized to total moles of FA

within GPL (twice the moles of GPL). We also conducted the FA analysis

including FAwithin SM lipids, but results do not differ significantly due to

the small mol % of SM in the lipidome as a whole.

All data analysis was carried out in the software MATLAB (The

MathWorks, Natick, MA).
RESULTS

GPMV Tmix varies with growth temperatures in the
ZF4 cell line

The ZF4 cell line is a fibroblast-like cell line isolated from
zebrafish embryos that can be adapted to grow over a range
of temperatures (42). In a first set of experiments, ZF4 cells
were grown at temperatures between 20 and 32�C for at
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least one week before fluorescent labeling and GPMV isola-
tion as described in Materials and Methods. GPMV Tmix

was then measured by monitoring the lateral distribution
of the liquid-disordered phase marker DiI-C12 within fluo-
rescence images of distinct fields of vesicles acquired over
a range of temperatures, as illustrated in Fig. 1, A and B. Im-
ages are used to tabulate the fraction of vesicles that contain
two coexisting liquid phases at different temperatures. Tmix

is defined as the interpolated temperature where 50% of
vesicles have undergone the miscibility transition, which
is the average transition temperature of the sample.

As in previous studies, we find that the width of the misci-
bility transition measured over a population of vesicles
(5–15�C) is much broader than the width of the transition
in a single vesicle (<1�C), and that there is significant
day-to-day variation in the measured value of Tmix (Fig. 1
B) (29,43). Past work in another cell type found that
GPMV transition temperatures are sensitive to the local
surface density of the cells from which they were derived
(33). We hypothesize that the heterogeneity in Tmix observed
here reflects variations in local density within a single dish
and variation in average density in dishes examined on
different days, because these parameters were not specif-
ically controlled in these measurements.

Fig. 1 C shows data used to determine Tmix from cells
grown on different days and at different adapted growth
1214 Biophysical Journal 113, 1212–1222, September 19, 2017
temperatures, revealing a clear trend toward lower transition
temperatures at lower growth temperatures. Fig. 1 D shows
the average values obtained for Tmix at each growth temper-
ature. These points are well fit to a line of slope one (1.1 5
0.1), indicating that Tmix, on average, remains a fixed num-
ber of degrees below the adapted growth temperature for all
growth temperatures examined. This fixed temperature dif-
ference is 16.7 5 1.2�C for the four growth temperatures
examined, where the error indicates the standard deviation
over the four measurements. Interestingly, values for Tmix

measured from cells adapted for growth at 20�C fell system-
atically below the linear fit. One possible explanation for
this discrepancy is that cells are not able to fully adapt to
growth at this temperature, as past reports only examined
cells adapted for growth at 22�C (42). Consistent with this
idea, we found that cells occasionally experienced growth
arrest when held at 20�C for extended times.

Overall, the results presented in Fig. 1 indicate that ZF4
cells adapted to grow at different temperatures produce
GPMVs with average miscibility transition temperatures
roughly 17�C below respective growth temperatures. This
finding suggests that ZF4 cells actively tune their membrane
composition to maintain this average temperature differ-
ence. An alternative explanation is that the cell tunes its
membrane composition to maintain some other membrane
property that is well correlated with Tmix.
FIGURE 1 GPMV transition temperatures shift

with growth temperatures in the ZF4 cell line. (A)

Shown here are representative fields of DiI-C12

labeled GPMVs isolated from ZF4 cells adapted

for growth at 28�C and imaged at different temper-

atures. The fluorophore partitions strongly into the

liquid-disordered phase, and phase-separated vesi-

cles are identified by monitoring the lateral distri-

bution of this probe. Phase-separated GPMVs are

indicated with yellow arrows and the scale bar rep-

resents 50 mm. (B) (Left) Multiple images like the

ones shown in (A) are acquired at several fixed tem-

peratures and are used to tabulate the percentage of

GPMVs that contain coexisting liquid phases as a

function of temperature. These curves are fit to a

sigmoid function to extract the midpoint of the

transition within the sample, defining Tmix. (Right)

Curves from cells grown at 28�C but isolated on

different days. These show systematic differences

in the fraction of phase-separated vesicles as a

function of temperature. This manifests itself as

Tmix having some day-to-day variation, which in

this example spans roughly 7�C. (C) Shown here

are curves like those shown in (B) but generated

from GPMVs from cells adapted for growth at

different temperatures as indicated in the legend.

(D) Shown here are average values of GPMV

Tmix plotted as a function of growth temperature.

The fit is to a line with a slope of 1.1 5 0.1�C.
The same symbols and colors are used to depict

growth temperatures in (B)–(D). To see this figure

in color, go online.
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GPMVs from ZF4 cells exhibit composition
fluctuations and modulated domains

Past work in GPMVs isolated from mammalian cells has
shown that GPMVs can exhibit critical phase behavior
(29). This is evidenced by micron sized composition fluctu-
ations on the vesicle surface at temperatures slightly above
the miscibility transition, and undulating domain boundaries
in vesicles viewed at temperatures slightly below the misci-
bility transition. We observe evidence for similar composi-
tion fluctuations in GPMVs isolated from ZF4 cells, as
indicated in Fig. 2.

Previous work has also reported evidence for modulated
phases in model membranes of purified components
(47,48). In this past work, domains tend to be arranged in
a regular pattern on the vesicle surface, or alternately
domains arrange in parallel stripes with occasional defects.
Vesicles exhibiting these types of behaviors are also
observed in GPMVs isolated from ZF4 cells.

Vesicles containing fluctuations, modulated domains, and
complete phase separation can be detected within the same
preparation of GPMVs. These behaviors can also be
observed within the same GPMV, as shown in Fig. 2 B
and Movie S1. At high temperature, this vesicle appears
to contain micronscale composition fluctuations on the
vesicle surface. As temperature is lowered, fluctuations
become stripes with well-defined widths but fluctuating
boundaries. As temperature is lowered further, stripes
become thicker and domain boundaries become less rough.
At the lowest temperature imaged, phase-separated domains
in this vesicle take on a more conventional appearance, with
large circular domains as well as smaller domains that
appear to not have coarsened fully. This vesicle represents
an example of a possible behavior of ZF4 GPMVs and is
not representative of all vesicles. Also, these behaviors are
likely not a specific consequence of being derived from
ZF4 cells. Further experiments and analysis would be
FIGURE 2 Images of ZF4-derived GMPVs. (A) Shown here are representativ

sent, are more likely to have rough and fluctuating boundaries when temperatur

vesicle (Tmix). At lower temperatures, sometimes domains fully coarsen so that e

stable and regular circular or striped regions characteristic of modulated doma

temperatures. Temperature was not carefully monitored in this example, but wa

are captured from frames within Movie S1. The scale bar represents 10 mm. To
required to better understand the physical origins of the
observed behaviors.
Adaptation of GPMV Tmix occurs over
approximately one cell cycle

To explore the dynamics of Tmix adaptation, ZF4 cells adapt-
ed for growth at 28�C were transferred to a 20�C incubator
and GPMVs were prepared for measurements of Tmix over
multiple subsequent days. The result of a representative
time-course measurement is shown in Fig. 3, A and B, and
an average curve containing four distinct experiments is
shown in Fig. 3 C. Tmix drops sharply within three days of
incubation at 20�C, followed by a plateau that extends up
to a week. We fit these data to the exponential decay,
Tmix(t) ¼ Tmix20 þ DTmix � exp(�t/t), to estimate a time-
constant of this adaptation of t¼ 1.35 0.5 days. Consistent
with data presented in Fig. 1 D, the magnitude in the drop of
Tmix (DTmix ¼ 10.8 5 1.7�C) marginally exceeds the tem-
perature difference in growth temperature (8�C).

Fig. 3 D shows how cell numbers increase over time in
this measurement. For three of the four experiments
included in Fig. 3 C, identical dishes were prepared for
an experiment to measure cell expansion under the same
growth conditions. Fig. 3 D shows the number of cells pre-
sent within dishes as a function of time after moving cells to
20�C. We find that the time taken to adjust Tmix (t ¼ 1.3 5
0.5) is in reasonable agreement with the doubling time of
cells under these growth conditions (1.7 5 0.1 days).
This timing suggests that cells may adapt Tmix through al-
terations of their membrane composition through the
normal lipid and protein synthesis pathways that occur
within the cell cycle. We also note that growth appears
linear in time, which is different from the exponential
growth typically observed for cells in culture. This could
be a result of cellular adaptation to the lower growth
e GPMVs displaying different domain morphologies. Domains, when pre-

e is above or close to the miscibility transition temperature for the specific

ach phase takes up a hemisphere of the vesicle. In other cases, domains form

ins. (B) Shown here are images of a single vesicle imaged over a range of

s varied from above Tmix (far left) to below Tmix (far right). These images

see this figure in color, go online.
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FIGURE 3 GPMV transition temperatures adapt

to a temperature jump in roughly the same time it

takes for cells to double. (A and B) Given here is

a representative time-course experiment for cells

adapted for growth and plated at 28�C before being

moved to a 20�C incubator on day 0 (0 day). Raw

curves showing the fraction of vesicles containing

two liquid phases are shown in (A) and are used

to determine the average values plotted in (B),

with the symbols consistent between the two panels.

(C) Given here is the variation in Tmix as a function

of days in culture averaged over four distinct

measurements, including the one shown in (A)

and (B). Points are fit to an exponential decay,

Tmix(t) ¼ Tmix20 þ DTmix � exp(�t/t), with

Tmix20 ¼ 0.7 5 1.0�C, DTmix ¼ 10.8 5 1.7�C,
and t ¼ 1.3 5 0.5 days. (D) For three of the mea-

surements shown in (C), we also counted cells in

dishes prepared identically to the ones used for

GPMV isolation. We observed a roughly linear

increase in the number of cells with increasing

time, with the time required for doubling of

1.75 0.2 days. Errors in parameter values reported

for (C) and (D) are 68% confidence interval esti-

mates evaluated from the fitting procedure. To see

this figure in color, go online.
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temperature, or due to the inability of these cells to fully
adapt to growth at 20�C.
ZF4 cells adapted for growth at different
temperatures have different lipid compositions

Because GPMVs are examined in isolation, the differences
in transition temperatures observed for GPMVs harvested
from cells grown at 20 and 28�C must be a consequence
of their having different membrane compositions. In prin-
ciple, these vesicles could be made up of different lipids or
different ratios of the same lipids, contain different pro-
teins or expression levels of proteins, different concentra-
tions of other membrane soluble small molecules, or any
combination of these variations. Hypothesizing that the
comprehensive lipid composition is a major driver of
membrane biophysical properties, we examined the lipi-
domes of GPMVs isolated from ZF4 cells adapted for
growth at either 20 or 28�C, and results are summarized
in Fig. 4.

ZF4-derived GPMVs contain a wide assortment of
different lipid species. Fourteen distinct lipids are present
at a level of 1 mol % or more, and >100 lipids are present
at a level of 0.1% or more. The lipidomes of GPMVs iso-
lated from cells grown at 20 and 28�C are more alike than
they are different, with average values over all GPMVs har-
1216 Biophysical Journal 113, 1212–1222, September 19, 2017
vested from cells grown at both temperatures shown in
Fig. 4, A–C. When lipidomes are grouped by lipid head-
group type (Fig. 4 A), they both contain high molar frac-
tions of cholesterol and PC lipids. After PC, the second
most abundant phospholipid is plasmologen PE, which is
present at 8.3 mol % on average. Plasmologens are a
type of ether PC or PE that contain a vinyl ether linkage
at the sn-1 position, an ester linkage at the sn-2 position,
and have not been widely studied in model membrane
experiments. When grouped by total lipid unsaturation
(Fig. 4 B), <2.5 mol % of lipids are either fully saturated
phospholipids or sphingomyelin and >40% contain at least
three unsaturated bonds. When examined as individual FAs
(Fig. 4 C), polyunsaturated FAs (PUFAs) or FAs that
contain at least two unsaturated bonds comprise >25% of
all lipid incorporated FA. When examined in the context
of FA length, the most abundant FA length in both samples
is 18 carbons, with the average length being just under this
value. Consistent with previous studies (32,34), these
lipidomes do not closely resemble the model membranes
typically used to study liquid immiscibility which typically
are composed of roughly equal molar fractions of fully
saturated lipids, monounsaturated lipids, and cholesterol
(41,49).

Despite their broad similarity, there are some notable dif-
ferences between the lipidomes of GPMVs from cells grown



FIGURE 4 Summary of lipidomics results for GPMVs isolated from ZF4 adapted for growth at 20 and 28�C. (A–C) Given here is the molar percent of lipid

types grouped according to headgroup type, total lipid unsaturation, individual fatty acid chain unsaturation, and fatty acid chain length. Top panels indicate

average values acquired for samples isolated from cells grown at both 20 and 28�C, and error bars indicate the mean5 SE over four measurements. Bottom

panels indicate the mol % change observed for samples grown at 20 and 28�C, and error bars indicate the mean 5 SE over two difference measurements.

(D) Given here are the 10 most abundant lipids observed in GPMVs from cells grown at 20�C (left) and 28�C (right). Lipid species not present on both lists

are indicated in red text. (E) Shown here are the 10 lipids found at higher abundance in GPMVs from cells grown at 20 vs. 28�C (left) or 28 vs. 20�C, in order
of the magnitude of their increased abundance. Lipids indicated in red text are repeated from (D). Lipid species not present in either list in (D) are indicated as

green text. To see this figure in color, go online.

Tmix Scales with Growth Temperature
at 20 and 28�C. As shown in Fig. 4 A, cells grown at the
lower temperature produce GPMVs with more PC lipids
and less cholesterol than GPMVs from cells grown at the
elevated temperature. Cells grown at the lower temperature
also produce GPMVs with more PUFA and less monounsat-
urated FA chains than GPMVs from higher temperature
cells. Interestingly, GPMVs from cells grown at 20�C
have a broader distribution of fatty acid chain lengths
although retaining the same average value. Due to the vari-
ation observed in our biological replicates along with the
small number of samples investigated (two at each temper-
ature), it is difficult to draw significance from the changes of
any specific parameter, although the general trends observed
here are consistent with reports in the literature describing
fish lipids from animals adapted for growth at different
temperatures (4–6,50–52).

We also examined the individual lipid species that are
most abundant in GPMVs, and whose levels vary the
most between GPMVs isolated from cells grown at
different temperatures (Fig. 4, D and E). For both growth
temperatures, cholesterol is excluded from the list
for clarity but is by far the most abundant lipid, averaging
22 5 4% in cells grown at 20�C and 26 5 3% in cells
grown at 28�C, where errors are the mean 5 SE over
two measurements. At both growth temperatures, the three
next most abundant lipids contain the PC headgroup and
either saturated or mono-unsaturated fatty acid chains.
Together these lipids make up close to 25% of the total
noncholesterol lipid (24.8% at 20�C and 28.2% at 28�C).
Of the remaining six most abundant lipids, four are among
abundant lipids in GPMVs from both 20 and 28�C grown
cells. The exceptions are two PUFA PC lipids present at
high abundance in GPMVs from cells grown at 20�C,
and two PUFA PE lipids found in GPMVs from cells grown
at 28�C. Not surprisingly, these same two lipid pairs are
present in the list of lipid species that experience the largest
changes in concentrations in GPMVs from the two temper-
ature conditions.

We also note that both lipids present in high abundance at
20�C and not at high abundance at 28�C contain a fully satu-
rated sn-2 chain (red text within left panel of Fig. 4, D and
E). In both cases, these are coupled to a longer PUFA (22:6
and 20:4) at the sn-1 position. Along these lines, we gener-
ally find that GPMVs made from 20�C adapted cells contain
Biophysical Journal 113, 1212–1222, September 19, 2017 1217
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4.5 5 2 mol % more lipids with one highly unsaturated
chain (R4 unsaturations) attached to a fully saturated chain
than those isolated from cells grown at 28�C.
DISCUSSION

In this study we demonstrate that GPMVs isolated from ZF4
cells alter their plasma membrane composition in a way that
shifts GPMV transition temperatures as cells adapt to
growth at different temperatures. Specifically, Tmix in adapt-
ed cells is found to be roughly 17�C below growth temper-
ature across a range of growth temperatures. When cells are
subjected to an 8�C temperature drop, they take several days
to adapt their Tmix, comparable to the doubling time of these
cells under this growth condition. Finally, we have analyzed
the lipid composition of GPMVs isolated from ZF4 cells
grown at 20 and 28�C. Although the lipid content of these
vesicles is broadly similar, cells grown at 20�C produce
GPMVs with less cholesterol, more PUFAs, and more high-
ly asymmetric lipids containing one highly unsaturated and
one mostly unsaturated acyl chain.

The above observations do not discern whether cells
sense and maintain Tmix to a specified level below growth
temperature, or alternatively, if the changes in Tmix are a
consequence of cellular membrane tuning to maintain
some other property such as viscosity, water permeability,
or membrane stiffness. Past work in fish and other organ-
isms has argued that adaptation of membrane lipids to
temperature changes is primarily to maintain membrane vis-
cosity and ion permeability within an acceptable range for
biological functions (6,8,21,22,24,50–52). Based on this
extensive past work, we anticipate that measurements of
average membrane order, which often serve as a proxy for
membrane viscosity, would also maintain roughly constant
values at different adapted growth temperatures in ZF4
cells. For example, the observed decreases in cholesterol
and increases in PUFAs in cells grown at lower temperature
are in line with this past work. The changes in levels of
these components are expected to produce membranes
with decreased chain order and increased lateral mobility
that will counteract the effect of lowering temperature on
these two properties. We note that the addition of highly
disordered components alone, including PUFA lipids or
detergents, tend to raise miscibility transition temperatures
or expand the miscibility gap in membranes probed at con-
stant temperature (53–55), because these components parti-
tion strongly into liquid-disordered domains in membranes
(56). Also, reduction of cholesterol in model membranes
of purified components also tends to raise transition temper-
atures (49). Our observation that transition temperatures are
instead depressed in membranes with less cholesterol and
more highly disordered PUFA chains suggests that cells
are adjusting additional factors to tune both viscosity and
Tmix simultaneously. It is possible that one reason for the
vast diversity of lipids found in plasma membranes is to
1218 Biophysical Journal 113, 1212–1222, September 19, 2017
enable cells to tune many physical and biological properties
within the same membrane.

Our experiments indicate that T � Tmix remains roughly
constant on average when cells are adapted to grow at
different ambient temperatures. Here we find that T � Tmix

�17�C, although it is important to note that the absolute
value of GPMV transition temperature depends on the
method by which they are prepared (37). The method em-
ployed in this study for Tmix determination, namely incuba-
tion of cells with DTT, tends to produce GPMVs with
higher Tmix than those produced with other reducing agents
or vesiculation procedures. In light of this, it is likely that
the GPMV transition temperatures observed here are
elevated compared to that of the intact plasma membranes
from which they are derived. Nonetheless, we anticipate
that the actions of DTT should be consistent across growth
conditions. Unfortunately, this cannot be tested directly
because the transition temperatures observed are already
close to the lower end of our detection limit for some growth
temperatures. If the GPMV preparation procedure employed
here artificially raises transition temperatures by 15�C,which
is an upper estimate based on our experience and evidence in
Levental et al. (36), then T � Tmix �32�C.

In addition to the observed miscibility transition, ZF4-
derived GPMVs also appear to have membrane composi-
tions that are close to critical compositions. Similar to
GPMVs isolated from other cell types, ZF4-derived GPMVs
are uniform at high temperature, contain roughly equal sur-
face fractions of liquid-ordered and liquid-disordered
phases at low temperature, and contain extended domains
with fluctuating boundaries at temperatures close to Tmix.
These observations suggest that ZF4 GPMVs reside near a
critical point at the miscibility transition temperature, and
because of this Tmix is also the critical temperature or TC.
In critical systems, physical properties including the
compositional susceptibility, the average domain size, and
the average domain lifetime depend strongly on the reduced
temperature (t), or the normalized temperature difference
between ambient temperature (T) and TC in units of Kelvin
(t¼ (T� TC)/TC) (29,57,58). It is possible that cells actively
maintain a specific temperature difference between Tmix and
growth temperatures to tune one or more of the related phys-
ical properties that depend on t. When T � TC ¼ 17�C, then
t¼ 0.06, or growth temperature is 6% away from the critical
temperature. This value of t predicts that membranes
contain domains with a characteristic size of close to
20 nm at growth temperature (29,58). If instead T � TC is
32�C, then t ¼ 0.12, and this increased value of t predicts
that membranes contain domains with a characteristic size
close to 10 nm at growth temperature.

Our experimental findings beg the question of why cells
might tune the Tmix of their plasma membrane to be a spe-
cific temperature below growth temperature, and currently
we can only speculate on possible explanations. One possi-
bility, as suggested above, could be to enable equilibrium
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domain structures with dimensions of 10–20 nm under
growth conditions. This domain size could be generally use-
ful to cells for controlling plasma membrane organization
because it is larger than the size of individual lipids and pro-
teins (0.5 to several nm) but smaller than the length-scale
of cytoskeletal networks proximal to the membrane plane
(50–400 nm) (38,59,60). Another possible reason for adjust-
ing Tmix to a specific value below growth temperature could
be to control how membrane domains extend or become sta-
bilized when subsets of membrane components are orga-
nized through interactions outside of the membrane plane,
as has been observed experimentally in both model mem-
branes and intact cells (61,62). We have previously argued
that this increased compositional susceptibility of critical
membranes may contribute to the activation or modulation
of signaling pathways initiated by receptor clustering
(62,63). It is also possible that cells tune Tmix to adjust the
magnitude of lipid domain-mediated interactions between
proteins, which tend to attract proteins that prefer similar
local lipid environments and repel proteins that prefer alter-
nate local lipid environments (64,65), or to optimize the
functional states of certain embedded proteins (66,67).
Another consideration is that we observe a 5–15�C spread
in Tmix from individual GPMVs adapted for growth at con-
stant temperature, so cells apparently can adjust T � Tmix to
be within a broad range of values even under a single growth
condition. It is possible that cells tune the average value of
Tmix to be a fairly large distance below growth temperatures
to give individual cells broad flexibility in adjusting their
membrane composition to accomplish specific objectives
while remaining in a one-phase region. Future work is
needed to explore whether and how cells exploit these or
other proposed consequences of a nearby miscibility transi-
tion to accomplish biological functions.

It is not obvious how to relate changes in GPMV lipid
composition to the observed changes in Tmix. The overall
lipid contents of GPMVs isolated from cells grown at
different temperatures are broadly similar; however, some
clear growth temperature-dependence was observable.
Unfortunately, the currently limited understanding of the re-
lationships between the complex composition of lipidomes
and membrane biophysical properties prevents straightfor-
ward interpretation of how the observed lipidomic changes
result in changes to Tmix. As mentioned above, raising
cholesterol content tends to lower miscibility phase transi-
tion temperatures in three-component model membranes
(49). Here we observe the reverse; we detect more choles-
terol in GPMVs isolated from cells grown at a 28�C than
in GPMVs from cells grown at 20�C, even though GPMVs
from cells grown at 28�C have much higher transition
temperatures. Past work in model membranes and GPMVs
isolated from other cell types indicates that transition tem-
peratures tend to be higher when membranes contain more
highly unsaturated PUFA acyl chains (34,68). Here again,
we observe the reverse; more PUFA lipids are found in
GPMVs isolated from cells grown at 20�C than in GPMVs
isolated from cells grown at 28�C, although the former have
lower transition temperatures.

One observation that appears to be consistent with past
work in model membranes is that the abundance of asym-
metric hybrid lipids appears to inversely correlate with
miscibility transition temperatures. Here, we find more
highly asymmetric lipids in GPMVs with lower transition
temperatures, and model membrane studies show that intro-
ducing the asymmetric lipids (16:0/18:1)PC (POPC) or
(18:0/18:1)PC (SOPC) into ternary mixtures of (18:1/18:1)
PC (DOPC), (16:0/16:0)PC (DPPC) and cholesterol or
DOPC, (18:0/18:0)PC (DSPC) and cholesterol act to lower
macroscopic phase transition temperatures or decrease
the fraction of composition space where macroscopic phase
coexistence is observed at constant temperature (47,48,69).
It is possible that these lipids act as two-dimensional surfac-
tants to reduce the interfacial energy between domains, fa-
voring a mixed state and therefore lowering Tmix (56,70).
It is also possible that these hybrid lipids more simply
have physical properties that are intermediate to less asym-
metric lipids typically found in either low temperature
phase. This type of component is also expected to favor a
mixed state and reduce Tmix (56). GPMVs contain many
more unsaturated lipids than are typically found in purified
model membranes that exhibit a miscibility transition, and
the level of unsaturation of lipids found in coexisting phases
must also dramatically differ between the two systems. It is
possible that the asymmetric lipid 22:6/14:0 PC behaves
similarly in a GPMV as the hybrid lipid 16:0/18:1 PC be-
haves in a model membrane of DOPC, DPPC, and choles-
terol. We also note that some abundant PUFA lipids from
cells grown at 28�C have PE headgroups in GPMVs,
whereas the most abundant PUFA lipids from cells grown
at 20�C have PC headgroups. PE lipids have been shown
to have weaker or more repulsive interactions with choles-
terol in model membranes, especially when conjugated to
PUFA chains (71,72), and this could further impact misci-
bility phase transition temperatures.

Finally, it is possible that changes in Tmix result from
changes in the concentration or type of nonlipid membrane
components. These could include proteins, peptides, and
nonlipid membrane-soluble small molecules. Past work
has shown that GPMV transition temperatures can depend
on the transient expression of membrane proteins (35),
and can be dramatically altered by small molecules such
as n-alcohols (43,67) and detergents (53,54). These and
other similar molecules would not be detected in this study.
CONCLUSIONS

We find that GPMV miscibility transition temperatures
scale simply with the growth temperature of the ZF4
cells from which they were derived. Our observations are
that ZF4 cells maintain their plasma membrane transition
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temperature to be roughly 17�C below growth temperature
on average, and that cells fully adapt their GPMV transition
temperature over roughly two days when growth tempera-
ture is lowered by 8�C. ZF4 cells grown at different temper-
atures produce GPMVs with slightly different lipidomes.
Namely, cells grown at lower temperature produce GPMVs
with lower levels of cholesterol and increased levels of
lipids with polyunsaturated chains. Further work is needed
to identify how changes in lipid composition of the mem-
brane directly lead to changes in Tmix, or if changes in
Tmix are due to additional nonlipid membrane constituents.
Finally, although it is possible that changes in Tmix occur
due to cellular tuning of other membrane properties, the
experimental observation that Tmix is maintained at a
set temperature differential below growth temperature is
consistent with the hypothesis that cells tune their mem-
brane compositions to maintain a desired distance from
the miscibility transition. The added observation that
GPMVs appear to have critical compositions supports the
idea that cells tune plasma membrane composition to
exploit the unique physical properties present in supercriti-
cal systems to accomplish biological functions.
SUPPORTING MATERIAL

One movie is available at http://www.biophysj.org/biophysj/supplemental/
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