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Abstract 16 

Branched glycerol dialkyl glycerol tetraethers (brGDGTs) are bacterial membrane lipids 17 

that are ubiquitous in the environment. Although the exact source mechanism is 18 

unknown, the distribution of brGDGTs in mineral soils, peats, and lake sediments is 19 
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correlated with temperature through a decrease in the degree of methylation with 20 

increasing temperature. This empirical observation forms the basis of the brGDGT 21 

paleothermometer, one of the most important and widely used organic proxies to 22 

reconstruct terrestrial temperatures in the past. However, a mechanistic understanding 23 

to underpin this empirical correlation between the degree of methylation of brGDGT 24 

lipids and temperature is lacking, hindering a holistic understanding of the brGDGT 25 

paleothermometer as well as the membrane dynamics of their bacterial producers. To 26 

address this, here we present the first molecular dynamics simulations of membranes 27 

consisting of brGDGTs. Using intact polar lipid (IPL) brGDGTs with two sugar 28 

headgroups, our simulations demonstrate that increasing the degree of methylation 29 

modulates membrane order and packing, rendering the membrane less rigid and more 30 

fluid. These results indicate that the empirically observed correlation between the degree 31 

of methylation and temperature allows brGDGT-producing bacteria to maintain adequate 32 

membrane fluidity. Our simulations provide the first molecular simulation data to support 33 

the hypothesis that the brGDGT paleothermometer is based on homeoviscous 34 

adaptation.  35 



1. Introduction 36 

Membranes are a vital component of cells across the three domains of life and create a 37 

barrier to the free movement of protons, atoms, and molecules in and out of the cell. 38 

Membranes consist of a wide range of lipids, ranging from bilayer forming fatty acids in 39 

bacteria to membrane spanning isoprenoidal glycerol dialkyl glycerol tetraethers 40 

(isoGDGTs) in archaea. Studying the impact that environmental variables such as 41 

temperature have on the membrane lipid distribution of organisms is pivotal for 42 

understanding how microbial life adapts to the environment (van de Vossenberg et al., 43 

1999) and forms the basis for the development of paleoclimate proxies that can answer 44 

novel and long-standing questions regarding the operation of Earth’s system (Eglinton 45 

and Eglinton, 2008).  46 

The focus of this study is an important group of membrane lipids that are used to 47 

reconstruct past climate (temperature) and environment (pH); the branched glycerol 48 

dialkyl glycerol tetraethers (brGDGTs). These compounds were first identified over 20 49 

years ago in a Dutch peat (Sinninghe Damsté et al., 2000) and structurally share 50 

similarities with the isoprenoidal (iso)GDGTs lipids produced by a diverse range of 51 

archaea (see review in Schouten et al., 2013). BrGDGTs are ubiquitous in the 52 

(mesophilic) environment, but particularly abundant in terrestrial settings (Hopmans et 53 

al., 2004). The exact source organism(s) of brGDGTs is currently unknown, but based 54 

on the sn-1,2 stereochemistry of the glycerol moieties, they are not produced by 55 

archaea, but by bacteria (Weijers et al., 2006). Consistent with a bacterial source, iso-56 

diabolic acids (a potential building block for brGDGTs) and the tetramethylated brGDGT 57 

(labelled brGDGT-Ia following the nomenclature of De Jonge et al. (2014)) have been 58 

found in cultures of some subdivisions of Acidobacteria (Sinninghe Damsté et al., 2018 59 

and references therein). BrGDGTs have structural and physical distinct properties from 60 



other (and more common) bacterial membrane lipids, such as fatty acids, as brGDGTs 61 

form membrane-spanning membranes and contain tetraether linkages (Valentine, 2007). 62 

The relatively low abundances of brGDGTs obtained from cultures might suggest that 63 

they are minor constituents of these bacterial membranes. This would be consistent with 64 

the membrane composition of extremophilic bacteria from the order Thermotogales, in 65 

which brGDGT-Ia is found together with a mixture of ester and ether membrane-66 

spanning and bilayer lipids (Sinninghe Damsté et al., 2007). But detailed information 67 

about the composition of brGDGT-containing membranes in mesophilic bacteria is 68 

currently lacking.  69 

Culturing allows detailed study of organisms, their lipid composition, and changes 70 

herein due to environmental stress. However, only a small fraction of organisms has 71 

been cultured. A significant part of our understanding of the response of bacterial, 72 

archaeal, and eukaryotic (membrane) lipids to environmental stressors such as 73 

temperature is based on empirical observations from natural samples, for example 74 

globally distributed sets of marine sediments (Müller et al., 1998; Schouten et al., 2002; 75 

Yang et al., 2020). This is especially true for brGDGTs because the exact (bacterial) 76 

source organism(s) for these lipids is currently unknown, making it impossible to do pure 77 

culture experiments.  78 

More than a decade of research has demonstrated that the brGDGT distribution 79 

in mineral soils (De Jonge et al., 2014; Naafs et al., 2017a; Peterse et al., 2012; Wang et 80 

al., 2019; Weijers et al., 2007b), peats (Naafs et al., 2017b), and lake sediments 81 

(Pearson et al., 2011; Russell et al., 2018; Tierney et al., 2010) is correlated with key 82 

climatic variables such as temperature and pH, although other factors such as soil water 83 

content can also play a role (Dang et al., 2016). The notion that organisms modify their 84 

(membrane) lipids in response to environmental stressors such as temperature and 85 



nutrient content has long been recognized (e.g., De Rosa et al., 1980; Gaughran, 1947; 86 

Holton et al., 1964; Miller, 1962; Sinensky, 1974). Microbes modify their lipid composition 87 

because microbial life cannot regulate its body temperature and therefore must adapt its 88 

lipid composition to keep membranes fluid and permeable, a process which is called 89 

homeoviscous adaptation (Ernst et al., 2016). A wide range of mechanisms exist through 90 

which organisms from across the three domains of life can modify their (membrane) lipid 91 

composition, as demonstrated by numerous culture experiments. These mechanisms 92 

include i) changing the unsaturation of bacterial fatty acids and eukaryotic long-chain 93 

ketones (Holton et al., 1964; Prahl and Wakeham, 1987); ii) changing the chain length of 94 

bacterial fatty acids (Oshima and Miyagawa, 1974; Sandercock and Russell, 1980), iii) 95 

changing the location (iso versus anteiso), or degree of branching, of bacterial fatty acids 96 

(Rilfors et al., 1978) or degree of methylation in bacterial hopanoids (Ricci et al., 2017); 97 

and iv) changing the degree of cyclization of isoGDGTs by certain archaea (e.g., De 98 

Rosa and Gambacorta, 1988; Elling et al., 2015). For all of these lipid modifications, 99 

temperature appears to be a determining factor in controlling the degree of modification 100 

(e.g., Shivaji and Prakash, 2010).  101 

For brGDGTs, temperature is highly correlated with the degree of methylation of 102 

brGDGTs in natural samples. A decrease in the degree of methylation of 5-methyl 103 

brGDGTs, captured in the MBT’5me index (De Jonge et al., 2014), is observed as 104 

temperature increases in mineral soils, peats, and lakes (De Jonge et al., 2014; Naafs et 105 

al., 2017a; Naafs et al., 2017b; Russell et al., 2018; Wang et al., 2019). Consistent with 106 

these empirical observations, recently mesocosm experiments of lake water suggested 107 

that the observed changes in the MBT’5me index are related to changes in temperature 108 

(Martínez-Sosa and Tierney, 2019). On the other hand, the degree of cyclization of 109 

brGDGTs, captured in the CBT index (Weijers et al., 2007b), as well as the isomerization 110 



ratio between methylation at the C5 or C6 position, captured in the IR index (Wang et al., 111 

2016), are correlated with pH (De Jonge et al., 2014; Naafs et al., 2017a; Naafs et al., 112 

2017b). These empirical observations of a correlation between the brGDGT distribution 113 

and temperature/pH have provided a framework to reconstruct past terrestrial climate 114 

across the Cenozoic (e.g., Inglis et al., 2021; Naafs et al., 2018; Peterse et al., 2014; 115 

Schouten et al., 2008; Weijers et al., 2007a). However, it is important to note that it is 116 

currently unknown whether the observed changes in brGDGT distribution in response to 117 

environmental factors are driven by bacteria actively changing their membranes 118 

(physiological plasticity), or driven by a shift in the bacterial community (e.g., De Jonge 119 

et al., 2019). The empirical observations that the brGDGT distribution is correlated with 120 

environmental stressors such as temperature are indicative of homeoviscous adaptation, 121 

i.e. the adaptation of the cell membrane lipid composition to maintain adequate 122 

membrane fluidity. However, there is no direct evidence that demonstrates how 123 

changing the degree of methylation or cyclization of brGDGTs alters the bacterial 124 

membrane.  125 

In this context, molecular dynamics (MD) simulations of membrane lipids can 126 

provide key insights into the physiological function of membrane-spanning lipids such as 127 

GDGTs (e.g., Chong et al., 2017; Chugunov et al., 2014; De Rosa et al., 1994; Gabriel 128 

and Chong, 2000; Huguet et al., 2017; Pineda De Castro et al., 2016; Shinoda et al., 129 

2005). For example, early studies showed that adding cyclopentane moieties to an 130 

archaeal isoGDGT membrane leads to increased membrane stability that can survive at 131 

higher temperature (De Rosa et al., 1994; Gabriel and Chong, 2000). Over the last two 132 

decades, membrane models have improved considerably with force field parameters for 133 

several lipid types becoming available, and increased computing power allows 134 

simulations of large membranes on longer simulations times (e.g., Leonard et al., 2019). 135 



Simulations are contributing to the understanding of general principles of membrane 136 

organization and lipid chemistry, for example by providing molecular level analysis of 137 

membrane dynamics, structure and interactions (e.g., Huggins et al., 2019; Marrink et 138 

al., 2019; Orädd and Andersson, 2021). Here we build on the available literature of 139 

archaeal isoGDGT simulations by performing the, to our knowledge, first molecular 140 

dynamics simulation of bacterial brGDGT membranes. We explore the effects of 141 

changing the degree of methylation and cyclization on membrane properties and to 142 

provide a mechanistic foundation behind the widely used brGDGT proxies. Our 143 

simulations fit in a wider body of research that has used MD simulations to analyse the 144 

effect of methylation and other modifications on membrane properties (Björkbom et al., 145 

2011). It is important to note that our simulations consist of pure monolayer membranes, 146 

while in reality brGDGTs might be part of a range of (bilayer) lipids that together form the 147 

bacterial membrane. 148 

 149 

2. Methods 150 

2.1. Choice of lipids for modelling 151 

In a bacterial membrane, brGDGTs have a polar headgroup. This headgroup is lost after 152 

cell death, and therefore, over time in the sediment and rock record, only the core 153 

brGDGTs remain. The type of polar headgroup can be diverse, and brGDGTs with 154 

hexose, phospho-hexose, and/or hexose-phosphoglycerol headgroups have been 155 

reported (e.g., Liu et al., 2010; Peterse et al., 2011; Zell et al., 2014). These types of 156 

headgroups are similar to those reported for the archaeal isoGDGTs (e.g., Sturt et al., 157 

2004). However, the exact structures of all intact polar lipid (IPL) (br)GDGTs are 158 



tentative (Schouten et al., 2013). Including polar headgroups in MD simulations is 159 

important because they affect the properties of a membrane (Chong et al., 2017).  160 

In this work, we choose a simple hexose headgroup and kept this constant 161 

across all simulations, resulting in a brGDGT IPL with two hexoses, one on each end of 162 

the lipid (Figure 1). The hexose headgroups are able to form multiple hydrogen bonds 163 

with other lipids and solvent, which contribute to the stability of the membranes (Chong 164 

et al., 2017).  165 

To explore the effect of the degree of methylation of the brGDGTs alkyl chains, 166 

four different lipids were parameterized and simulated (Figure 1): an unmethylated 167 

(hereafter labelled 0M/0M), a tetra (2M/2M), penta (3M/2M) and hexamethylated 168 

(3M/3M) brGDGT. The 0M/0M lipid contains no methyl groups in its alkyl chain and 169 

represents an unmethylated endmember. The core lipid of this compound (SB-brGDGT-170 

Ia) has been reported in marine sediments (Liu et al., 2012). The 2M/2M brGDGT IPL 171 

contains two methyl groups in each alkyl chain in positions C13 and C16, while the 172 

additional methyl group(s) for the 3M/2M and 3M/3M lipids are in the C5 position of the 173 

sn1 and sn2 chains (Figure 1). Such tetra, penta, and hexemethylated brGDGTs are 174 

widespread in the natural environment, and their core lipids (labelled brGDGT-Ia, -IIa, 175 

and -IIIa following (De Jonge et al., 2014)) form the basis of the brGDGT-176 

paleothermometer (De Jonge et al., 2014; Weijers et al., 2007b).  177 

In addition to membranes consisting of brGDGT IPLs with different degrees of 178 

methylation, we also generated a membrane composed of brGDGT IPLs with both a 179 

methyl group (in position C13) and cyclopentane moiety in each alkyl chain at the C16 180 

position (1M,1P/1M,1P) in order to explore the effect of cyclization on the membrane 181 

properties (Figure 1). The core lipid of this compound (brGDGT-Ic following De Jonge et 182 



al. (2014)) is found in natural samples and is more abundant in mineral soils or peat with 183 

neutral or alkaline pH (De Jonge et al., 2014; Naafs et al., 2017b; Weijers et al., 2007b). 184 

It should be noted that all the lipids parameterized in this work contained the same sugar 185 

headgroup, allowing us to directly compare the properties of the different membranes 186 

and focus on the changes caused by methylation and cyclization in the core aliphatic 187 

chains. A similar approach was used by Huguet et al. (2017) to study the effect of 188 

isoGDGT hydroxylation in archaeal membranes. The parameters for all five brGDGT 189 

lipids were adapted from the work of Huguet et al. (2017) on (hydroxy) isoGDGTs and 190 

were generated by analogy to the united-atom GROMOS 54a7 force-field (Schmid et al., 191 

2011) building blocks of similar groups. All topologies are available on request. 192 

 193 

2.2 Simulation details and set-up 194 

Five 8 x 8 pure membranes were constructed using the above described brGDGT IPLs, 195 

namely 0M/0M, 2M/2M, 3M/2M, 3M/3M, and 1M,1P/1M,1P (Figure S1). The genconf tool 196 

distributed within the GROMACS 2018 package (Abraham et al., 2015) was used to 197 

create an initial conformation for the membranes with each lipid molecule placed 0.3 nm 198 

apart. All lipids could randomly rotate 180o in the z planes. Each membrane was energy 199 

minimized in vacuum and afterwards solvated in an orthorhombic box with simple point 200 

charge (SPC) waters (Hermans et al., 1984). All water molecules misplaced in the centre 201 

of the membrane were removed. All systems were then energy minimized with the 202 

steepest-descent method to remove strain, followed by a 1.5 ns MD relaxation executed 203 

in three steps while progressively reducing the strength of lipid positional restraints. A 204 

0.5 ns simulation was performed with positional restraints applied to all non-hydrogen 205 

atoms of the membranes using a force constant of 1000 kJ mol-1 nm-2, followed by an 206 



additional 0.5 ns simulation using a force constant of 500 kJ mol-1 nm-2 and then 0.5 ns 207 

using a force constant of 100 kJ mol-1 nm-2. Unrestrained simulations started after these 208 

1.5 ns of restrained simulation. For each membrane prepared, MD simulations were 209 

performed in triplicate, each 1000 ns long, resulting in 15 μs of total simulation time.  210 

All MD simulations were performed using Gromacs 2018 (Abraham et al., 2015). 211 

Periodic boundary conditions were applied in all simulations. Nonbonded interactions 212 

were calculated using a single cutoff of 14 Å (Silva et al., 2018). A reaction field 213 

correction (Barker and Watts, 1973; Tironi et al., 1995) was applied for the truncated 214 

electrostatic interactions, with a dielectric constant of 61 (Heinz et al., 2001). The 215 

SETTLE algorithm (Miyamoto and Kollman, 1992) was used to constraint the bond 216 

lengths and angle in water molecules, while the LINCS algorithm was (Hess et al., 1997) 217 

used to keep all remaining bonds constrained. The neighbour list was updated every five 218 

steps.  219 

All simulations were performed at a constant temperature of 300 K with 220 

membrane and solvent independently coupled to a velocity-rescaling thermostat (Bussi 221 

et al., 2007), using a relaxation time constant of 0.1 ps. The pressure was coupled semi-222 

isotropically using a Parrinello-Rahman barostat (Nosé and Klein, 1983; Parrinello and 223 

Rahman, 1981) with a coupling constant of 1.0 ps and isothermal compressibility of 224 

4.575 x 10-5 bar-1. Note that the x+y and z pressure components were kept at 1 atm and 225 

no surface tension was applied. 226 

For all systems, the first 200 ns of simulation were considered an equilibration 227 

period and were excluded from the analysis (except if stated otherwise). Several 228 

structural properties were determined for each membrane type simulated, namely area 229 



per lipid, membrane thickness, carbon-hydrogen order parameters, and radial 230 

distribution functions. 231 

The area per lipid is defined here as the xy area of the box divided by the number 232 

of lipids (in this case, 64 lipids, following (Huguet et al., 2017)). The membrane thickness 233 

corresponds to the projection along the z-axis of the distance between the two carbon 234 

atoms delineating the lipid core (Figure 3). The maximal membrane thickness 235 

corresponds to the projection along the z-axis of the maximal distance between any two 236 

atoms in one lipid molecule (Figure 3). Note that the membrane thickness and maximal 237 

membrane thickness are calculated for each single lipid molecule and then averaged 238 

over all 64 lipids.  239 

Radial distribution functions (RDF) were determined to characterize the structure 240 

and long-range ordering of the membranes. The C3-C3 (close to the glycerol group) and 241 

C14-C14 (middle of the monolayer) were calculated (Fig. 6) using the gmx rdf tool (rmax = 242 

2.2 nm; bin width = 0.02 nm) distributed within the GROMACS package (Abraham et al., 243 

2015) and combining the last 800 ns of simulation of all three replicates. The RDFs were 244 

normalized by the average number of particles in the reference groups, volume of the 245 

bin, and average particle density. The RDF (also known as pair correlation function), 246 

𝑔𝐴𝐵(𝑟), corresponds to the probability of finding two particles at a certain distance from 247 

each other: 248 

𝑔𝐴𝐵(𝑟) =
〈𝜌𝐵(𝑟)〉

〈𝜌𝐵〉𝑙𝑜𝑐𝑎𝑙
 249 

with 〈𝜌𝐵(𝑟)〉 being the particle density of type 𝐵 at a distance 𝑟 around particles 𝐴, and 250 

〈𝜌𝐵〉𝑙𝑜𝑐𝑎𝑙 the particle density of type 𝐵 averaged over all spheres around particles 𝐴 with 251 



radius rmax. The RDF is calculated from the histogram of the number of particles found as 252 

a function of distance, normalized by the expected number of particles at that distance.  253 

The peaks in the RDF identify the distances at which the probability of finding a particle 254 

is higher. At long distances as long-range order is lost, the RDF values tend to converge 255 

to one. For instance, in Figure 6B for the 0M/0M membrane, the first and largest peak 256 

occurs at 0.48 nm with the 𝑔𝐶14−𝐶14(𝑟)  having a value of 1.79. This means that it is 1.79 257 

times more likely that two C14 atoms would be found at 0.48 nm of separation. 258 

Difference in RDF between simulations suggest differences in the arrangement of the 259 

membrane. 260 

 261 

3. Results 262 

The simulations show that the dynamic behaviour and fluidity of the membranes are 263 

significantly modulated by methylation and cyclization of the alkyl chains. The initial 264 

relaxation period of the membranes depends on the number of substitutions in the alkyl 265 

chain. Membranes with higher numbers of methyl groups (namely 3M/2M and 3M/3M 266 

membranes) equilibrating faster, as shown in the time evolution of the area per lipid 267 

(Figure S2). While the 3M/2M and 3M/3M membranes quickly (< 50 ns) reach a stable 268 

state, the membranes with fewer methyl groups (2M/2M, 1M,1P/1M,1P and 0M/0M) take 269 

longer to reach apparent equilibrium (up to 375 ns). In particular, the 0M/0M membrane 270 

goes through an abrupt change in packing during the simulations (Figure S2). This 271 

change was observed in all three replicates, although at different points in time (Figure 272 

S2).   273 



The first property explored is the area per lipid (APL), defined as the xy area 274 

divided by the total number of lipids (64 for each simulation). The APL is thought to affect 275 

(solute and water) permeation because small molecules can diffuse via the empty 276 

cavities formed in the membrane core (Chong, 2008). The unmethylated membrane 277 

(0M/0M) has the lowest APL of all simulations, with an average value of 42 Å2 (Figure 2). 278 

For the methylated brGDGT IPLs, the APL increases with the number of alkyl chain 279 

substitutions, with the 3M/2M and 3M/3M membrane having the highest average APL 280 

values, namely 56.0 ± 0.3 (σ) and 57.6 ± 0.4 (σ) Å2. The methylated brGDGT IPL with 281 

cyclopentane rings (1M,1P/1M,1P) has an intermediate APL, with an average value of 282 

53 Å2, which is slightly higher than the tetramethylated brGDGT IPL with no rings 283 

(2M/2M), but lower than the penta- (3M/2M) and hexamethylated brGDGT (3M/3M).  284 

The thickness of the membranes also differed significantly between the 285 

compounds, with the unmethylated lipids (0M/0M) having both a higher core and 286 

maximal thickness than the methylated ones (Figure 3). Core thickness differs slightly 287 

between the different methylated membranes, stabilizing around 34.5, 31.4, 30.7, 29.8, 288 

and 29.5 Å for the 0M/0M, 2M/2M, 1M,1P/1M,1P, 3M/2M and 3M/3M membranes, 289 

respectively. The maximal thickness, which includes not only the core lipid but also the 290 

sugar headgroups, differs among the different methylated compounds. For the 2M/2M 291 

and 1M,1P/1M,1P membranes, the average distance (43.7 and 44.0 Å) is less than that 292 

of the 0M/0M lipid (50.0 Å), but higher than the 3M/2M and 3M/3M lipids (41.1 and 40.6 293 

Å).  294 

Next, we examined the hydrogen (H-) bond network formed by the different 295 

membranes, specifically the number of lipid-solvent and lipid-lipid H-bonds. The H-bond 296 

networks formed by the lipid headgroups can modulate the viscosity of the membrane, 297 

thus impacting solute permeability. The average number of lipid-solvent H-bonds (Figure 298 



4a) increases with the number of alkyl substitutions, ranging from an average of 542 for 299 

the unmethylated (0M/0M) to 675 for the hexamethylated (3M/3M) membrane. The 300 

methylated brGDGT IPL with cyclopentane rings (1M,1P/1M,1P) presents an 301 

intermediate value (651 H-bonds) between the tetra (2M/2M) and pentamethylated 302 

(3M/2M) brGDGT IPLs. In contrast to the lipid-solvent H-bonds, the number of lipid-lipid 303 

H-bonds (Figure 4b) decreases with increasing degree of methylation, ranging from an 304 

average value of 192 for the unmethylated (0M/0M) to 136 for the hexamethylated 305 

(3M/3M) membrane. The H-bond patterns observed here can be understood as more 306 

densely-packed membranes (lower APL), due to the proximity between lipid molecules, 307 

favouring lipid-lipid rather than lipid-solvent interactions. 308 

To compare the structural properties of the hydrophobic tails and to understand 309 

the effect of methyl and cyclopentane addition, the carbon-hydrogen order parameters 310 

(sch) were calculated. The sch parameter describes the orientation of the carbon-311 

hydrogen bond vector with respect to the membrane normal (z-axis), and it can vary 312 

between –1.0 (perfect perpendicular alignment to the membrane normal) and +0.5 313 

(perfect parallel alignment to the membrane normal), with a value of 0 representing a 314 

random orientation. In our simulations, sch is always > 0.04 but varies significantly 315 

between the (br)GDGTs lipids simulated and across the position along the alkyl chain 316 

(Figure 5a-b). The sch parameter is lower at both ends of the alkyl chain and higher in the 317 

middle of the chain, indicating more order in the middle of the monolayer. In addition, the 318 

sch parameters also clearly show that the addition of methyl and cyclopentane groups to 319 

the hydrocarbon lipid chain increases the disorder of the systems. The unmethylated 320 

membrane (0M/0M) not only has the highest sch values (~ 0.4) but also shows a constant 321 

profile across most of the alkyl chain, which suggests a highly ordered membrane. The 322 

introduction of methyl groups in the alkyl chains leads to a distortion and decrease in the 323 



sch. The lowest sch (consistently < 0.3 with minima of 0.04 close to the glycerol 324 

backbones) occurred in the hexamethylated membrane (3M/3M). The lipid containing 325 

cyclopentane moieties (1M,1P/1M,1P) has the second highest sch, especially in the 326 

middle of the alkyl chain. Furthermore, all of the simulated membranes except for the 327 

2M/3M system show similar sch profiles across the sn1 and sn2 alkyl chains, with both 328 

chains being less ordered close to the glycerol moieties (Figure S3). 329 

 Lastly, radial distribution functions (RDFs), were used to analyse the effect of 330 

hydrophobic tail branching modifications in the long-range structural ordering of the 331 

membranes. The RDFs for both the C3 and C14 of the unmethylated membrane (0M/0M) 332 

show several sharp peaks and the RDF distribution is different from the other lipids, 333 

especially those with no cyclopentane rings (Figure 6). It was shown previously for 334 

different types of lipids (e.g. POPC, DPPC, bolalipid mimetics) that a membrane in gel 335 

phase exhibits several distinct and well-defined peaks in the RDFs, whereas when in the 336 

liquid crystalline phase it shows broader and more diffuse peaks mainly at long distances 337 

(e.g. (Chugunov et al., 2014)). This suggests that the 0M/0M membrane is in gel-like 338 

phase at 300 K. In our simulations, branching modifications, mainly methylation, reduce 339 

the long-range order and packing of the lipids, as shown by the broader RDFs peaks for 340 

the methylated membranes, thus rendering these membranes more liquid crystalline-341 

like. Close to the glycerol groups (Figure 6A), the comparison of the RDFs for the 342 

0M/0M, 2M/2M, 3M/2M and 3M/3M membranes clearly highlights that adding methyl 343 

groups to the alkyl chains leads to a broadening of the RDF peaks, with less pronounced 344 

maxima and minima. In the middle of the monolayers (Figure 6B), an increase in 345 

methylation affects the long-range structural order in the systems and increases the sn-1 346 

C14-C14 distance, with the first and largest peak in the RDFs occurring at 0.48, 0.54, 347 

0.56 and 0.56 nm distance separation for the M/0M, 2M/2M, 3M/2M and 3M/3M 348 



membranes, respectively. The comparison between the 2M/2M and 1M,1P/1M,1P RDFs 349 

show that the addition of a second methyl group (in each alkyl chain) has a more 350 

pronounced effect in reducing the order of the membrane than the addition of a 351 

cyclopentane ring.  352 

 353 

4. Discussion 354 

Our results indicate that hydrophobic tail branching modifications, specifically the 355 

introduction of methyl and/or cyclopentane moieties into the alkyl chains of brGDGTs, 356 

have a direct impact on bacterial membrane properties. For most of the analysed 357 

properties, the membranes formed by unmethylated lipids (0M/0M) stand out from those 358 

that include methyl and/or cyclopentane rings substitutions. Our simulations demonstrate 359 

that the structural properties of brGDGTs membranes change with the degree of 360 

methylation and cyclisation. For example, the area per lipid (APL) for the 0M/0M 361 

membrane is significantly lower than that for membranes formed by methylated 362 

brGDGTs lipids (Figure 2). A low APL reflects not only a densely packed but also a 363 

highly viscous membrane with low level of fluidity. The low APL of the 0M/0M 364 

membrane, together with the order parameters and H-bond and RDFs profiles, are 365 

indicative of a gel-like phase (e.g., Chugunov et al., 2014; Egberts et al., 1994). This is 366 

also supported by the longer stabilization times needed for 0M/0M membrane. The more 367 

rigid a membrane is, the longer it takes to stabilize as the relaxation times depends on 368 

the not only on the intrinsic flexibility of the lipids, but also on its interactions with 369 

neighbour molecules (Huguet et al., 2017). Although experimental data is required to 370 

confirm this, our simulation results suggest that a membrane consisting purely of 0M/0M 371 

compounds is not liquid-crystalline at 300 K and 1 atm. This is consistent with findings 372 



from the MD simulations of isoGDGTs where compounds without methyl groups in the 373 

alkyl chains were in a gel-like phase, even at 350 K (Chugunov et al., 2014). Membrane 374 

fluidity is crucial for transport across the membrane and cell integrity. Hence, organisms 375 

living at or below ~300 K are not expected to have pure 0M/0M membranes as a gel-like 376 

membrane would severely impact those processes. The 0M/0M lipid has never been 377 

observed in organisms, but the core lipid of this IPL (SB-brGDGT-Ia) was found (in small 378 

amounts) in marine sediments (Becker et al., 2015; Liu et al., 2012). Potentially, this 379 

reflects a contribution from extremophiles that live around hydrothermal vent systems 380 

where the temperature is well above 300 K. A contribution of brGDGTs derived from 381 

hydrothermal vents has been found in some marine sediments (Pan et al., 2016), but the 382 

extent is debated (Umoh et al., 2020). Alternatively, some mesophilic organisms might 383 

produce mixed membranes that contain small amounts of 0M/0M lipids.  384 

The tetra, penta, and hexamethylated membranes show, in our simulations, a 385 

more liquid-crystalline-like behaviour at 300 K, consistent with the widespread of 386 

occurrence of the core lipids of these compounds in mesophilic settings (e.g., Hopmans 387 

et al., 2004; Weijers et al., 2007b) and presence of brGDGT-Ia (the core lipid of the 388 

2M/2M IPL) in a culture of acidobacteria grown at 24 °C (Sinninghe Damsté et al., 2011).  389 

 390 

4.1 Impact of changing the degree of methylation 391 

When we plot the degree of methylation against core thickness and APL (Figure 7) it 392 

further highlights that the degree of methylation has a significant effect on membrane 393 

properties and especially the order and compactness of the membrane. Importantly, the 394 

values obtained here for both core and maximal thickness (30.7-34.5 and 40.4-50.0) are 395 



in the same range as previously reported for archaeal isoGDGT membrane simulations 396 

(e.g., Chugunov et al., 2014; Huguet et al., 2017).  397 

 Here we focus on the tetra, penta, and hexamethylated lipids as those are 398 

dominant in natural samples, but the correlation extends to the unmethylated compound 399 

(0M/0M). The tetramethylated membrane (2M/2M) has a lower APL, higher core 400 

thickness, and higher membrane order than the penta, and hexamethylated compounds. 401 

This indicates that a low number of methyl groups in the alkyl chain of brGDGTs results 402 

in a compact and more ordered membrane and hence reduced membrane fluidity. 403 

Although we are not aware of other simulations with brGDGT-based membranes, 404 

Chugunov et al. (2014) demonstrated that removing methyl groups from archaeal 405 

isoGDGTs affects membrane fluidity, consistent with our findings for brGDGTs. 406 

 Our results demonstrate that decreasing the degree of methylation leads to a 407 

more ordered and compact membrane with a reduced membrane fluidity, providing a 408 

mechanistic foundation for the widespread observation from natural samples that the 409 

degree of methylation of brGDGTs decreases with increasing temperature (De Jonge et 410 

al., 2014; Naafs et al., 2017b; Russell et al., 2018; Weijers et al., 2007b). There is a clear 411 

advantage for organisms to produce a brGDGT membrane with different numbers of 412 

methyl branches as temperature changes, in order to maintain membrane fluidity and 413 

prevent their membranes from becoming gel-like at low temperature or maintain 414 

membrane integrity at high temperature. Our results provide the first direct evidence to 415 

support the hypothesis that the brGDGT paleothermometer is based on homeoviscous 416 

adaptation. 417 

 418 



4.2 Impact of changing the degree of cyclization 419 

Another important question regarding bacterial brGDGT membranes is the effect of 420 

cyclopentane moieties. A positive correlation between the degree of cyclization of 421 

brGDGTs and pH is observed in natural archives such as mineral soils, peat, and (to a 422 

lesser extent) lakes (e.g., De Jonge et al., 2014; Naafs et al., 2017b; Peterse et al., 423 

2012; Russell et al., 2018; Wang et al., 2019; Weijers et al., 2007b). A high degree of 424 

cyclization of brGDGTs at high pH is opposite to that observed for archaeal lipids where 425 

isoGDGTs with more rings are characteristic for low pH (e.g., Boyd et al., 2011; Kaur et 426 

al., 2015; Naafs et al., 2018; Pearson et al., 2008). So far, a clear explanation for this 427 

opposite behaviour between iso- and brGDGTs, has not been found.  428 

In our simulations, addition of a cyclopentane moiety to each of the two the alkyl 429 

chains (1M,1P/1M,1P membrane) has a substantial effect on the long-range structural 430 

parameters to each of the two alkyl chains, reflecting membrane packing (Figure 6). This 431 

is despite having little impact on the APL (Figure 2), membrane thicknesses (Figure 3), 432 

and number of H-bonds (Figure 4) when compared to the 2M/2M membrane. Our 433 

results, with a small impact of the degree of cyclization of brGDGTs for most membrane 434 

properties, appear different from the ones obtained for archaeal isoGDGTs membranes, 435 

although other aspects of the alkyl chain also differ between br- and isoGDGTs. This 436 

difference might be due to the lower capacity of brGDGTs to have cyclopentane moieties 437 

compared to isoGDGTs as well as other details in the alkyl chain that differ (e.g. number 438 

of methyl groups and chain length).  439 

Adding cyclopentane moieties to the brGDGT-membrane does have an impact 440 

on sch, especially in the middle of the alkyl chain where the ring is positioned (Fig. 5). 441 

The sch for the 1M,1P/1M,1P is higher than for the 2M/2M lipid and in the middle of the 442 



chain (C10-C16) approaches the values only seen for the unmethylated 0M/0M lipid. The 443 

RDF of the 1M,1P/1M,1P lipid at the C14 carbon (middle of the chain where the ring is 444 

positioned) is also more like the 0M/0M lipid and characteristic of a highly ordered 445 

membrane (Figure 6). This indicates that adding cyclopentane moieties increases 446 

membrane order and hence decreases fluidity. This might be surprising because in 447 

natural samples, especially mineral soils and peat, brGDGTs with cyclopentane moieties 448 

are more abundant in neutral/alkaline settings (De Jonge et al., 2014; Naafs et al., 449 

2017a; Naafs et al., 2017b; Weijers et al., 2007b). A less (more) fluid membrane at 450 

higher (lower) pH as indicated by our simulations for cyclized brGDGTs is difficult to 451 

explain, although it is important to note that our 1M,1P/1M,1P simulation includes both a 452 

cyclopentane moiety and methyl group in each chain. At low pH, the proton gradient 453 

between the cell and its surroundings is high, and hence a more rigid membrane would 454 

be predicted (as is observed for isoGDGTs). Thus, the results from our simulations are 455 

consistent with those from isoGDGTs, but our results do not seem to follow the pattern 456 

observed in mineral soils and peat. Potentially, the pattern regarding the degree of 457 

cyclization observed in natural samples is not related to homeoviscous adaptation but 458 

instead is predominantly driven by changes in the microbial community (De Jonge et al., 459 

2019). In this scenario, the synthesis of brGDGTs with one and two cyclopentane rings is 460 

restricted to organisms that thrive at higher pH. Perhaps these different brGDGT 461 

producers, present under different pH conditions, produce lipids with different polar 462 

headgroups, which could potentially have a combined effect with core cyclisation on 463 

membrane stability. Future research, including additional simulations with brGDGTs that 464 

only contain one cyclopentane ring, should be done to test this hypothesis.  465 

 466 

5. Conclusions 467 



Membrane fluidity has important functional consequences. Here we provide the first MD 468 

simulations of membranes consisting purely of bacterial brGDGT IPLs to explore the 469 

impact that changes in the degree of methylation and cyclization have on crucial 470 

membrane properties. Our simulations show that increasing the degree of methylation 471 

modulates membrane order and packing, resulting in less rigid, more fluid membranes. 472 

Increasing the degree of cyclization increases membrane order and decreases fluidity 473 

but has little impact on membrane packing density (e.g., APL). We did not model 474 

membranes in which the additional methyl groups of the penta- and hexamethylated 475 

brGDGT are located in alternative positions along the alkyl chain, namely C6 or C7 (De 476 

Jonge et al., 2013; Ding et al., 2016), but this would be interesting to explore in future 477 

work. Our results indicate that the empirically observed correlation between the degree 478 

of methylation and temperature allows brGDGT-producing bacteria to maintain adequate 479 

membrane fluidity and provide the first molecular level data to support the hypothesis 480 

that the brGDGT paleothermometer is based on homeoviscous adaptation. In future 481 

investigations, it will be of interest to study mixed membranes and how membrane 482 

composition and fluidity affect the temperature dependence of the activity of membrane 483 

proteins. Evidence is emerging that thermo-adaptation of enzyme activity involves 484 

modulation of the activation enthalpy/entropy balance (Isaksen et al., 2016), and also of 485 

the activation heat capacity (Arcus and Mulholland, 2020; Arcus et al., 2020). We note 486 

that membrane dynamics will not only determine biophysical properties of the membrane 487 

itself but will also affect the temperature dependence of the activity of membrane 488 

proteins. Macromolecular Rate Theory (Arcus et al., 2016), which describes thermo-489 

adaptation of enzyme activity associated with activation heat capacity, has been 490 

proposed to be important in interpreting the temperature sensitivity of soil microbes 491 

(Alster et al., 2016). Altogether, this is a topic worth of further investigation, both in terms 492 



of understanding thermo-adaption during evolution, and in understanding responses to 493 

climate change.  494 
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Figure captions 863 



Fig. 1 Structures and names of the lipids simulated in this work with the corresponding 864 

name of the core lipid shown in italics. 865 

 866 

Fig. 2 Box-and-whisker plot of the area per lipid (APL) for each membrane. Shown are 867 

the data from the three replicates as well as the average (Av.) for each lipid type. Data 868 

represents the last 800 ns of each simulation. Boxes represent the 1st and 3rd quartile, 869 

horizontal line the median (2nd quartile), and whiskers represent minimum and maximum 870 

values (excluding outliers). 871 

 872 

Fig. 3 Box-and-whisker plot of the number of A) core and B) maximal thickness for each 873 

simulation. Shown are the data from the three replicates as well as the average (Av.) for 874 

each lipid type. Data represents the last 800 ns of each simulation. Boxes represent the 875 

1st and 3rd quartile, horizontal line the median (2nd quartile), and whiskers represent 876 

minimum and maximum values (excluding outliers). 877 

 878 

Fig. 4 Box-and-whisker plot of the total number of A) lipid-solvent and B) lipid-lipid 879 

hydrogen bonds for each simulation. Shown are the data from the three replicates as 880 

well as the average (Av.) for each lipid type. The total number of H-bonds was 881 

determined from the last 800 ns of each simulation over all 64 lipids. Boxes represent 882 

the 1st and 3rd quartile, horizontal line the median (2nd quartile), and whiskers represent 883 

minimum and maximum values (excluding outliers). 884 

 885 



Fig. 5 The order parameter (sch) versus carbon number for each membrane type for the 886 

A) sn1 and B) sn2 alkyl chain. These data represent the average value over the last 800 887 

ns of simulation of the three replicates. 888 

 889 

Fig. 6 The average radial distribution factor (RDF) for each membrane type, calculated 890 

for the A) third (close to the glycerol groups) and B) fourteenth carbon (close to the 891 

centre of the membrane). These data represent the average for the last 800 ns of 892 

simulation of the three replicates. 893 

 894 

Fig. 7 Membrane characteristics versus the number of methyl groups in the alkyl chains. 895 

A) average core thickness and B) average area per lipid. Error bars represent one 896 

standard deviation. These data represent the average for the last 800 ns of simulation. 897 
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Abstract 16 

Branched glycerol dialkyl glycerol tetraethers (brGDGTs) are bacterial membrane lipids 17 

that are ubiquitous in the environment. Although the exact source mechanism is 18 

unknown, the distribution of brGDGTs in mineral soils, peats, and lake sediments is 19 
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correlated with temperature through a decrease in the degree of methylation with 20 

increasing temperature. This empirical observation forms the basis of the brGDGT 21 

paleothermometer, one of the most important and widely used organic proxies to 22 

reconstruct terrestrial temperatures in the past. However, a mechanistic understanding 23 

to underpin this empirical correlation between the degree of methylation of brGDGT 24 

lipids and temperature is lacking, hindering a holistic understanding of the brGDGT 25 

paleothermometer as well as the membrane dynamics of their bacterial producers. To 26 

address this, here we present the first molecular dynamics simulations of membranes 27 

consisting of brGDGTs. Using intact polar lipid (IPL) brGDGTs with two sugar 28 

headgroups, our simulations demonstrate that increasing the degree of methylation 29 

modulates membrane order and packing, rendering the membrane less rigid and more 30 

fluid. These results indicate that the empirically observed correlation between the degree 31 

of methylation and temperature allows brGDGT-producing bacteria to maintain adequate 32 

membrane fluidity. Our simulations provide the first molecular simulation data to support 33 

the hypothesis that the brGDGT paleothermometer is based on homeoviscous 34 

adaptation.  35 



1. Introduction 36 

Membranes are a vital component of cells across the three domains of life and create a 37 

barrier to the free movement of protons, atoms, and molecules in and out of the cell. 38 

Membranes consist of a wide range of lipids, ranging from bilayer forming fatty acids in 39 

bacteria to membrane spanning isoprenoidal glycerol dialkyl glycerol tetraethers 40 

(isoGDGTs) in archaea. Studying the impact that environmental variables such as 41 

temperature have on the membrane lipid distribution of organisms is pivotal for 42 

understanding how microbial life adapts to the environment (van de Vossenberg et al., 43 

1999) and forms the basis for the development of paleoclimate proxies that can answer 44 

novel and long-standing questions regarding the operation of Earth’s system (Eglinton 45 

and Eglinton, 2008).  46 

The focus of this study is an important group of membrane lipids that are used to 47 

reconstruct past climate (temperature) and environment (pH); the branched glycerol 48 

dialkyl glycerol tetraethers (brGDGTs). These compounds were first identified over 20 49 

years ago in a Dutch peat (Sinninghe Damsté et al., 2000) and structurally share 50 

similarities with the isoprenoidal (iso)GDGTs lipids produced by a diverse range of 51 

archaea (see review in Schouten et al., 2013). BrGDGTs are ubiquitous in the 52 

(mesophilic) environment, but particularly abundant in terrestrial settings (Hopmans et 53 

al., 2004). The exact source organism(s) of brGDGTs is currently unknown, but based 54 

on the sn-1,2 stereochemistry of the glycerol moieties, they are not produced by 55 

archaea, but by bacteria (Weijers et al., 2006). Consistent with a bacterial source, iso-56 

diabolic acids (a potential building block for brGDGTs) and the tetramethylated brGDGT 57 

(labelled brGDGT-Ia following the nomenclature of De Jonge et al. (2014)) have been 58 

found in cultures of some subdivisions of Acidobacteria (Sinninghe Damsté et al., 2018 59 

and references therein). BrGDGTs have structural and physical distinct properties from 60 



other (and more common) bacterial membrane lipids, such as fatty acids, as brGDGTs 61 

form membrane-spanning membranes and contain tetraether linkages (Valentine, 2007). 62 

The relatively low abundances of brGDGTs obtained from cultures might suggest that 63 

they are minor constituents of these bacterial membranes. This would be consistent with 64 

the membrane composition of extremophilic bacteria from the order Thermotogales, in 65 

which brGDGT-Ia is found together with a mixture of ester and ether membrane-66 

spanning and bilayer lipids (Sinninghe Damsté et al., 2007). But detailed information 67 

about the composition of brGDGT-containing membranes in mesophilic bacteria is 68 

currently lacking.  69 

Culturing allows detailed study of organisms, their lipid composition, and changes 70 

herein due to environmental stress. However, only a small fraction of organisms has 71 

been cultured. A significant part of our understanding of the response of bacterial, 72 

archaeal, and eukaryotic (membrane) lipids to environmental stressors such as 73 

temperature is based on empirical observations from natural samples, for example 74 

globally distributed sets of marine sediments (Müller et al., 1998; Schouten et al., 2002; 75 

Yang et al., 2020). This is especially true for brGDGTs because the exact (bacterial) 76 

source organism(s) for these lipids is currently unknown, making it impossible to do pure 77 

culture experiments.  78 

More than a decade of research has demonstrated that the brGDGT distribution 79 

in mineral soils (De Jonge et al., 2014; Naafs et al., 2017a; Peterse et al., 2012; Wang et 80 

al., 2019; Weijers et al., 2007b), peats (Naafs et al., 2017b), and lake sediments 81 

(Pearson et al., 2011; Russell et al., 2018; Tierney et al., 2010) is correlated with key 82 

climatic variables such as temperature and pH, although other factors such as soil water 83 

content can also play a role (Dang et al., 2016). The notion that organisms modify their 84 

(membrane) lipids in response to environmental stressors such as temperature and 85 



nutrient content has long been recognized (e.g., De Rosa et al., 1980; Gaughran, 1947; 86 

Holton et al., 1964; Miller, 1962; Sinensky, 1974). Microbes modify their lipid composition 87 

because microbial life cannot regulate its body temperature and therefore must adapt its 88 

lipid composition to keep membranes fluid and permeable, a process which is called 89 

homeoviscous adaptation (Ernst et al., 2016). A wide range of mechanisms exist through 90 

which organisms from across the three domains of life can modify their (membrane) lipid 91 

composition, as demonstrated by numerous culture experiments. These mechanisms 92 

include i) changing the unsaturation of bacterial fatty acids and eukaryotic long-chain 93 

ketones (Holton et al., 1964; Prahl and Wakeham, 1987); ii) changing the chain length of 94 

bacterial fatty acids (Oshima and Miyagawa, 1974; Sandercock and Russell, 1980), iii) 95 

changing the location (iso versus anteiso), or degree of branching, of bacterial fatty acids 96 

(Rilfors et al., 1978) or degree of methylation in bacterial hopanoids (Ricci et al., 2017); 97 

and iv) changing the degree of cyclization of isoGDGTs by certain archaea (e.g., De 98 

Rosa and Gambacorta, 1988; Elling et al., 2015). For all of these lipid modifications, 99 

temperature appears to be a determining factor in controlling the degree of modification 100 

(e.g., Shivaji and Prakash, 2010).  101 

For brGDGTs, temperature is highly correlated with the degree of methylation of 102 

brGDGTs in natural samples. A decrease in the degree of methylation of 5-methyl 103 

brGDGTs, captured in the MBT’5me index (De Jonge et al., 2014), is observed as 104 

temperature increases in mineral soils, peats, and lakes (De Jonge et al., 2014; Naafs et 105 

al., 2017a; Naafs et al., 2017b; Russell et al., 2018; Wang et al., 2019). Consistent with 106 

these empirical observations, recently mesocosm experiments of lake water suggested 107 

that the observed changes in the MBT’5me index are related to changes in temperature 108 

(Martínez-Sosa and Tierney, 2019). On the other hand, the degree of cyclization of 109 

brGDGTs, captured in the CBT index (Weijers et al., 2007b), as well as the isomerization 110 



ratio between methylation at the C5 or C6 position, captured in the IR index (Wang et al., 111 

2016), are correlated with pH (De Jonge et al., 2014; Naafs et al., 2017a; Naafs et al., 112 

2017b). These empirical observations of a correlation between the brGDGT distribution 113 

and temperature/pH have provided a framework to reconstruct past terrestrial climate 114 

across the Cenozoic (e.g., Inglis et al., 2021; Naafs et al., 2018; Peterse et al., 2014; 115 

Schouten et al., 2008; Weijers et al., 2007a). However, it is important to note that it is 116 

currently unknown whether the observed changes in brGDGT distribution in response to 117 

environmental factors are driven by bacteria actively changing their membranes 118 

(physiological plasticity), or driven by a shift in the bacterial community (e.g., De Jonge 119 

et al., 2019). The empirical observations that the brGDGT distribution is correlated with 120 

environmental stressors such as temperature are indicative of homeoviscous adaptation, 121 

i.e. the adaptation of the cell membrane lipid composition to maintain adequate 122 

membrane fluidity. However, there is no direct evidence that demonstrates how 123 

changing the degree of methylation or cyclization of brGDGTs alters the bacterial 124 

membrane.  125 

In this context, molecular dynamics (MD) simulations of membrane lipids can 126 

provide key insights into the physiological function of membrane-spanning lipids such as 127 

GDGTs (e.g., Chong et al., 2017; Chugunov et al., 2014; De Rosa et al., 1994; Gabriel 128 

and Chong, 2000; Huguet et al., 2017; Pineda De Castro et al., 2016; Shinoda et al., 129 

2005). For example, early studies showed that adding cyclopentane moieties to an 130 

archaeal isoGDGT membrane leads to increased membrane stability that can survive at 131 

higher temperature (De Rosa et al., 1994; Gabriel and Chong, 2000). Over the last two 132 

decades, membrane models have improved considerably with force field parameters for 133 

several lipid types becoming available, and increased computing power allows 134 

simulations of large membranes on longer simulations times (e.g., Leonard et al., 2019). 135 



Simulations are contributing to the understanding of general principles of membrane 136 

organization and lipid chemistry, for example by providing molecular level analysis of 137 

membrane dynamics, structure and interactions (e.g., Huggins et al., 2019; Marrink et 138 

al., 2019; Orädd and Andersson, 2021). Here we build on the available literature of 139 

archaeal isoGDGT simulations by performing the, to our knowledge, first molecular 140 

dynamics simulation of bacterial brGDGT membranes. We explore the effects of 141 

changing the degree of methylation and cyclization on membrane properties and to 142 

provide a mechanistic foundation behind the widely used brGDGT proxies. Our 143 

simulations fit in a wider body of research that has used MD simulations to analyse the 144 

effect of methylation and other modifications on membrane properties (Björkbom et al., 145 

2011). It is important to note that our simulations consist of pure monolayer membranes, 146 

while in reality brGDGTs might be part of a range of (bilayer) lipids that together form the 147 

bacterial membrane. 148 

 149 

2. Methods 150 

2.1. Choice of lipids for modelling 151 

In a bacterial membrane, brGDGTs have a polar headgroup. This headgroup is lost after 152 

cell death, and therefore, over time in the sediment and rock record, only the core 153 

brGDGTs remain. The type of polar headgroup can be diverse, and brGDGTs with 154 

hexose, phospho-hexose, and/or hexose-phosphoglycerol headgroups have been 155 

reported (e.g., Liu et al., 2010; Peterse et al., 2011; Zell et al., 2014). These types of 156 

headgroups are similar to those reported for the archaeal isoGDGTs (e.g., Sturt et al., 157 

2004). However, the exact structures of all intact polar lipid (IPL) (br)GDGTs are 158 



tentative (Schouten et al., 2013). Including polar headgroups in MD simulations is 159 

important because they affect the properties of a membrane (Chong et al., 2017).  160 

In this work, we choose a simple hexose headgroup and kept this constant 161 

across all simulations, resulting in a brGDGT IPL with two hexoses, one on each end of 162 

the lipid (Figure 1). The hexose headgroups are able to form multiple hydrogen bonds 163 

with other lipids and solvent, which contribute to the stability of the membranes (Chong 164 

et al., 2017).  165 

To explore the effect of the degree of methylation of the brGDGTs alkyl chains, 166 

four different lipids were parameterized and simulated (Figure 1): an unmethylated 167 

(hereafter labelled 0M/0M), a tetra (2M/2M), penta (3M/2M) and hexamethylated 168 

(3M/3M) brGDGT. The 0M/0M lipid contains no methyl groups in its alkyl chain and 169 

represents an unmethylated endmember. The core lipid of this compound (SB-brGDGT-170 

Ia) has been reported in marine sediments (Liu et al., 2012). The 2M/2M brGDGT IPL 171 

contains two methyl groups in each alkyl chain in positions C13 and C16, while the 172 

additional methyl group(s) for the 3M/2M and 3M/3M lipids are in the C5 position of the 173 

sn1 and sn2 chains (Figure 1). Such tetra, penta, and hexemethylated brGDGTs are 174 

widespread in the natural environment, and their core lipids (labelled brGDGT-Ia, -IIa, 175 

and -IIIa following (De Jonge et al., 2014)) form the basis of the brGDGT-176 

paleothermometer (De Jonge et al., 2014; Weijers et al., 2007b).  177 

In addition to membranes consisting of brGDGT IPLs with different degrees of 178 

methylation, we also generated a membrane composed of brGDGT IPLs with both a 179 

methyl group (in position C13) and cyclopentane moiety in each alkyl chain at the C16 180 

position (1M,1P/1M,1P) in order to explore the effect of cyclization on the membrane 181 

properties (Figure 1). The core lipid of this compound (brGDGT-Ic following De Jonge et 182 



al. (2014)) is found in natural samples and is more abundant in mineral soils or peat with 183 

neutral or alkaline pH (De Jonge et al., 2014; Naafs et al., 2017b; Weijers et al., 2007b). 184 

It should be noted that all the lipids parameterized in this work contained the same sugar 185 

headgroup, allowing us to directly compare the properties of the different membranes 186 

and focus on the changes caused by methylation and cyclization in the core aliphatic 187 

chains. A similar approach was used by Huguet et al. (2017) to study the effect of 188 

isoGDGT hydroxylation in archaeal membranes. The parameters for all five brGDGT 189 

lipids were adapted from the work of Huguet et al. (2017) on (hydroxy) isoGDGTs and 190 

were generated by analogy to the united-atom GROMOS 54a7 force-field (Schmid et al., 191 

2011) building blocks of similar groups. All topologies are available on request. 192 

 193 

2.2 Simulation details and set-up 194 

Five 8 x 8 pure membranes were constructed using the above described brGDGT IPLs, 195 

namely 0M/0M, 2M/2M, 3M/2M, 3M/3M, and 1M,1P/1M,1P (Figure S1). The genconf tool 196 

distributed within the GROMACS 2018 package (Abraham et al., 2015) was used to 197 

create an initial conformation for the membranes with each lipid molecule placed 0.3 nm 198 

apart. All lipids could randomly rotate 180o in the z planes. Each membrane was energy 199 

minimized in vacuum and afterwards solvated in an orthorhombic box with simple point 200 

charge (SPC) waters (Hermans et al., 1984). All water molecules misplaced in the centre 201 

of the membrane were removed. All systems were then energy minimized with the 202 

steepest-descent method to remove strain, followed by a 1.5 ns MD relaxation executed 203 

in three steps while progressively reducing the strength of lipid positional restraints. A 204 

0.5 ns simulation was performed with positional restraints applied to all non-hydrogen 205 

atoms of the membranes using a force constant of 1000 kJ mol-1 nm-2, followed by an 206 



additional 0.5 ns simulation using a force constant of 500 kJ mol-1 nm-2 and then 0.5 ns 207 

using a force constant of 100 kJ mol-1 nm-2. Unrestrained simulations started after these 208 

1.5 ns of restrained simulation. For each membrane prepared, MD simulations were 209 

performed in triplicate, each 1000 ns long, resulting in 15 μs of total simulation time.  210 

All MD simulations were performed using Gromacs 2018 (Abraham et al., 2015). 211 

Periodic boundary conditions were applied in all simulations. Nonbonded interactions 212 

were calculated using a single cutoff of 14 Å (Silva et al., 2018). A reaction field 213 

correction (Barker and Watts, 1973; Tironi et al., 1995) was applied for the truncated 214 

electrostatic interactions, with a dielectric constant of 61 (Heinz et al., 2001). The 215 

SETTLE algorithm (Miyamoto and Kollman, 1992) was used to constraint the bond 216 

lengths and angle in water molecules, while the LINCS algorithm was (Hess et al., 1997) 217 

used to keep all remaining bonds constrained. The neighbour list was updated every five 218 

steps.  219 

All simulations were performed at a constant temperature of 300 K with 220 

membrane and solvent independently coupled to a velocity-rescaling thermostat (Bussi 221 

et al., 2007), using a relaxation time constant of 0.1 ps. The pressure was coupled semi-222 

isotropically using a Parrinello-Rahman barostat (Nosé and Klein, 1983; Parrinello and 223 

Rahman, 1981) with a coupling constant of 1.0 ps and isothermal compressibility of 224 

4.575 x 10-5 bar-1. Note that the x+y and z pressure components were kept at 1 atm and 225 

no surface tension was applied. 226 

For all systems, the first 200 ns of simulation were considered an equilibration 227 

period and were excluded from the analysis (except if stated otherwise). Several 228 

structural properties were determined for each membrane type simulated, namely area 229 



per lipid, membrane thickness, carbon-hydrogen order parameters, and radial 230 

distribution functions. 231 

The area per lipid is defined here as the xy area of the box divided by the number 232 

of lipids (in this case, 64 lipids, following (Huguet et al., 2017)). The membrane thickness 233 

corresponds to the projection along the z-axis of the distance between the two carbon 234 

atoms delineating the lipid core (Figure 3). The maximal membrane thickness 235 

corresponds to the projection along the z-axis of the maximal distance between any two 236 

atoms in one lipid molecule (Figure 3). Note that the membrane thickness and maximal 237 

membrane thickness are calculated for each single lipid molecule and then averaged 238 

over all 64 lipids.  239 

Radial distribution functions (RDF) were determined to characterize the structure 240 

and long-range ordering of the membranes. The C3-C3 (close to the glycerol group) and 241 

C14-C14 (middle of the monolayer) were calculated (Fig. 6) using the gmx rdf tool (rmax = 242 

2.2 nm; bin width = 0.02 nm) distributed within the GROMACS package (Abraham et al., 243 

2015) and combining the last 800 ns of simulation of all three replicates. The RDFs were 244 

normalized by the average number of particles in the reference groups, volume of the 245 

bin, and average particle density. The RDF (also known as pair correlation function), 246 

𝑔𝐴𝐵(𝑟), corresponds to the probability of finding two particles at a certain distance from 247 

each other: 248 

𝑔𝐴𝐵(𝑟) =
〈𝜌𝐵(𝑟)〉

〈𝜌𝐵〉𝑙𝑜𝑐𝑎𝑙
 249 

with 〈𝜌𝐵(𝑟)〉 being the particle density of type 𝐵 at a distance 𝑟 around particles 𝐴, and 250 

〈𝜌𝐵〉𝑙𝑜𝑐𝑎𝑙 the particle density of type 𝐵 averaged over all spheres around particles 𝐴 with 251 



radius rmax. The RDF is calculated from the histogram of the number of particles found as 252 

a function of distance, normalized by the expected number of particles at that distance.  253 

The peaks in the RDF identify the distances at which the probability of finding a particle 254 

is higher. At long distances as long-range order is lost, the RDF values tend to converge 255 

to one. For instance, in Figure 6B for the 0M/0M membrane, the first and largest peak 256 

occurs at 0.48 nm with the 𝑔𝐶14−𝐶14(𝑟)  having a value of 1.79. This means that it is 1.79 257 

times more likely that two C14 atoms would be found at 0.48 nm of separation. 258 

Difference in RDF between simulations suggest differences in the arrangement of the 259 

membrane. 260 

 261 

3. Results 262 

The simulations show that the dynamic behaviour and fluidity of the membranes are 263 

significantly modulated by methylation and cyclization of the alkyl chains. The initial 264 

relaxation period of the membranes depends on the number of substitutions in the alkyl 265 

chain. Membranes with higher numbers of methyl groups (namely 3M/2M and 3M/3M 266 

membranes) equilibrating faster, as shown in the time evolution of the area per lipid 267 

(Figure S2). While the 3M/2M and 3M/3M membranes quickly (< 50 ns) reach a stable 268 

state, the membranes with fewer methyl groups (2M/2M, 1M,1P/1M,1P and 0M/0M) take 269 

longer to reach apparent equilibrium (up to 375 ns). In particular, the 0M/0M membrane 270 

goes through an abrupt change in packing during the simulations (Figure S2). This 271 

change was observed in all three replicates, although at different points in time (Figure 272 

S2).   273 



The first property explored is the area per lipid (APL), defined as the xy area 274 

divided by the total number of lipids (64 for each simulation). The APL is thought to affect 275 

(solute and water) permeation because small molecules can diffuse via the empty 276 

cavities formed in the membrane core (Chong, 2008). The unmethylated membrane 277 

(0M/0M) has the lowest APL of all simulations, with an average value of 42 Å2 (Figure 2). 278 

For the methylated brGDGT IPLs, the APL increases with the number of alkyl chain 279 

substitutions, with the 3M/2M and 3M/3M membrane having the highest average APL 280 

values, namely 56.0 ± 0.3 (σ) and 57.6 ± 0.4 (σ) Å2. The methylated brGDGT IPL with 281 

cyclopentane rings (1M,1P/1M,1P) has an intermediate APL, with an average value of 282 

53 Å2, which is slightly higher than the tetramethylated brGDGT IPL with no rings 283 

(2M/2M), but lower than the penta- (3M/2M) and hexamethylated brGDGT (3M/3M).  284 

The thickness of the membranes also differed significantly between the 285 

compounds, with the unmethylated lipids (0M/0M) having both a higher core and 286 

maximal thickness than the methylated ones (Figure 3). Core thickness differs slightly 287 

between the different methylated membranes, stabilizing around 34.5, 31.4, 30.7, 29.8, 288 

and 29.5 Å for the 0M/0M, 2M/2M, 1M,1P/1M,1P, 3M/2M and 3M/3M membranes, 289 

respectively. The maximal thickness, which includes not only the core lipid but also the 290 

sugar headgroups, differs among the different methylated compounds. For the 2M/2M 291 

and 1M,1P/1M,1P membranes, the average distance (43.7 and 44.0 Å) is less than that 292 

of the 0M/0M lipid (50.0 Å), but higher than the 3M/2M and 3M/3M lipids (41.1 and 40.6 293 

Å).  294 

Next, we examined the hydrogen (H-) bond network formed by the different 295 

membranes, specifically the number of lipid-solvent and lipid-lipid H-bonds. The H-bond 296 

networks formed by the lipid headgroups can modulate the viscosity of the membrane, 297 

thus impacting solute permeability. The average number of lipid-solvent H-bonds (Figure 298 



4a) increases with the number of alkyl substitutions, ranging from an average of 542 for 299 

the unmethylated (0M/0M) to 675 for the hexamethylated (3M/3M) membrane. The 300 

methylated brGDGT IPL with cyclopentane rings (1M,1P/1M,1P) presents an 301 

intermediate value (651 H-bonds) between the tetra (2M/2M) and pentamethylated 302 

(3M/2M) brGDGT IPLs. In contrast to the lipid-solvent H-bonds, the number of lipid-lipid 303 

H-bonds (Figure 4b) decreases with increasing degree of methylation, ranging from an 304 

average value of 192 for the unmethylated (0M/0M) to 136 for the hexamethylated 305 

(3M/3M) membrane. The H-bond patterns observed here can be understood as more 306 

densely-packed membranes (lower APL), due to the proximity between lipid molecules, 307 

favouring lipid-lipid rather than lipid-solvent interactions. 308 

To compare the structural properties of the hydrophobic tails and to understand 309 

the effect of methyl and cyclopentane addition, the carbon-hydrogen order parameters 310 

(sch) were calculated. The sch parameter describes the orientation of the carbon-311 

hydrogen bond vector with respect to the membrane normal (z-axis), and it can vary 312 

between –1.0 (perfect perpendicular alignment to the membrane normal) and +0.5 313 

(perfect parallel alignment to the membrane normal), with a value of 0 representing a 314 

random orientation. In our simulations, sch is always > 0.04 but varies significantly 315 

between the (br)GDGTs lipids simulated and across the position along the alkyl chain 316 

(Figure 5a-b). The sch parameter is lower at both ends of the alkyl chain and higher in the 317 

middle of the chain, indicating more order in the middle of the monolayer. In addition, the 318 

sch parameters also clearly show that the addition of methyl and cyclopentane groups to 319 

the hydrocarbon lipid chain increases the disorder of the systems. The unmethylated 320 

membrane (0M/0M) not only has the highest sch values (~ 0.4) but also shows a constant 321 

profile across most of the alkyl chain, which suggests a highly ordered membrane. The 322 

introduction of methyl groups in the alkyl chains leads to a distortion and decrease in the 323 



sch. The lowest sch (consistently < 0.3 with minima of 0.04 close to the glycerol 324 

backbones) occurred in the hexamethylated membrane (3M/3M). The lipid containing 325 

cyclopentane moieties (1M,1P/1M,1P) has the second highest sch, especially in the 326 

middle of the alkyl chain. Furthermore, all of the simulated membranes except for the 327 

2M/3M system show similar sch profiles across the sn1 and sn2 alkyl chains, with both 328 

chains being less ordered close to the glycerol moieties (Figure S3). 329 

 Lastly, radial distribution functions (RDFs), were used to analyse the effect of 330 

hydrophobic tail branching modifications in the long-range structural ordering of the 331 

membranes. The RDFs for both the C3 and C14 of the unmethylated membrane (0M/0M) 332 

show several sharp peaks and the RDF distribution is different from the other lipids, 333 

especially those with no cyclopentane rings (Figure 6). It was shown previously for 334 

different types of lipids (e.g. POPC, DPPC, bolalipid mimetics) that a membrane in gel 335 

phase exhibits several distinct and well-defined peaks in the RDFs, whereas when in the 336 

liquid crystalline phase it shows broader and more diffuse peaks mainly at long distances 337 

(e.g. (Chugunov et al., 2014)). This suggests that the 0M/0M membrane is in gel-like 338 

phase at 300 K. In our simulations, branching modifications, mainly methylation, reduce 339 

the long-range order and packing of the lipids, as shown by the broader RDFs peaks for 340 

the methylated membranes, thus rendering these membranes more liquid crystalline-341 

like. Close to the glycerol groups (Figure 6A), the comparison of the RDFs for the 342 

0M/0M, 2M/2M, 3M/2M and 3M/3M membranes clearly highlights that adding methyl 343 

groups to the alkyl chains leads to a broadening of the RDF peaks, with less pronounced 344 

maxima and minima. In the middle of the monolayers (Figure 6B), an increase in 345 

methylation affects the long-range structural order in the systems and increases the sn-1 346 

C14-C14 distance, with the first and largest peak in the RDFs occurring at 0.48, 0.54, 347 

0.56 and 0.56 nm distance separation for the M/0M, 2M/2M, 3M/2M and 3M/3M 348 



membranes, respectively. The comparison between the 2M/2M and 1M,1P/1M,1P RDFs 349 

show that the addition of a second methyl group (in each alkyl chain) has a more 350 

pronounced effect in reducing the order of the membrane than the addition of a 351 

cyclopentane ring.  352 

 353 

4. Discussion 354 

Our results indicate that hydrophobic tail branching modifications, specifically the 355 

introduction of methyl and/or cyclopentane moieties into the alkyl chains of brGDGTs, 356 

have a direct impact on bacterial membrane properties. For most of the analysed 357 

properties, the membranes formed by unmethylated lipids (0M/0M) stand out from those 358 

that include methyl and/or cyclopentane rings substitutions. Our simulations demonstrate 359 

that the structural properties of brGDGTs membranes change with the degree of 360 

methylation and cyclisation. For example, the area per lipid (APL) for the 0M/0M 361 

membrane is significantly lower than that for membranes formed by methylated 362 

brGDGTs lipids (Figure 2). A low APL reflects not only a densely packed but also a 363 

highly viscous membrane with low level of fluidity. The low APL of the 0M/0M 364 

membrane, together with the order parameters and H-bond and RDFs profiles, are 365 

indicative of a gel-like phase (e.g., Chugunov et al., 2014; Egberts et al., 1994). This is 366 

also supported by the longer stabilization times needed for 0M/0M membrane. The more 367 

rigid a membrane is, the longer it takes to stabilize as the relaxation times depends on 368 

the not only on the intrinsic flexibility of the lipids, but also on its interactions with 369 

neighbour molecules (Huguet et al., 2017). Although experimental data is required to 370 

confirm this, our simulation results suggest that a membrane consisting purely of 0M/0M 371 

compounds is not liquid-crystalline at 300 K and 1 atm. This is consistent with findings 372 



from the MD simulations of isoGDGTs where compounds without methyl groups in the 373 

alkyl chains were in a gel-like phase, even at 350 K (Chugunov et al., 2014). Membrane 374 

fluidity is crucial for transport across the membrane and cell integrity. Hence, organisms 375 

living at or below ~300 K are not expected to have pure 0M/0M membranes as a gel-like 376 

membrane would severely impact those processes. The 0M/0M lipid has never been 377 

observed in organisms, but the core lipid of this IPL (SB-brGDGT-Ia) was found (in small 378 

amounts) in marine sediments (Becker et al., 2015; Liu et al., 2012). Potentially, this 379 

reflects a contribution from extremophiles that live around hydrothermal vent systems 380 

where the temperature is well above 300 K. A contribution of brGDGTs derived from 381 

hydrothermal vents has been found in some marine sediments (Pan et al., 2016), but the 382 

extent is debated (Umoh et al., 2020). Alternatively, some mesophilic organisms might 383 

produce mixed membranes that contain small amounts of 0M/0M lipids.  384 

The tetra, penta, and hexamethylated membranes show, in our simulations, a 385 

more liquid-crystalline-like behaviour at 300 K, consistent with the widespread of 386 

occurrence of the core lipids of these compounds in mesophilic settings (e.g., Hopmans 387 

et al., 2004; Weijers et al., 2007b) and presence of brGDGT-Ia (the core lipid of the 388 

2M/2M IPL) in a culture of acidobacteria grown at 24 °C (Sinninghe Damsté et al., 2011).  389 

 390 

4.1 Impact of changing the degree of methylation 391 

When we plot the degree of methylation against core thickness and APL (Figure 7) it 392 

further highlights that the degree of methylation has a significant effect on membrane 393 

properties and especially the order and compactness of the membrane. Importantly, the 394 

values obtained here for both core and maximal thickness (30.7-34.5 and 40.4-50.0) are 395 



in the same range as previously reported for archaeal isoGDGT membrane simulations 396 

(e.g., Chugunov et al., 2014; Huguet et al., 2017).  397 

 Here we focus on the tetra, penta, and hexamethylated lipids as those are 398 

dominant in natural samples, but the correlation extends to the unmethylated compound 399 

(0M/0M). The tetramethylated membrane (2M/2M) has a lower APL, higher core 400 

thickness, and higher membrane order than the penta, and hexamethylated compounds. 401 

This indicates that a low number of methyl groups in the alkyl chain of brGDGTs results 402 

in a compact and more ordered membrane and hence reduced membrane fluidity. 403 

Although we are not aware of other simulations with brGDGT-based membranes, 404 

Chugunov et al. (2014) demonstrated that removing methyl groups from archaeal 405 

isoGDGTs affects membrane fluidity, consistent with our findings for brGDGTs. 406 

 Our results demonstrate that decreasing the degree of methylation leads to a 407 

more ordered and compact membrane with a reduced membrane fluidity, providing a 408 

mechanistic foundation for the widespread observation from natural samples that the 409 

degree of methylation of brGDGTs decreases with increasing temperature (De Jonge et 410 

al., 2014; Naafs et al., 2017b; Russell et al., 2018; Weijers et al., 2007b). There is a clear 411 

advantage for organisms to produce a brGDGT membrane with different numbers of 412 

methyl branches as temperature changes, in order to maintain membrane fluidity and 413 

prevent their membranes from becoming gel-like at low temperature or maintain 414 

membrane integrity at high temperature. Our results provide the first direct evidence to 415 

support the hypothesis that the brGDGT paleothermometer is based on homeoviscous 416 

adaptation. 417 

 418 



4.2 Impact of changing the degree of cyclization 419 

Another important question regarding bacterial brGDGT membranes is the effect of 420 

cyclopentane moieties. A positive correlation between the degree of cyclization of 421 

brGDGTs and pH is observed in natural archives such as mineral soils, peat, and (to a 422 

lesser extent) lakes (e.g., De Jonge et al., 2014; Naafs et al., 2017b; Peterse et al., 423 

2012; Russell et al., 2018; Wang et al., 2019; Weijers et al., 2007b). A high degree of 424 

cyclization of brGDGTs at high pH is opposite to that observed for archaeal lipids where 425 

isoGDGTs with more rings are characteristic for low pH (e.g., Boyd et al., 2011; Kaur et 426 

al., 2015; Naafs et al., 2018; Pearson et al., 2008). So far, a clear explanation for this 427 

opposite behaviour between iso- and brGDGTs, has not been found.  428 

In our simulations, addition of a cyclopentane moiety to each of the two the alkyl 429 

chains (1M,1P/1M,1P membrane) has a substantial effect on the long-range structural 430 

parameters to each of the two alkyl chains, reflecting membrane packing (Figure 6). This 431 

is despite having little impact on the APL (Figure 2), membrane thicknesses (Figure 3), 432 

and number of H-bonds (Figure 4) when compared to the 2M/2M membrane. Our 433 

results, with a small impact of the degree of cyclization of brGDGTs for most membrane 434 

properties, appear different from the ones obtained for archaeal isoGDGTs membranes, 435 

although other aspects of the alkyl chain also differ between br- and isoGDGTs. This 436 

difference might be due to the lower capacity of brGDGTs to have cyclopentane moieties 437 

compared to isoGDGTs as well as other details in the alkyl chain that differ (e.g. number 438 

of methyl groups and chain length).  439 

Adding cyclopentane moieties to the brGDGT-membrane does have an impact 440 

on sch, especially in the middle of the alkyl chain where the ring is positioned (Fig. 5). 441 

The sch for the 1M,1P/1M,1P is higher than for the 2M/2M lipid and in the middle of the 442 



chain (C10-C16) approaches the values only seen for the unmethylated 0M/0M lipid. The 443 

RDF of the 1M,1P/1M,1P lipid at the C14 carbon (middle of the chain where the ring is 444 

positioned) is also more like the 0M/0M lipid and characteristic of a highly ordered 445 

membrane (Figure 6). This indicates that adding cyclopentane moieties increases 446 

membrane order and hence decreases fluidity. This might be surprising because in 447 

natural samples, especially mineral soils and peat, brGDGTs with cyclopentane moieties 448 

are more abundant in neutral/alkaline settings (De Jonge et al., 2014; Naafs et al., 449 

2017a; Naafs et al., 2017b; Weijers et al., 2007b). A less (more) fluid membrane at 450 

higher (lower) pH as indicated by our simulations for cyclized brGDGTs is difficult to 451 

explain, although it is important to note that our 1M,1P/1M,1P simulation includes both a 452 

cyclopentane moiety and methyl group in each chain. At low pH, the proton gradient 453 

between the cell and its surroundings is high, and hence a more rigid membrane would 454 

be predicted (as is observed for isoGDGTs). Thus, the results from our simulations are 455 

consistent with those from isoGDGTs, but our results do not seem to follow the pattern 456 

observed in mineral soils and peat. Potentially, the pattern regarding the degree of 457 

cyclization observed in natural samples is not related to homeoviscous adaptation but 458 

instead is predominantly driven by changes in the microbial community (De Jonge et al., 459 

2019). In this scenario, the synthesis of brGDGTs with one and two cyclopentane rings is 460 

restricted to organisms that thrive at higher pH. Perhaps these different brGDGT 461 

producers, present under different pH conditions, produce lipids with different polar 462 

headgroups, which could potentially have a combined effect with core cyclisation on 463 

membrane stability. Future research, including additional simulations with brGDGTs that 464 

only contain one cyclopentane ring, should be done to test this hypothesis.  465 

 466 

5. Conclusions 467 



Membrane fluidity has important functional consequences. Here we provide the first MD 468 

simulations of membranes consisting purely of bacterial brGDGT IPLs to explore the 469 

impact that changes in the degree of methylation and cyclization have on crucial 470 

membrane properties. Our simulations show that increasing the degree of methylation 471 

modulates membrane order and packing, resulting in less rigid, more fluid membranes. 472 

Increasing the degree of cyclization increases membrane order and decreases fluidity 473 

but has little impact on membrane packing density (e.g., APL). We did not model 474 

membranes in which the additional methyl groups of the penta- and hexamethylated 475 

brGDGT are located in alternative positions along the alkyl chain, namely C6 or C7 (De 476 

Jonge et al., 2013; Ding et al., 2016), but this would be interesting to explore in future 477 

work. Our results indicate that the empirically observed correlation between the degree 478 

of methylation and temperature allows brGDGT-producing bacteria to maintain adequate 479 

membrane fluidity and provide the first molecular level data to support the hypothesis 480 

that the brGDGT paleothermometer is based on homeoviscous adaptation. In future 481 

investigations, it will be of interest to study mixed membranes and how membrane 482 

composition and fluidity affect the temperature dependence of the activity of membrane 483 

proteins. Evidence is emerging that thermo-adaptation of enzyme activity involves 484 

modulation of the activation enthalpy/entropy balance (Isaksen et al., 2016), and also of 485 

the activation heat capacity (Arcus and Mulholland, 2020; Arcus et al., 2020). We note 486 

that membrane dynamics will not only determine biophysical properties of the membrane 487 

itself but will also affect the temperature dependence of the activity of membrane 488 

proteins. Macromolecular Rate Theory (Arcus et al., 2016), which describes thermo-489 

adaptation of enzyme activity associated with activation heat capacity, has been 490 

proposed to be important in interpreting the temperature sensitivity of soil microbes 491 

(Alster et al., 2016). Altogether, this is a topic worth of further investigation, both in terms 492 



of understanding thermo-adaption during evolution, and in understanding responses to 493 

climate change.  494 
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Figure captions 863 



Fig. 1 Structures and names of the lipids simulated in this work with the corresponding 864 

name of the core lipid shown in italics. 865 

 866 

Fig. 2 Box-and-whisker plot of the area per lipid (APL) for each membrane. Shown are 867 

the data from the three replicates as well as the average (Av.) for each lipid type. Data 868 

represents the last 800 ns of each simulation. Boxes represent the 1st and 3rd quartile, 869 

horizontal line the median (2nd quartile), and whiskers represent minimum and maximum 870 

values (excluding outliers). 871 

 872 

Fig. 3 Box-and-whisker plot of the number of A) core and B) maximal thickness for each 873 

simulation. Shown are the data from the three replicates as well as the average (Av.) for 874 

each lipid type. Data represents the last 800 ns of each simulation. Boxes represent the 875 

1st and 3rd quartile, horizontal line the median (2nd quartile), and whiskers represent 876 

minimum and maximum values (excluding outliers). 877 

 878 

Fig. 4 Box-and-whisker plot of the total number of A) lipid-solvent and B) lipid-lipid 879 

hydrogen bonds for each simulation. Shown are the data from the three replicates as 880 

well as the average (Av.) for each lipid type. The total number of H-bonds was 881 

determined from the last 800 ns of each simulation over all 64 lipids. Boxes represent 882 

the 1st and 3rd quartile, horizontal line the median (2nd quartile), and whiskers represent 883 

minimum and maximum values (excluding outliers). 884 

 885 



Fig. 5 The order parameter (sch) versus carbon number for each membrane type for the 886 

A) sn1 and B) sn2 alkyl chain. These data represent the average value over the last 800 887 

ns of simulation of the three replicates. 888 

 889 

Fig. 6 The average radial distribution factor (RDF) for each membrane type, calculated 890 

for the A) third (close to the glycerol groups) and B) fourteenth carbon (close to the 891 

centre of the membrane). These data represent the average for the last 800 ns of 892 

simulation of the three replicates. 893 

 894 

Fig. 7 Membrane characteristics versus the number of methyl groups in the alkyl chains. 895 

A) average core thickness and B) average area per lipid. Error bars represent one 896 

standard deviation. These data represent the average for the last 800 ns of simulation. 897 
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