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Viscous control of cellular respiration
by membrane lipid composition

Itay Budin®?*, Tristan de Rond"?t, Yan Chen™*, Leanne Jade G. Chan't,
Christopher J. Petzold"*, Jay D. Keasling>%6:7:8x

Lipid composition determines the physical properties of biological membranes and can
vary substantially between and within organisms. We describe a specific role for the
viscosity of energy-transducing membranes in cellular respiration. Engineering of fatty
acid biosynthesis in Escherichia coli allowed us to titrate inner membrane viscosity across
a 10-fold range by controlling the abundance of unsaturated or branched lipids. These
fluidizing lipids tightly controlled respiratory metabolism, an effect that can be explained
with a quantitative model of the electron transport chain (ETC) that features diffusion-
coupled reactions between enzymes and electron carriers (quinones). Lipid unsaturation
also modulated mitochondrial respiration in engineered budding yeast strains. Thus,
diffusion in the ETC may serve as an evolutionary constraint for lipid composition in

respiratory membranes.

Cell membranes contain a multitude of dis-
tinct lipid components, but understanding how
specific lipids influence biological func-tion is
challenged by limited tools for their
manipulation in vivo (7). Lipids can deter-
mine the physical characteristics of membranes
(2), such as their viscosity, and these properties
are homeostatically maintained by cells (3). In a
classic example (fig. S1), the bacterium Escherichia
coli increases the proportion of phospholipid acyl
chains with double bonds (unsaturation) with de-
creasing growth temperatures, thereby maintain-
ing a constant membrane viscosity (4). Similar
lipid adaptations have been widely observed
across organisms (5), suggesting that universal
processes are mediated by membrane viscosity.
To investigate functions for membrane viscos-
ity in vivo, we used metabolic engineering strat-
egies to genetically modulate lipid composition
in E. coli (fig. S2). FabB [B-ketoacyl-(acyl carrier
protein) synthase I] carries out the rate-limiting
step (6) for production of unsaturated fatty acids
(UFAs) during fatty acid (FA) biosynthesis (Fig. 1A).
We replaced the chromosomal copy of fabB
with one under control of an r-arabinose-induced
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promoter (Pgap) in a strain background that al-
lows for titratable and homogeneous expression
(7, 8). After further tuning FabB levels with Shine-
Dalgarno sequence variants (fig. S2C), we gen-
erated strains with controllable UFA amounts
ranging from ~15% [the minimum amount for
survival (9)] to ~80% of all FAs at 37°C (Fig. 1B).
This modulation resulted primarily from the sub-
stitution of palmitate (C16:0) with vaccenate (C18:1)
acyl chains (fig. S3A), which was observed in all
phospholipid species (fig. S3B) and maintained
throughout exponential growth (fig. S3D). Mem-
brane ordering, as measured by steady-state an-
isotropy of diphenylhexatriene (DPH), steadily
decreased with increasing lipid unsaturation in
both inner membrane vesicles and protein-free
liposomes (Fig. 1C). To estimate the effect of lipid
unsaturation on membrane microviscosity, we
measured diffusion coefficients of a nitrobenzox-
adiazole (NBD)-conjugated phosphoethanolamine
(PE) in giant E. coli inner membrane vesicles
(GEVs) using fluorescence recovery after pho-
tobleaching (FRAP) (Fig. 1D). From these data,
viscosities were derived by using the Saffman-
Delbriick approximation (10) and showed a 10-
fold range (~2 to 20 poise) as UFA content was
modulated.

To identify physiological functions for UFAs,
we correlated exponential growth rates with sam-
pled lipid compositions in cells producing various
amounts of FabB (Fig. 2A). Growth rates generally
featured a biphasic dependence on lipid unsatu-
ration: a sharp fitness cliff leading to a cessation of
cell growth at low UFA levels (15 to 20% at 37°C,
regime I), followed by increasing growth rates
with higher UFA content (regime II). Regime I
corresponded to the minimum amount of UFAs
required (e.g., in fig. S1) and was observed under
all conditions. By contrast, regime II was de-
pendent on media with nonfermentable carbon
sources, where growth is tightly coupled to ade-
nosine 5”-triphosphate production through the
electron transport chain (ETC) (7). Under fer-

mentation conditions, when cells depend on gly-
colysis and are resistant to respiratory uncouplers
(fig. S4D), growth rates were unaffected by UFAs
in regime II (Fig. 2A). An analysis of stress re-
sponse factors (Fig. 2B) showed that that low
UFA levels caused both an oxidative stress re-
sponse (OSR), which can result from ETC inhib-
ition (12), and a heat shock response (HSR),
which is activated by misfolded proteins (13).
However, HSR activation occurred only as mem-
branes approached a gel phase transition at the
growth temperature (fig. S5B), and coincided with
the mislocalization of membrane proteins (fig.
S5C) and defects in cell division (fig. S5D). We
therefore concluded that increasing proportions
of saturated lipids trigger envelope stress as
membranes become highly ordered (regime I),
but also have a second, respiratory role over a
broader range of stoichiometry (regime II).

When titrating FA synthesis, cellular respira-
tion rates were tightly coupled to changes in un-
saturated lipid content (Fig. 2C). This effect was
independent of electron donor (for example, suc-
cinate or glycerol), electron acceptor (oxygen or
nitrate), proton motive force (PMF) uncoupling,
oxygen concentration (fig. S6A), and growth stage
(fig. S6B). Wild-type cells overproducing UFAs
through fabB overexpression or deletion of the
regulator fabR similarly showed increased respi-
ratory rates (fig. S6C). Under glucose fermentation,
low lipid unsaturation led to the accumulation of
pyruvate and lactate as secreted organic acids
and a depletion of succinate. Such a mixed acid
fermentation profile is consistent with ETC in-
hibition (fig. S6D).

To test if respiratory regulation occurs through
a physical effect, we engineered a heterologous
system for controlling membrane viscosity based
on branched-chain fatty acid (BCFA) synthesis
(Fig. 2D). Introduction of the bkd operon (for
biosynthesis of B-ketoacids) and fabH (for ini-
tiation of BCFA synthesis) from Bacillus subtilis
led to the accumulation of BCFAs in membrane
lipids (fig. S7A), especially when amounts of UFA
were low (fig. S7B). BCFA biosynthesis fluidized
membranes (fig. S7C) and rescued growth defects
from low lipid unsaturation (fig. S7D), even at
amounts of UFAs that were otherwise lethal (fig.
S7E). Uncoupled respiration rates were increased
by BCFAs in addition to UFAs, and the effects of
both FA species were preserved in isolated mem-
brane vesicles (Fig. 2E).

We considered three mechanisms by which
membrane viscosity could control ETC function.
First, substrate uptake could be dependent on
membrane properties, especially the passive per-
meation of oxygen. However, lipids act on respi-
ration independently of substrate and oxygen
concentrations (fig. S6A). Alternatively, viscosity
could affect individual ETC enzymes, but their
partial activities with soluble substrates were not
inhibited by saturated lipids (fig. S6E). Lastly, we
considered whether viscosity mediates collisions
between electron carriers (ubiquinone) and en-
zyme complexes in the ETC, because a rate de-
pendence on solvent viscosity is a hallmark of
diffusion-limited reactions (74). On the basis of
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Fig. 2. Effects of FA composition on physiology and respiratory metabo-
lism. (A) Growth rates and FA compositions were characterized for a series
of batch cultures with various arabinose concentrations. The growth rate
dependence on UFA levels occurs in two phases: a fitness cliff at low levels
(regime |) and a gradual increase in growth rates at intermediate levels
(regime I1); these can be described by two exponential constants: k; ~ 0.6% ™,
ko ~ 0.03%* at 37°C. The top plot shows the growth rate dependence under
respiratory conditions and the bottom shows it for fermentative conditions,
when regime Il is absent. Succ., succinate; Glu., glucose. (B) Abundance of
stress response factors in response to different proportions of unsaturated
acyl chains. Data are mean + SEM (N = 3), and overlaid are the results of t tests
for significance between abundances in high (60%) and intermediate (27%)
lipid unsaturation. ***p < 0.001, *p < 0.05; -, no significance. (C) The modular
E. coli ETC consists of dehydrogenase (red) and terminal oxidase (blue)
enzymes that react via an intermediate quinone pool. The different enzyme

complexes used are color coded according to substrate. The corresponding
respiration rates, as measured by oxygen or nitrate consumption, show a
similar dependence (k ~ 0.01 to 0.03% ™) on lipid unsaturation regardless of
the electron donor or acceptor and whether the ETC is uncoupled by carbonyl
cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP). Q, ubiquinone; NADH
and NAD+, reduced and oxidized nicotinamide adenine dinucleotide; Gly-3-P,
glycero-3-phosphate; DHAP, dihydroxyacetone phosphate; Pyr., pyruvate;
Glyc., glycerol. (D) Heterologous biosynthesis of anteiso and iso BCFAs from
amino acid precursors in E. coli using genes (highlighted in blue) from

B. subtilis. (E) Effects of BCFA biosynthesis on uncoupled succinate respiration
rates with various levels of lipid unsaturation (left). In purified membrane
vesicles (right), the abundance of UFAs also mediates succinate respiration
and a UFA deficiency can be rescued by BCFA biosynthesis, which increases
respiration rates in UFA-depleted membranes (t test for significance, **p =
0.002). Data are mean £ SEM (N = 3 independent experiments).
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Fig. 3. Testing a diffusion-coupled reaction model for bacterial respiration. (A) A simulated
random walk by a ubiquinone, which becomes reduced to ubiquinol (red) upon interaction with a DH
domain and then reoxidized (blue) upon subsequent collisions with a TO, an oxygen-consuming reaction.
The opacity of the path indicates progression during the time course (100 ms). (B) Experimental
measurements of ubiquinone diffusivity in GEVs. Values are shown as averages from eight GEVs for each
preparation. Solid line shows a quadratic function fit to the data and is used as a standard curve to
convert lipid composition to diffusivity in subsequent experiments. Insets show example FRAP
exponential recovery curves. Data are mean + SEM (N = 5 independent experiments). (C) The
distribution of the ubiquinone pool as a function of its diffusivity in whole-cell simulations, expressed as
the steady-state average ubiquinol:ubiquinone ratio within a given radius of a TO. (D) Comparison of
the simulated dependence of ubiquinone diffusivity (D) on respiration rates (solid lines) with
measurements of uncoupled respiration in succinate medium (dots). Values in the legend are the domain
size of the modeled ETC enzyme pair. (E) Modeling the effect of reducing enzymatic activity using

the inhibitors N-oxo-2-heptyl-4-hydroxyquinoline (HQNO) and piericidin A, which act on TOs and
NADH DH, respectively. Simulated rates of NADH-linked respiration (solid lines), modeled using 20-mer
homotypic domains, are shown alongside uncoupled respiration rates in pyruvate medium (dots)
under various UFA levels with HQNO (20 uM) and piericidin A (100 nM), or with no inhibitors

(DMSO, dimethyl sulfoxide). (F) The effect of changes in TO concentration—achieved by titrating
expression of cyoABCD—on respiratory rates. Simulation results (solid lines) are superimposed with
experimental measurements of NADH respiration with pyruvate (brown) and succinate respiration
(blue); measured TO abundance includes both aerobic cytochrome oxidases (bo and bd-1).

the pool behavior of quinones (15, 16), their dif-
fusion between complexes has been proposed
to be rate-limiting in mitochondrial respiration
(17, 18), but this concept was disputed (19, 20).

To investigate the role of diffusion in cellular
respiration, we developed a model of the E. coli
ETC based on the Brownian motion of mem-
brane components and their collision-mediated
reactions (Fig. 3A and fig. S8). As inputs, we
combined activities of purified ETC enzymes—
dehydrogenases (DHs) and terminal oxidases
(TOs)—with measurements of their absolute
abundances using quantitative mass spectrom-
etry (supplementary materials) and their orga-
nization into homotypic domains as previously
described (21, 22). Whole-cell simulations were
then carried out to quantify the rate of electron
transfer as a function of ubiquinone diffusivity.
To measure this parameter, we used FRAP exper-
iments with an NBD-conjugated ubiquinone
(NBD-UQ, fig. S9), thereby defining lipid-dependent
diffusion coefficients (Fig. 3B).

Our model predicted that ubiquinone diffu-
sivity controls respiratory flux in membranes
spanning the tested range of lipid compositions.
Diffusion control was measured by quinone an-
isotropy, with reduced electron carriers becoming
depleted in the vicinity of TOs (Fig. 3C and movie
S1). As diffusion increased, the quinone pool
became well-mixed and rates were increasingly
determined by enzyme activities (fig. S8B). Sim-
ulations matched measured respiratory rates
when enzymes were modeled as domains of 10
to 30 proteins (Fig. 3D), consistent with their
reported organization in cells (21). Simulations
also predicted changes to respiratory rates upon
inhibition of ETC enzymes (Fig. 3E), which re-
duces the rate dependence on diffusion, and
during genetic titration of TO abundance (Fig.
3F), which modulates the average diffusion dis-
tance for a reactive collision.

As in bacteria, respiration in eukaryotic mito-
chondria is also dependent on quinone-mediated
electron transfer. In animal models, correlations
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Fig. 4. Lipid-mediated respiration in
mitochondria. (A) The desaturase Olel gener-
ates all UFAs in yeast. Unsaturated lipid
composition is controlled by the promoter driving
expression of OLEI—either the native one, or one
of three variants (m3, m7, mll) in engineered
strains. (B) Mitochondrial respiration rates in
coupled (state 3, 0.5 mM ADP) and uncoupled
(state 3u, 4 uM FCCP) conditions corresponded
with unsaturated lipid content. Mitochondria were
incubated with 5 mM succinate as a substrate.
Data are mean + SEM (N = 3 independent
experiments), and overlaid are the results of t tests
for significance against m1l. **p < 0.01, *p < 0.05.

between mitochondrial FA composition and meta-
bolic rate have been observed between species
(23), and membrane-fluidizing steroids have been
shown to promote respiration (24). To test whether
lipid composition controls mitochondrial respi-
ration, we used a set of constitutive promoters
to manipulate Olel (acyl-coenzyme A desaturase)
levels in Saccharomyces cerevisiae (Fig. 4A). In
strains that showed regular mitochondrial mor-
phology (fig. S1I0A), greater lipid unsaturation
led to increased respiratory activity but, as in
E. coli, did not inhibit fermentative metabolism
or growth (fig. S10, B and C). In isolated mitochon-
dria, UFA content controlled the rate of respira-
tion coupled to adenosine 5”-diphosphate (ADP)
phosphorylation (state 3) and uncoupled (state
3u) from the PMF (Fig. 4B).

The role for diffusion in respiration provides a
functional rationale for variations in lipids with-
in and between cells. In eukaryotes, lipid spe-
cies that increase membrane viscosity—sterols
and sphingolipids—are depleted from energy-
transducing membranes (25). In prokaryotes,
analogous rigidifying lipids, such as hopanoids
and archaeal ether lipids, are associated with
niches where the robustness of the membrane
as a permeability barrier is paramount over rapid
metabolic activity (26). Such a trade-off is evident
in E. coli, which eliminates lipid unsaturation
through cyclopropanation during stationary phase
to survive in acidic conditions (27). Localizing
ETCs to fluid internal membranes while main-
taining rigid outer membranes could thus have
served as an advantage during the evolution of
dedicated metabolic organelles. In some mito-
chondria, ETCs are additionally organized into
supercomplexes of respiratory enzymes (28, 29).



In our simulations, tethering of DH and TO
enzymes increased respiration rates and reduced
anisotropy in the quinone pool (fig. S11, movie
S2, supplementary text). A diffusion-coupled re-
action model could therefore be important for
understanding how the interplay between lipid
composition, enzymatic activity, and membrane
organization dictates respiratory function in a
wide range of systems.
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