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Abstract 13 

Background 14 

The use of lignocellulosic-based fermentation media will be a necessary part of the 15 

transition to a circular bio-economy. These media contain many inhibitors to microbial 16 

growth, including acetic acid. Under industrially relevant conditions, acetic acid enters 17 

the cell predominantly through passive diffusion across the plasma membrane. The lipid 18 

composition of the membrane determines the rate of uptake of acetic acid, and thicker, 19 

more rigid membranes impede passive diffusion.  20 

Results 21 

We hypothesized that the elongation of glycerophospholipid fatty acids would lead to 22 

thicker and more rigid membranes, reducing the influx of acetic acid. Molecular 23 

dynamics simulations were used to predict the changes in membrane properties. 24 

Overexpression of Arabidopsis thaliana genes FAE1 and GPAT5 increased the average 25 
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fatty acid chain length. However, this did not lead to a reduction in the net uptake rate 26 

of acetic acid. 27 

Conclusions 28 

Despite successful strain engineering, the net uptake rate of acetic acid did not 29 

decrease. We suggest that changes in the relative abundance of certain membrane lipid 30 

headgroups could mitigate the effect of longer fatty acid chains, resulting in a higher net 31 

uptake rate of acetic acid. 32 

 33 

Keywords: lipidomics; membrane engineering; molecular dynamics simulations; 34 

robustness; Saccharomyces cerevisiae 35 

 36 
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1. Background 38 

The current linear model for resource utilisation and industrial production is unsustainable 39 

and must be shifted towards a more circular model. This means that bio-based processes 40 

will become increasingly important. Lignocellulosic biomass must be pre-treated and 41 

hydrolysed prior to being fermented to produce fuels, platform chemicals and other 42 

materials. Although pre-treatment and hydrolysis are essential to release sugars from the 43 

biomass, they also result fermentation medium containing many microbial growth inhibitors 44 

(1).  45 

Acetic acid is a common inhibitor, and its concentration in pre-treated lignocellulosic sugar 46 

streams usually varies between 5 and 10 g/l (83-176 mM), although this depends on the raw 47 

material and type of pre-treatment (1). Acetic acid can be very damaging to Saccharomyces 48 

cerevisiae and even trigger apoptosis (2,3). At industrially relevant pH, acetic acid uptake 49 

occurs predominantly by passive diffusion of the undissociated acetic acid across the plasma 50 

membrane (PM) (Figure 1A) (4). Hence, acetic acid stress should be considered in terms of 51 

the concentration of the undissociated form, rather than the total concentration (pKa ~ 4.8). 52 

The intracellular pH of S. cerevisiae is generally higher than the pKa of acetic acid, causing 53 

the dissociation of acetic acid upon entering the cell (Figure 1A) (5). This in turn results in 54 

intracellular accumulation of anions and/or a reduction of intracellular pH (6,7). The ingress 55 

of undissociated acetic acid and its intracellular dissociation occurs until an equilibrium is 56 

reached between the intracellular and extracellular concentrations of undissociated acetic 57 

acid. It is therefore of the utmost importance to minimize the intracellular acetic acid 58 

concentration. This can be achieved by decreasing the ingress, increasing the efflux, or 59 

metabolising the acetic acid. Acetic acid is not usually metabolised by S. cerevisiae in the 60 
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presence of glucose (8), and efflux by active transport is energetically costly (9), and thus, 61 

this research focussed on reducing the ingress. 62 

The PM of S. cerevisiae is composed of lipids, sterols and membrane proteins. The main 63 

protein in the PM is Pma1 (10), and the main sterol is ergosterol (ERG). The latter can reside 64 

partly in the interior of the lipid bilayer, increasing membrane rigidity (11). The lipid fraction 65 

of the S. cerevisiae PM consists of several of lipids, and a simplified schematic of 66 

S. cerevisiae lipid metabolism is shown in Figure 1B. More comprehensive descriptions of 67 

S. cerevisiae lipid metabolism have been published previously (12,13). De novo fatty acid 68 

(FA) synthesis in S. cerevisiae is catalysed by a complex consisting of Fas1 and Fas2. This 69 

complex produces acyl chains with lengths of up to eighteen carbon atoms (C18). Elongation 70 

of FAs up to C24 is performed by Elo2, while Elo3 is responsible for the elongation of FAs up 71 

to C26. The C26 FAs produced by Elo3 are typically used for sphingolipid production. The 72 

sphingolipids consist of ceramides (Cer), which are toxic (14), and complex sphingolipids, 73 

i.e., inositol phosphorylceramide (IPC), mannosyl-inositol phosphorylceramide (MIPC) and 74 

mannosyl-di-(inositol phosphoryl) ceramide (M(IP)2C) (Figure 1B).  75 

The glycerophospholipids (GPLs) are the main group of membrane lipids, and their 76 

important components are included in Figure 1B. GPL headgroups with one, rather than 77 

two, acyl chains are called lyso-glycerophospholipids (L-GPLs) and are conically shaped due 78 

to the large headgroup and small tail end (Figure 1A). Other membrane lipids also have 79 

characteristic shapes: sphingolipids, phosphatidylcholine (PC), phosphatidylserine (PS) and 80 

phosphatidylinositol (PI) are considered cylindrical, while phosphatidic acid (PA), 81 

phosphatidylethanolamine (PE) and diacylglycerol (DAG) are considered conical with a small 82 

headgroup (Figure 1A). The shape can affect the membrane structure and, in addition to the 83 
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different membrane components and their headgroups, FA chain length and degree of 84 

saturation are important factors affecting membrane properties such as the area per lipid 85 

(APL) and the rigidity of the membrane (15). 86 

Research on the modification of the membrane composition of organisms has recently been 87 

summarized in a review by Qi et al. (16). While membrane engineering research focusses 88 

mainly on bacteria, there is growing interest in altering the membrane composition of 89 

yeasts. The first papers on this subject, on the model organism S. cerevisiae, have already 90 

been published (17). However, the components of plasma membranes are part of complex 91 

and highly regulated metabolic systems, and not all membrane engineering research has 92 

been unequivocally successful (18).  93 

The properties of the PM determine the rate of uptake of acetic acid as it enters the cell 94 

through passive diffusion. Generally, thicker and more rigid membranes impede passive 95 

diffusion (19), and we therefore propose membrane engineering as a tool to achieve these 96 

properties to reduce acetic acid uptake in S. cerevisiae. Specifically, we propose the 97 

engineering of S. cerevisiae to incorporate longer acyl chains into GPLs. In S. cerevisiae, very-98 

long-chain FAs are almost exclusively used in the production of storage lipids and 99 

sphingolipids, although S. cerevisiae can incorporate very-long-chain FAs into GPLs when 100 

sphingolipid production is suppressed. Plant FA elongases are not affected by S. cerevisiae 101 

lipid elongation control systems (20), and are thus the most suitable candidates to increase 102 

the relative abundance of very-long-chain FAs in S. cerevisiae. Plants have several different 103 

FA elongases, and some Arabidopsis thaliana elongases have previously been expressed in 104 

S. cerevisiae, each producing a specific FA profile (20). With respect to the goal of elongating 105 

yeast membrane lipids, FAE1 (KCS18) was identified as the most interesting due to its role in 106 
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the production of FAs with chain lengths of up to C26 (Figure 1B). Once produced, the FAs 107 

can be incorporated into phospholipid biosynthesis, a function performed by glycerol-3-108 

phosphate acyl transferase (GPAT). Plants have a range of GPAT enzymes and each enzyme 109 

may have a preference for specific FAs (21). A. thaliana GPAT5 has a preference for FAs with 110 

chain lengths compatible with FAE1 production (21). Therefore, the engineering strategy 111 

used to incorporate longer-chain FAs into S. cerevisiae GPLs was to overexpress the 112 

A. thaliana genes FAE1 and GPAT5 under strong promotors via integration of the 113 

recombinant constructs in the S. cerevisiae genome (Figure 1B). 114 

In order to predict which changes in membrane composition could have the most relevant 115 

effect on membrane rigidity and permeability, we modelled the expected outcome of our 116 

engineering strategy using Molecular dynamics (MD) simulations. Shotgun lipidomics were 117 

employed for lipidomic profiling of all strains produced in this study and the data was used 118 

to analyse membrane composition and provide valuable information and insight into the 119 

effects of this engineering approach. Finally, we investigated whether changes in the 120 

membrane affected the intracellular concentrations of acetic acid over time. 121 

2. Results and discussion 122 

2.1. Long-chain glycerophospholipids increase the rigidity of in silico membranes in a 123 

concentration-dependent manner. 124 

MD simulations were used to investigate how increasing the concentrations of long-chain FA 125 

GPLs affect the structural properties of yeast membrane models. PM permeability in 126 

S. cerevisiae is dependent on its lipid composition (4,22). In particular, lipids with long- and 127 

very-long-chain FAs determine membrane rigidity by increasing the membrane thickness 128 

and lipid packing (23). Long-chain GPLs were introduced into in silico models of yeast 129 

membranes whose structural properties have been investigated previously (4,22). Starting 130 
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from the reference systems, i.e. Null-64 and Null-256, eight different bilayer membrane 131 

were constructed, each having a specific lipid composition (Table 1). The number of sterol 132 

and sphingolipid molecules (i.e. ERG and IPC) was constant in all the systems. The lipids of 133 

the PC and PI classes in the reference system (i.e. DOPC (1,2‐dioleoyl‐sn‐glycerol‐3‐134 

phosphocholine) and POPI (1‐palmitoyl‐2‐oleoyl‐sn‐glycerol‐3‐phospho‐(1′‐myoinositol)) 135 

were replaced with long-chain GPLs with increasing relative abundances (8, 16, 24, 32, 40, 136 

48, 64 and 96%) (Table 1), rising the average GPL chain length by 0.017 carbon 137 

atoms/%increase (e.g. 24 % x 0.017 carbon atoms/%increase = 0.41 increase in carbon atoms 138 

compared to the Null systems). More specifically, the GPLs used contain acyl chain lengths 139 

of 20 (AOPC (1-arachidoyl-2-oleoyl-sn-glycero-3-phosphocholine)/AOPI (1-arachidoyl-2-140 

oleoyl-sn-glycero-3-phospho‐(1'‐myo‐inositol))), 22 (BOPC (1-behenoyl-2-oleoyl-sn-glycero-141 

3-phosphocholine )/BOPI (1-behenoyl-2-oleoyl-sn-glycero-3-phospho‐(1'‐myo‐inositol))) and 142 

24 (LOPC (1-lignoceroyl-2-oleoyl-sn-glycero-3-phosphocholine)/LOPI (1-lignoceroyl-2-oleoyl-143 

sn-glycero-3-phospho‐(1'‐myo‐inositol))) carbons at the sn1 position, based on the expected 144 

fatty acid production profile of FAE1 (20). These ten membrane systems were used as 145 

starting points to perform multi-replicate 200-500 ns unbiased MD simulations using a 146 

modified version of Stockholm lipids force field (Slipids ff) (22) (Table 1). The MD ensembles 147 

were studied by calculating three parameters: i) the APL ii) the membrane thickness (MT) 148 

and iii) the deuterium order parameter (SCD) of the sn1 acyl chains of POPI and DOPC 149 

(Figure 2, Additional file 1-S3).  150 

A clear trend was observed in the MD simulations, showing that long-chain GPLs affected 151 

the structural properties of the membrane in a concentration-dependent manner (Figure 2). 152 

Increasing concentrations of long-chain lipids resulted in denser (lower APL), thicker (larger 153 

MT) and more rigid (higher SCD) membranes. The increasing number of long-chain GPLs rises 154 
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the attractive van der Waals forces between acyl chains, leading to an increase in the 155 

packing density of the lipid molecules in the membrane, and a gradual decrease in APL 156 

(from 0.541 ± 0.004 to 0.503 nm2 ± 0.008 at 96%) (Figure 2A). The greater proportion of long 157 

acyl chains in the tightly packed membrane increases the MT (from 4.325 ± to 4.808 nm ± 158 

0.079 at 96%) (Figure 2B). SCD exhibited a less clear behaviour, and a substantial increase 159 

was seen only at 96%; the trend being similar for both the DOPC and POPI sn1 acyl chain 160 

(Figure 2C and D). Overall, the results of the MD simulations suggest that long-chain GPLs 161 

reshape the membrane towards more rigid and more densely packed states in a 162 

concentration-dependent manner, thereby reducing their fluidity, which is important in 163 

determining their permeability to small molecules such as acetic acid (24). In addition to 164 

these results, it has previously been shown that the GPLs and sphingolipids in the acetic-165 

acid-tolerant Zygosaccharomyces bailii not only have longer acyl chains, but this strain is 166 

also able to increase the average length of its membrane lipids under acetic acid stress by 167 

increasing the relative abundance of sphingolipids (25). The results of our simulations and 168 

the above findings thus indicate that elongating the GPL acyl chain length could reduce 169 

acetic acid uptake.  170 

2.2. Overexpression of FAE1 and GPAT5 results in an increase in lipid chain length 171 

Synthetic, codon-optimised versions of FAE1 and GPAT5 (Additional File 1-S1) were inserted 172 

into expression vectors using modular cloning for S. cerevisiae (26). Introduction of the FAE1 173 

and GPAT5-containing plasmids into S. cerevisiae resulted in two single-gene expression 174 

transformants containing a plasmid, and one double transformant with FAE1 and GPAT5 175 

integrated into the genome (FAE1_GPAT5) (plasmid maps: Additional file 1-S2). Initial 176 

characterisation of the single and double transformants revealed high clonal variation for 177 
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the single transformants. In addition, the GPAT5 single transformants showed significantly 178 

reduced growth and inconsistent specific growth rate, even when working with a specific 179 

clone. It is known that 2-micron-based gene expression can lead to high variation in both 180 

plasmid and gene copies (26). Therefore, experimental findings regarding the single 181 

transformants will not be further discussed in this paper. However, information is available 182 

in the supplementary material (Additional File 1-S4,S6, Additional file 2). No significant 183 

differences were seen in the growth characteristics of the double transformant and those of 184 

the empty plasmid control (EPC); not in the growth profiler set-up (Additional file 1-S7), nor 185 

in aerobic shake flask experiments using defined buffered medium (pH 5). 186 

Fatty acid methyl esterification and gas chromatography analysis of total lipids revealed that 187 

15% (±1) of the total lipids in the FAE1_GPAT5 strain had chain lengths of C20-24, while the 188 

EPC contained only 0.20% (±0.07) total lipids with these chain lengths (Additional file 1-S8). 189 

Thus, the engineering strategy was successful in increasing the length of FAs in the total 190 

lipids in S. cerevisiae. 191 

2.3. Shotgun lipidomics confirmed successful strain engineering and revealed a shift in 192 

lipid profiles towards increased acyl chain length and more conically shaped lipids 193 

To analyse the impact of the metabolic engineering strategy on the PM more precisely, 194 

shotgun lipidomics were performed in triplicate on a representative transformant of each of 195 

the different strains. In order to obtain as complete data as possible, total cell extracts were 196 

used for lipidomics and analysis included all common lipid metabolites and intermediates, 197 

including sphingolipids. The analysis also included ergosterol esters (EEs), although free 198 

esters (i.e. ERG) could not be included. The raw lipid data is available in the supplementary 199 

material (Additional file 2). 200 
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The shotgun lipidomics detected a total of 277 and 534 separate metabolites for the EPC 201 

and FAE1_GPAT5 strain, respectively. The EPC exhibited the highest relative abundance of 202 

unsaturated lipids, both in total lipids (88.7% (σ=0.5)) unsaturated in the EPC versus 85.0% 203 

(σ=1.0) in the FAE1_GPAT5) and in the membrane-related lipids, where the EPC contained 204 

85.1% (σ=0.7) unsaturated lipids, and the double transformant 80.4% (σ=1.2). Thus, the 205 

double transformant strain had relatively more saturated lipids than the control strain, 206 

which is known to increase membrane order (27). 207 

As our primary interest was the PM, phosphatidylglycerol (PG) and cardiolipin (CL) were 208 

considered separately, as they are only present in mitochondrial membranes. The 209 

FAE1_GPAT5 strain had a significantly higher proportion of FAs residing in the PM than the 210 

EPC: 71.0% (σ=1.0) versus 68.0% (σ=0.5), respectively. The relative abundances of FA chains 211 

in different lipid groups are summarised in the supplementary material (Additional file 1-S4). 212 

2.3.1.  Glycerophospholipids and sphingolipids 213 

The goal of strain engineering in this study was to create thicker, more rigid membranes by 214 

elongation of the glycerophospholipids’ fatty acids. Hence, the main goal of the lipidomics 215 

was to confirm that the chain elongation revealed in the total lipid screening persisted in 216 

PM lipids, including the sphingolipids, as they play a major role in membrane thickness and 217 

rigidity, and are thus also of the greatest interest. 218 

A simplified method of comparing complex lipid chain length data is to compare average 219 

chain lengths over all the membrane lipids of different strains, and this is also a suitable way 220 

of comparing wet-lab results to the MD simulations. It was found that the FAE1_GPAT5 221 

transformant exhibited a clear increase in the average number of carbons per GLP molecule 222 

compared to the EPC. More specifically, the FAE1_GPAT5 strain had, on average, 34.00 223 
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(σ=0.02) carbons in the FA chains of a single GPL molecule, while the value for the EPC was 224 

only 33.57 (σ=0.014) carbons per GPL molecule. This means that engineering increased the 225 

average chain length by about 0.43 carbons per GPL molecule. The MD simulations 226 

predicted relatively longer carbons on average (34 for Null-256), but the average increase in 227 

chain length was comparable to that in the MD system containing 24% long-chain GPLs 228 

(0.017 x 24 = 0.41 increase in carbon chain length). When comparing this MD model to the 229 

Null-256 model, the APL could be expected to decrease from 0.541 nm2 (σ=0.004) to 230 

0.525 nm2 (σ=0.005). Additionally, the MT would have increased from 4.325 nm (σ=0.04) in 231 

the Null-256 model to 4.465 nm (σ=0.014) in the 24% long-chain GPL model. 232 

The long glycerophospholipids were clearly more abundant in the FAE1_GPAT5 strain than 233 

in the EPC (Figure 3A), as the fraction of GPL that had <36 carbons in both fatty acid chains 234 

combined was 13.22% (σ=0.17), while it was only 0.200% (σ=0.009) in the EPC. 235 

In addition to changes in the chain length, changes were also observed in the headgroups 236 

(Figure 3B). The cylindrical membrane lipids (PC, PS, PI and sphingolipids) were the most 237 

abundant in both strains, however, they were slightly less abundant in FAE1_GPAT5 (66.5%, 238 

σ=0.6) than in the EPC (67.9% σ=0.4). Conically shaped membrane lipids are found in two 239 

groups: the first being lipids with only one fatty acid chain, where the head is the largest 240 

part of the molecule (L-GPL), and the second being lipids with two fatty acid chains, where 241 

the headgroup is the smallest part of the molecule (DAG, PA, PE) (Figure 1A). Lipids with a 242 

small headgroup constituted 31.3% (σ=0.5) of membrane lipids in the FAE1_GPAT5 strain, 243 

which was significantly higher than in the EPC strain (28.99%, σ=0.18). The most conically 244 

shaped membrane lipids, DAGs, were particularly more abundant when GPAT5 was 245 
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overexpressed: 12.34% (σ=0.16) in the FAE1_GPAT5 strain, while this was only 7.0% (σ=0.6) 246 

in the EPC (Figure 3B). 247 

The GPL lipids PS and PI were significantly reduced in the FAE1_GPAT5 strain, compared to 248 

the EPC (Figure 3B). These GPLs are conically shaped (small head), positively charged, and 249 

enriched in the inner membrane leaflet. The proportions of conically shaped lipids that 250 

enrich in the outer leaflet (sphingolipids and PC) did not differ significantly between the two 251 

strains (Figure 3B). 252 

Many membrane lipids and have specific traits, such as charge or conformation, and are 253 

often arranged asymmetrically between the two membrane leaflets. Therefore, it is difficult 254 

to predict how the many changes in headgroup composition between the EPC and the 255 

FAE1_GPAT5 strain will affect the PM properties on the cellular level.  256 

2.3.2.  Storage lipids 257 

The storage lipids analysed were of two groups: the triacylglycerols (TAGs) and the EEs 258 

(Figure 1B). In the FAE1_GPAT5 strain, more long-chain FAs were incorporated in both TAGs 259 

and EEs than in the EPC. In the EPC, the TAGs generally had acyl chains of 50 or 52 carbons 260 

in total (67.1%, σ=0.5), while only 9.6% (σ=0.5) of the TAG total FA chain length was C53-60. 261 

The FAE1_GPAT5 strain, in contrast, had longer-chain FAs (C53-60) in 31.8% (σ=0.8) of the 262 

TAGs, while only 39.6% (σ=1.1) of TAG total FA chain length was C50-52. The EEs of the EPC 263 

consisted of 99.1% (σ=0.2) ergosterol bound to an acyl chain of either C16 or C18, and no 264 

EEs with longer FA chains were detected. However, in the FAE1_GPAT5 strain, 3.57% 265 

(σ=0.05) of the EEs were bound to chains longer than C18. Finally, FAE1_GPAT5 exhibited a 266 

reduced relative abundance of EEs. 267 
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2.4. The maximum intracellular acetic acid concentration in the FAE1_GPAT5 strain 268 

was reduced, although the uptake rate was higher 269 

As the metabolic engineering strategy was successful in terms of elongating the FAs in 270 

membrane lipids, the acetic acid uptake rates of the strains were evaluated. The uptake of 271 

acetic acid over time was investigated at four different concentrations of acetic acid (0.56, 272 

2.4, 20 and 144 mM) with a constant buffered pH of 5.0. The FAE1_GPAT5 strain showed 273 

lower maximum intracellular acetic acid concentrations than the EPC strain at all 274 

concentrations investigated (90% confidence level) (Figure 4, Additional file 1-S5). 275 

Incubation at the high, industrially relevant concentration of 144 mM extracellular acetic 276 

acid, caused the EPC to rapidly reach a similar intracellular concentration of acetic acid, 277 

indicating that the intracellular pH was reduced to 5, as can be seen in Figure 4. However, 278 

the average maximum intracellular concentration of acetic acid in the FAE1_GPAT5 strain 279 

was 96.6 mM, which indicates an intracellular pH of 4.7, calculated using the Henderson-280 

Hasselbalch equation. Using the same method to calculate the intracellular pH at low, non-281 

stressing concentrations of acetic acid (0.56 and 2.4 mM), showed that the FAE1_GPAT5 282 

strain had an intracellular pH of 6.0, while the intracellular pH of EPC was 6.1.  283 

In order to confirm that the ingress of acetic acid into the cells occurred predominantly by 284 

passive diffusion, kinetic experiments were performed on the FAE1_GPAT5 strain and the 285 

EPC. The results presented in Figure 5 show a strong linear correlation (R2 ≤ 0.99) between 286 

sampling points of the same strain, confirming that the passive uptake of acetic acid is the 287 

main method of ingress into the cell. In addition to the linearity of the correlation, the slope 288 

can be used to indicate the net uptake rate of acetic acid. The linear regression line for the 289 

FAE1_GPAT5 had a slope of 0.153, while that for the EPC was 0.118, indicating that the net 290 

ingress of acetic acid into the FAE1_GPAT5 cells was higher than in the EPC. This was an 291 
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unexpected result considering that the initial aim of increasing the FA chain length in the 292 

membrane was successful, and should have resulted in the membrane being thicker and 293 

more rigid, which was hypothesised to reduce passive uptake. However, the lipidomics 294 

showed that, besides longer-chain fatty acids being included in all lipid groups, the 295 

headgroups of the GPLs drastically changed. In particular, the FAE1_GPAT5 strain contained 296 

significantly higher relative amounts of conically shaped DAGs (Figure 3B). Previously 297 

published results of membrane simulations show that high levels of DAGs are able to break 298 

the lamellar structure of the plasma membrane, reducing its integrity (28). Other research 299 

has shown that DAGs can be highly localised in specific areas of the membrane during 300 

cellular growth (29), potentially increasing the damage to the lamellar structure of the 301 

membrane. However, low concentrations of DAGs can replace ERG in membrane 302 

microdomains (30), making the membrane more rigid (11). Besides the membrane structure 303 

itself, it is possible that transformants have a different rate of acetic acid efflux, which could 304 

influence the net influx of acetic acid. 305 

3. Conclusions 306 

The results of the MD simulations indicated that long-chain GPLs alter the plasma 307 

membrane towards more rigid and packed states in a concentration-dependent manner. 308 

Strain engineering was successful in increasing the average FA chain length in all membrane 309 

and storage lipids. Despite this, the FAE1_GPAT5 double transformant seemed to have an 310 

increased rate of net acetic acid uptake and reduced ability to maintain pH homeostasis 311 

compared with the background strain. We suggest that changes in the relative abundance of 312 

certain membrane lipid headgroups (e.g. DAG lipids) could mitigate the effect of longer fatty 313 

acid chains, resulting in a higher net uptake rate of acetic acid. 314 
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4. Methods 315 

4.1. Molecular dynamic simulations 316 

4.1.1.  Membrane modelling and simulation set-up 317 

Eight models of lipid membranes with increasing concentrations of different types of long-318 

chain GPLs (indicated as M1-M8, see Table 1) were constructed based on previously 319 

published yeast membrane models (4,22). Multi-replicate unbiased MD simulations were 320 

performed for ten systems (Table 1). Gromacs v5.1 (31) was used together with a modified 321 

version of the Slipids ff (32–34) in which the topologies and parameters for additional lipids 322 

have been included as explained in the original article (22). Each of the ten system was 323 

solvated in a rectangular box of water molecules (40 water molecules for each lipid in the 324 

membrane) using the TIP3P model (35). The net charge was neutralized by adding 32-128 325 

sodium ions depending on the system. The same approach was used for the solvation and 326 

charge neutralization of all the membrane systems described below. A membrane system 327 

composed of 64 lipid molecules was produced with the CHARMM Membrane Builder (36). 328 

The lipid composition of the membrane was: 22 molecules of DOPC as representatives of 329 

the PC class, 32 molecules of POPI as representatives of the PI class, and ten molecules of 330 

ERG as representatives of the sterols. The resulting system was minimized using a 1000-step 331 

steepest-descent algorithm. After minimization, ten random POPI molecules were replaced 332 

by ten IPC molecules using an in-house Python script (obtaining a system denoted Null-64 in 333 

Table 1). A 1000-step minimization was performed followed by an equilibration step of 5 ns 334 

in the NPT ensemble with a 4-fs time step. The membrane systems described below 335 

followed the same protocol. The equilibrated 64-lipid membrane was then expanded along 336 

the x and y dimensions, producing a system composed of 256 lipids. We used this system 337 

(denoted Null-256 in Table 1) as the starting point for our study to introduce the long-chain 338 
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GPLs: AOPC and AOPI with the sn1 acyl chain length of 20 carbons, BOPC and BOPI with the 339 

sn1 acyl chain length of 22 carbons, LOPC, and LOPI with the sn1 acyl chain length of 24 340 

carbons (Table 1). The AOPC/AOPI, BOPC/BOPI and LOPC/LOPI were added at a ratio of 341 

4:2:1, with total contents of long-chain GPLs of 8, 16, 24, 32, 40, 48, 64 and 96% (Table 1). 342 

These percentages were calculated as the content of long-chain GPLs divided by the total 343 

amount of GPLs (i.e., DOPC, POPI and long-chain lipids). The Slipids ff topologies of the long-344 

chain GPLs AOPC, BOPC, LOPC and AOPI, BOPI, LOPI were obtained by adapting the 345 

topologies of the 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine and of the POPI, 346 

respectively. This adapting step was performed using in-house Python scripts. The sn1 347 

chains of random DOPC and POPI molecules of the Null-256 system were elongated and 348 

saturated. All covalent bonds were constrained with the LINCS algorithm (37), and periodic 349 

boundary conditions were employed for the preparation steps and the productive MD 350 

simulations. The Parrinello-Rahman barostat (38) was used with a 10-ps coupling constant, 351 

while the temperature was kept at 298 K using the Nosé-Hoover thermostat (39) with a 352 

0.5 ps time constant. The particle-mesh Ewald switch summation method was employed to 353 

treat electrostatic interactions (40). Switch cut-offs of 1.2 nm were used for Van der Waals 354 

and short-range Coulomb interactions. Three to five replicates of unbiased MD simulations 355 

were performed for each of the ten systems, each being of 200-500 ns of length (Table 1). 356 

An in-house Python script was used to implement the hydrogen mass repartitioning 357 

approach (41) to remove the fastest degrees of freedom in the system, allowing the use of 358 

time steps up to 4 fs in the MD simulations. The hydrogen mass was increased by a factor of 359 

four, from 1.008 u to 4.0320 u. This approach has been tested in simulations of a variety of 360 

membranes, showing practically no differences in their structural properties when 361 

compared to non-heavy hydrogen simulations (41). At least three independent replicates 362 
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were collected for each system (Table 1), using different initial random seeds for the 363 

simulation (42,43). 364 

4.1.2.  Analysis of the membrane properties 365 

The output of the MD simulations provided three structural parameters commonly used to 366 

study membranes and to validate simulation ensembles against experimental data (44): i) 367 

the APL, ii) the MT and iii) the SCD. All the analyses were carried out using in-house Python 368 

scripts.  369 

The APL was calculated as the lateral area of the membrane divided by the total number of 370 

lipids in one leaflet:  371 𝐴𝑃𝐿 =〈𝐿𝑥𝐿𝑦/𝑁〉    (1) 372 

where, Lx and Ly are the lateral dimensions of the membrane, and N is the total number of 373 

lipids in one leaflet. The angular brackets denote the ensemble average. The average bilayer 374 

thickness was calculated as the average distance between the phosphate groups of the lipid 375 

heads in two opposing leaflets of the membrane. SCD was calculated as a measure of the 376 

carbon bond rigidity of the acyl chains in the lipids in the membrane, according to: 377 𝑆𝐶𝐷  =〈[3𝑐𝑜𝑠2 𝜃(𝑡) − 1 ]/2 〉  (2) 378 

where  describes the orientation of the carbon−hydrogen bond vector with respect to the 379 

membrane-normal vector at time t. SCD was calculated for all the carbon atoms in the sn1 380 

acyl chains of POPI and DOPC. The three structural parameters were computed for each of 381 

the four 200 ns replicates of the Null-256 system and each of the three to five 300 ns 382 

replicates of the longer-chain membrane systems. Mean values averaged over the number 383 

of simulation frames and standard deviations of the structural parameters were calculated 384 

(Additional file 1: Figure S5). The means and standard deviations of the three structural 385 
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parameters were calculated for three replicates of each membrane system to provide MD 386 

ensembles with comparable sizes (Figure 2 and Additional file 1: Figure S5). Some of the 387 

replicates of the membrane systems with long-chain GPLs were elongated to 500 ns, 388 

confirming that 200-300 ns were sufficient time windows to reach the stabilization of the 389 

properties of interest (Table 1, Additional file 1: Figure S6).  390 

All the scripts, inputs and outputs, and the documentation required to reproduce the 391 

simulations and analyses described in this paper are freely available at the GitHub 392 

repository: https://github.com/ELELAB/YEAST_MEMBRANE_MD. The MD trajectories are 393 

freely available as OSF repository at https://osf.io/3j2ap/ 394 

4.2. Strains and cultivation media 395 

Escherichia coli strain NEB5α (C2987H, New England Biolabs) was used for plasmid 396 

propagation and safekeeping. The strain was grown on Lysogeny Broth medium (10 g/l 397 

peptone, 5 g/l yeast extract, 5 g/l NaCl with 15 g/l agar). In transformation reactions, the 398 

medium was appropriately supplemented with antibiotics (100 µg/ml ampicillin, 25 µg/ml 399 

chloramphenicol, 50 µg/ml kanamycin or G418). 400 

S. cerevisiae strain CEN.PK113_5D (45) was grown on complex medium (YPD medium, 20 g/l 401 

peptone, 10 g/l yeast extract, 20 g/l glucose, 15 g/l agar) prior to genetic modification. 402 

Transformants were selected on synthetic dropout medium (20 g/l glucose, 5 g/l (NH4)2SO4, 403 

1.7 g/l yeast nitrogen base, 0.77 g/l nutritional supplement mixture minus uracil 404 

(FORMEDIUM, Norfolk, UK), 20 g/l agar) and transformants were subsequently grown on 405 

defined medium (46) adjusted to pH 5 using potassium hydroxide and buffered using 50 mM 406 

potassium hydrogen phthalate.  407 

4.3. Plasmid construction 408 

https://github.com/ELELAB/YEAST_MEMBRANE_MD
https://slack-redir.net/link?url=https%3A%2F%2Fosf.io%2F3j2ap%2F


19 

 

Synthetic, codon-optimised versions of FAE1 and GPAT5 were obtained (TWIST Bioscience, 409 

CA, USA) and integrated into plasmids using modular cloning for S. cerevisiae (26) (Addgene 410 

kit #1000000061). Single gene expression plasmids were expressed in S. cerevisiae as 411 

plasmid. Multigene expression vectors and the empty plasmid control (EPC) were integrated 412 

into the genome using site-directed integration into the ura3-52 mutation of S. cerevisiae 413 

strain CEN.PK113_5D whilst creating prototrophic transformants. Plasmid maps as well as 414 

codon optimised gene sequences are available in the Supplementary Material. 415 

4.4. Saccharomyces cerevisiae transformation 416 

S. cerevisiae transformation was performed using the PEG-mediated LiOAc method based 417 

on Giezt and Woods (47). No cell titer was used, as instead an initial OD600 of 0.4 was used 418 

and cells were harvested at OD600 1.0-1.5. Harvested and washed cells were resuspended in 419 

1 ml of 0.1 M LiOAc. For each transformation, 100 µl was transferred into a microcentrifuge 420 

tube and centrifuged at 6000 G for 30 s after which the supernatant was removed. The 421 

reactions were placed on ice and the following was added in order to each reaction: 240 µl 422 

50% PEG4000, 35 µl 1 M LiOAc, 75 µl DNA mix containing the transformation plasmid 423 

(<5 µg) and 50 µg of single stranded salmon sperm DNA. 424 

4.5. Lipid screening 425 

The relative chain length of the transformants´ total lipids was preliminarily assessed using 426 

standard fatty acid methyl esterification and gas chromatography, to analyse acyl chains 427 

lengths of C6-24, as previously described (48). 428 

4.6.  Lipidomics 429 

4.6.1.  Sample preparation 430 
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A single colony of S. cerevisiae was taken from <3-day-old defined medium plates and used 431 

to inoculate a 50 ml tube containing 15 ml defined medium for overnight incubation at 432 

30 °C, and 200 rpm. A 500 ml baffled shake flask containing 50 ml defined medium was 433 

inoculated to an OD600 of 0.05, and subsequently incubated at 30 °C, and 160 rpm until an 434 

OD600 of 0.8 (±0.03) was reached. The flask was placed in an ice water bath for about 435 

15 min. After cooling, 24 ml of the culture was transferred to a separate 50 ml conical tube 436 

and centrifuged (4000 G, 5 min, 4 °C). The pellet was flash-frozen in liquid nitrogen prior to 437 

storage at –80 °C. The analysis was performed in triplicate for each strain.  438 

Pellets were resuspended in 1 ml sterile Milli Q water and transferred to fresh Fastprep 439 

tubes (0.5 mm zirconium beads, Precellys, Bertin Instruments) on ice, and cell lysis was 440 

performed using a Precellys Evolution cell disruptor (Bertin Instruments) with five cycles 441 

of 20 s, at 6800 rpm. The Fastprep tubes were incubated on ice for 1 min between each 442 

cycle. After cell disruption, the samples were centrifuged at maximum speed for 1 min. 443 

Following this, 0.5 ml was transferred to fresh microcentrifuge tubes, flash-frozen and 444 

stored at –80 °C. All samples were transported on dry ice to Lipotype GmbH (Tatzberg, 445 

Germany) where shotgun lipidomics were performed on total lipids, according to the 446 

premium analysis package. 447 

4.6.2.  Lipid extraction for mass spectrometry lipidomics 448 

Mass spectrometry-based lipid analysis was performed by Lipotype GmbH as described 449 

previously (13,49). Lipids were extracted using a two-step chloroform/methanol procedure 450 

(13). Samples were spiked with an internal lipid standard mixture containing: cytidine 451 

diphosphate diacylglycerol (CDP-DAG) 17:0/18:1, Cer 18:1;2/17:0, DAG 17:0/17:0, 452 

lysophosphatidate 17:0 (LPA), lyso-phosphatidylcholine 12:0 (LPC), lysophosphatidyl-453 



21 

 

ethanolamine 17:1 (LPE), lyso-phosphatidylinositol 17:1 (LPI), lysophosphatidylserine 17:1 454 

(LPS), PA 17:0/14:1, PC 17:0/14:1, PE 17:0/14:1, PG 17:0/14:1, PI 17:0/14:1, PS 17:0/14:1, EE 455 

13:0, TAG 17:0/17:0/17:0, stigmastatrienol, IPC 44:0;2, MIPC 44:0;2 and M(IP)2C 44:0;2. 456 

After extraction, the organic phase was transferred to an infusion plate and dried in a speed 457 

vacuum concentrator. First-step dry extract was re-suspended in 7.5 mM ammonium 458 

acetate in chloroform/methanol/propanol (1:2:4, V:V:V) and second-step dry extract in a 459 

33% ethanol solution of methylamine in chloroform/methanol (0.003:5:1; V:V:V). All liquid 460 

handling steps were performed using a Hamilton Robotics STARlet robotic platform with the 461 

Anti Droplet Control feature for organic solvent pipetting.  462 

4.6.3.  Mass Spectrometer data acquisition 463 

Samples were analysed by direct infusion on a QExactive mass spectrometer (MS) (Thermo 464 

Scientific) equipped with a TriVersa NanoMate ion source (Advion Biosciences). Samples 465 

were analysed in both positive and negative ion modes with a resolution of Rm/z=200=280 000 466 

for MS and Rm/z=200=17 500 for MS/MS experiments, in a single acquisition. MS/MS was 467 

triggered by an inclusion list encompassing corresponding MS mass ranges scanned in 1 Da 468 

increments (50). Both MS and MS/MS data were combined to monitor EE, DAG and TAG 469 

ions as ammonium adducts, PC as an acetate adduct, and CL, PA, PE, PG, PI and PS as 470 

deprotonated anions. MS only was used to monitor LPA, LPE, LPI, LPS, IPC, MIPC and M(IP)2C 471 

as deprotonated anions, and Cer and LPC as acetate adducts. 472 

4.6.4.  Data analysis and post-processing 473 

Data were analysed with in-house developed lipid identification software based on 474 

LipidXplorer (51,52). Data post-processing and normalization were performed using an in-475 

house developed data management system. Only lipid identifications with a signal-to-noise 476 
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ratio >5, and a signal intensity 5-fold higher than in corresponding blank samples were 477 

considered for further data analysis. 478 

4.7. Acetic acid uptake and kinetic measurements 479 

4.7.1.  Cell cultivation 480 

A single colony of S. cerevisiae was taken from <3-day-old defined medium plates and used 481 

to inoculate a 50 ml tube containing 10 ml defined medium for overnight incubation at 30 ֯C, 482 

200 rpm). A 1-l baffled shake flask containing 0.1 l defined medium was inoculated to an 483 

OD600 of 0.05. Flasks were incubated at 30 °C, 160 rpm until the OD600 reached 0.8 (±0.03). 484 

Thereafter, 90 ml of cells was harvested and centrifuged at 4 °C, 4000 G, for 5 min. The cells 485 

were washed twice using ice-cold 50 mM potassium hydrogen phthalate buffer (pH 5.0). The 486 

final pellet was resuspended in 800 µl ice-cold potassium hydrogen phthalate buffer 487 

(50 mM, pH 5.0) and stored on ice until analysis (<3 h). 488 

4.7.2.  Determination of acetic acid diffusion rate and kinetics 489 

The acetic acid diffusion rate was measured as described previously (4), but using total acetic 490 

acid concentrations of 0.56, 2.4, 20 and 144 mM. MATLAB was used to create rational 491 

regression lines and confidence intervals.  492 

Next, acetic acid diffusion kinetics were determined using a final amount of 7.4-51.8 kBq 493 

(0.148-1.036 Bq/µl) [1-14C] acetic acid mixed with 0.2-1.4 mM non-radiolabelled acetic acid, 494 

resulting in total acetic acid concentrations of 0.27-1.9 mM, with a specific activity of 495 

39300 DPM/nmol. Each assay was initiated by incubating 10 µl of cells stored on ice with 30 µl 496 

of 50 mM potassium hydrogen phthalate buffer at pH 5.0, in a 30° C water bath for 4 min. 497 

Acetic acid diffusion was then measured after the addition of 10 µl acetic acid mixture by 498 

incubation at 30 ֯ C for 30 s. At this time, the assay was terminated by addition of 10 ml ice-499 
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cold 2 mM acetic acid stop solution. The cells were swiftly filtered and handled as described 500 

above. The wash solution used was ice-cold 2 mM acetic acid. 501 

4.7.3.  Analysis of intracellular acetic acid concentration 502 

The amount of intracellular acetic acid was determined by measuring the radioactive decay 503 

of [14C] acetic acid using a liquid scintillation counter (Wallac Guardian 1414, Perkin Elmer). 504 

Background radiation was measured in cultures, scintillation liquid and the filters used in a 505 

representative way. None of the background controls showed significant amounts of 506 

radioactivity, and the average background was subtracted from the samples. The radioactive 507 

decay measured was within the linear concentration range and no quenching effects of the 508 

sample matrix were observed. 509 

4.8. Cultivation of Saccharomyces cerevisiae in a growth profiler 510 

S. cerevisiae inoculum was prepared in a 96-well plate (Tissue Culture Testplate, SPL Life 511 

Sciences) containing 150 µl defined medium at pH 5. The culture was grown overnight in a 512 

thermomixer (Eppendorf ThermoTop) at 30 °C, 200 rpm. Cells were resuspended by 513 

pipetting prior to measurement of the cell density using a plate reader (Spectrostar Nano, 514 

BMG Labtech). The cells were then transferred to a fresh 96-well plate (CR1496e, System 515 

Duetz) with a final volume of 200 µl and starting OD600-equivalent of 0.02. Strain analysis 516 

was performed in triplicate. The plate was sealed with a machine-specific aerobic sandwich 517 

cover (CR1296a EnzyScreen B.V.). The plate was incubated in a growth profiler (GP960 518 

REV2, EnzyScreen) for 72 h at 30 °C, 230 rpm, and green light scattering measurements 519 

were taken hourly. Defined medium was used as a blank, and the value of the green light 520 

scattering signal (green value, GV) obtained from this was subtracted from the values 521 

measured during cell growth. 522 
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Green values were converted into OD600 values using a standard curve obtained previously 523 

using S. cerevisiae strain CENPK_113.7D (45) grown in defined medium. The following two 524 

equations were used to convert GV into OD600 values: 525 

For GV ≤ 10:  526 𝑂𝐷600 =  0.0322 𝑥 2.72(0.4328 𝑥 𝐺𝑉) (3) 527 

For GV ≥ 10:  528 𝑂𝐷600 =  −0.0004 𝑥 𝐺𝑉3 + 0.0398 𝑥 𝐺𝑉2 − 0.6506 𝑥 𝐺𝑉 + 5.4063 (4) 529 

 530 

5. List of abbreviations 531 

AOPC 1-arachidoyl-2-oleoyl-sn-glycero-3-phosphocholine 532 

AOPI 1-arachidoyl-2-oleoyl-sn-glycero-3-phospho‐(1'‐myo‐inositol)  533 

APL area per lipid 534 

BOPC 1-behenoyl-2-oleoyl-sn-glycero-3-phosphocholine  535 

BOPI 1-behenoyl-2-oleoyl-sn-glycero-3-phospho‐(1'‐myo‐inositol) 536 

CDP-DAG cytidine diphosphate diacylglycerol 537 

Cer ceramide 538 

CL cardiolipin 539 

DAG diacylglycerol  540 

DOPC 1,2‐dioleoyl‐sn‐glycerol‐3‐phosphocholine  541 

EE ergosterol ester  542 

EPC empty plasmid control 543 

ERG ergosterol 544 

FA fatty acid 545 

GPAT glycerol-3-phosphate acyl transferase 546 

GPL glycerophospholipid 547 

GV green value 548 

IPC inositol phosphorylceramide  549 
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L-GPL lyso-glycerophospholipid 550 

LOPC 1-lignoceroyl-2-oleoyl-sn-glycero-3-phosphocholine 551 

LOPI 1-lignoceroyl-2-oleoyl-sn-glycero-3-phospho‐(1'‐myo‐inositol) 552 

LPA lysophosphatidate  553 

LPC lyso-phosphatidylcholine  554 

LPE lysophosphatidyl-ethanolamine 555 

LPI lyso-phosphatidylinositol 556 

LPS lysophosphatidylserine  557 

M(IP)2C mannosyl-di-(inositol phosphoryl) ceramide 558 

MD Molecular dynamics 559 

MIPC mannosyl-inositol phosphorylceramide  560 

MS mass spectrometer  561 

MT membrane thickness 562 

PA phosphatidic acid  563 

PC phosphatidylcholine  564 

PE phosphatidyl-ethanolamine 565 

PG phosphatidylglycerol  566 

PI phosphatidylinositol  567 

PM plasma membrane 568 

POPI 1‐palmitoyl‐2‐oleoyl‐sn‐glycerol‐3‐phospho‐(1′‐myo-inositol)  569 

PS phosphatidylserine  570 

SCD Deuterium order parameter 571 

Slipds ff Stockholm lipids force field  572 

TAG triacylglycerol 573 
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Figure captions 770 

Figure 1. Membrane composition, acetic acid homeostasis and lipid metabolism. 771 

Membrane composition and structure are illustrated in panel A. The undissociated form of 772 

acetic acid can diffuse passively across the lipid bilayer, while the dissociated form is actively 773 

removed from the cell by the transporters Pma1 and Tpo3. Chemical equilibrium exists 774 

between the dissociated and undissociated forms of acetic acid both inside and outside the 775 

cell, depending on the pH (pKa ~ 4.8). Intracellular concentration is dependent on the 776 

equilibrium of undissociated form inside and outside the cell. The plasma membrane is 777 

composed of cylindrical (sphingolipids, PC, PS, PI) and conically shaped lipids (with a small 778 

head: DAG, PA, PE; or a large heard: lyso-glycerophospholipids). A simplified illustration of 779 

S. cerevisiae lipid metabolism is shown in panel B. The Arabidopsis thaliana genes used in 780 
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strain engineering (FAE1, GPAT5) are shown in grey. AcCOO-, acetate; AcCOOH, acetic acid, 781 

CDP-DAG, cytidine diacylglycerol; Cer, Ceramides; CL, cardiolipin; DAG, diacylglycerol; EE, 782 

ergosterol ester; ELO, fatty acid elongation; FAE1, (Arabidopsis thaliana) fatty acid elongase 783 

1; FAS, (de novo) fatty acid synthesis; GPAT5, (Arabidopsis thaliana) glycerol-3-phosphate 784 

acyltransferase 5; IPC, inositol phosphorylceramide; M(IP)2C, mannosyl-di-(inositol 785 

phosphoryl) ceramide; MIPC, mannosyl-inositol phosphorylceramide; PA, phosphatidic acid; 786 

PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, 787 

phosphatidylinositol; PS, phosphatidylserine; TAG, triacylglycerol. 788 

Figure 2. Long-chain glycerophospholipids increase the packing and rigidity of yeast 789 

membrane models in a concentration-dependent manner. Mean values and associated 790 

standard deviations of the structural properties of the membranes investigated in this 791 

study: A) the area per lipid (APL), B) the membrane thickness (MT) and C and D) the 792 

deuterium order parameter (SCD) of the sn1 acyl chains of DOPC and POPI. Simulations were 793 

performed for a membrane system with no long-chain GPLs (indicated as Null) and for 794 

membrane systems with increasing concentrations of long-chain GPLs from 8% to 96%. The 795 

mean values were calculated based on three replicates per system.  796 

Figure 3. Glycerophospholipid acyl chain length and relative abundance of plasma 797 

membrane headgroups. Panel A shows the combined chain length of the two acyl chains of 798 

glycerophospholipids obtained from total lipid analysis. The cumulative relative amounts of 799 

short- (C24-31), long- (C32-36) and very-long- (C37-48) chain glycerophospholipids are 800 

shown in the insert. Panel B shows the relative abundances of membrane lipid headgroups, 801 

and the insert shows the cumulated amounts of different lipid classes. Asterisks indicate 802 

significant differences at the 95% confidence level. CDP-DAG, cytidine diacylglycerol; Cer, 803 
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Ceramides; DAG, diacylglycerol; GPL, glycerophospholipid; IPC, inositol phosphorylceramide; 804 

L-GPL, lyso-glycerophospholipid; M(IP)2C, mannosyl-di-(inositol phosphoryl) ceramide; 805 

MIPC, mannosyl-inositol phosphorylceramide; PA, phosphatidic acid; PC, 806 

phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, 807 

phosphatidylserine; SL, sphingolipid; TAG, triacylglycerol. 808 

Figure 4. Acetic acid uptake with an initial extracellular acetic acid concentration of 809 

144 mM, pH 5.0. Rational regression lines were calculated using MATLAB and the 90% 810 

confidence intervals are shown by the dotted lines. The average sample response is given at 811 

each time point measured (10, 45, 80, 300 and 600 s). The highest intracellular 812 

concentration of acetic acid was observed in the EPC control strain (black), while the 813 

FAE1_GPAT5 strain showed lower maximum intracellular acetic acid concentrations (grey). 814 

Figure 5. Acetic acid uptake kinetics. When acetic acid transport occurs by passive diffusion 815 

across the plasma membrane, there will be a linear correlation between the extracellular 816 

acetic acid concentration (mM, x-axis) and the acetic acid permeation rate (nmol/(mg dry 817 

weight x s), y-axis), if the pH is constant. The slope of the regression line is indicative of the 818 

net uptake rate, and for FAE1_GPAT5, this was 0.153, while it was 0.118 for EPC. The data 819 

confirms that the uptake predominantly occurs by passive diffusion, and it indicates that the 820 

FAE1_GPAT5 strain has a higher net rate of uptake of acetic acid. 821 

Table 1. Lipid compositions of the yeast membrane systems. Eight lipid membrane systems 822 

with increasing concentrations (8, 16, 24, 32, 40, 48, 64 and 96%) of different long-chain 823 

GPLs (denoted M1 to M8) were constructed, starting from two reference yeast membrane 824 

models (denoted NULL-64 and NULL-256, see Materials and Methods section). Long-chain 825 

GPLs 1-arachidoyl-2-oleoyl-sn-glycero-3-phosphocholine (AOPC) and 1-arachidoyl-2-oleoyl-826 
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sn-glycero-3-phospho‐(1'‐myo‐inositol) (AOPI) with the sn1 acyl chain length of 20 carbons, 827 

1-behenoyl-2-oleoyl-sn-glycero-3-phosphocholine (BOPC) and 1-behenoyl-2-oleoyl-sn-828 

glycero-3-phospho‐(1'‐myo‐inositol) (BOPI) with the sn1 acyl chain length of 22 carbons, 1-829 

lignoceroyl-2-oleoyl-sn-glycero-3-phosphocholine (LOPC) and 1-lignoceroyl-2-oleoyl-sn-830 

glycero-3-phospho‐(1'‐myo‐inositol) (LOPI) with the sn1 acyl chain length of 24 carbons, 831 

were introduced at a ratio of 4:2:1, by replacing the representatives of PC and PI lipids 832 

(DOPC and POPI, respectively). The same concentrations of sterols and sphingolipids (ERG 833 

and IPC, respectively) were maintained in each system as in the reference. The content of 834 

long-chain GPLs is expressed as a percentage of the total content of GPLs (% GPL, including 835 

DOPC, POPI and long-chain GPLs) and the overall number of lipid molecules (% Tot). The 836 

total number of lipid molecules (Lipids) and atoms in each membrane model (Ntot) are also 837 

reported. Two to five replicates (No. of replicates) of molecular dynamics (MD) simulations 838 

were performed for each system, each of 200-500 ns length.  839 
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Figure 1. Membrane composition, acetic acid homeostasis and lipid metabolism. 840 
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Figure 2. Long-chain glycerophospholipids increase the packing and rigidity of yeast 843 

membrane models in a concentration-dependent manner. 844 
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Figure 3. Glycerophospholipid acyl chain length and relative abundance of plasma 847 

membrane headgroups. 848 
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Figure 4. Acetic acid uptake with an initial extracellular acetic acid concentration of 851 

144 mM, pH 5.0. 852 
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Figure 5. Acetic acid uptake kinetics. 855 
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Systems ERG IPC  DOPC  POPI  AOPC /AOPI  BOPC /BOPI  LOPC /LOPI   Lipids Ntot Long chain GPL % % tot  N° Replicates Lenght 

NULL 64 10 10 22 22 0 0 0 64 16192 0% 0% 1 200ns 

NULL 256 40 40 88 88 0 0 0 256 64768 0% 0% 4 200ns 

M1 40 40 81 81 4 2 1 256 64956 8%  5%  4 500ns 

M2 40 40 74 74 8 4 2 256 65144 16%  11%  4 500ns 

M3 40 40 67 67 12 6 3 256 65332 24%  16%  4 500ns 

M4 40 40 60 60 16 8 4 256 65520 32%  22%  4 500ns 

M5 40 40 53 53 20 10 5 256 65708 40%  27%  5 500ns 

M6 40 40 46 46 24 12 6 256 65896 48% 33% 3 300ns (2) - 500ns (1) 

M7 40 40 32 32 32 16 8 256 66272 64% 44% 3 300ns (1) - 500ns (1) 

M8 40 40 4 4 48 24 12 256 67024 96% 66% 3 300ns (1) - 500ns (2) 
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